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Biochar is a carbon-rich material produced from the pyrolysis of organic materials 
from agricultural and forestry biomass at a relatively low temperature in the absence 
of oxygen. Such a process turns agricultural wastes into more useful products. Several 
studies highlighted the beneficial roles of biochar in solving many agricultural and 
environmental problems. This product is characterized by the presence of relatively 
stable carbon forms and therefore it can persist in soils for years. Its application effec-
tively raises soil fertility, especially light-textured soil, with low negative impacts on 
the global warming threat. Moreover, it can be used successfully to ameliorate con-
taminated soils and wastewaters. Thus, biochar has become a main focus of research 
activities over the last few years. Many of these researches bring promises and hopes 
about the potentiality of using biochar to achieve environmental sustainability goals. 
In this book, we summarize the latest developments in biochar research activities. 

This book includes five sections: “Introduction,” “Production and Legislation of 
Biochar,” “Applications of Biochar for Soil Fertility Improvement,” “Role of Biochar 
for Soil Remediation and Ameliorating Salinity Effects” and “Applications of Biochar 
for Water Treatment.” Chapters in the mentioned sections discuss the pros and 
cons of handling this organic product to sustain the environment and the possible 
negative effects that come from its extensive use; production process of biochar and 
its development from basic techniques to highly advanced producing plants; the 
characteristics of biochar generated from different pyrolysis methods and its role 
for the remediation of potentially toxic-element contaminated soils and to alleviate 
adverse salinity effects in salt-affected soils; as well as the potentiality of biochar 
applications for treating water contaminated with organic and inorganic pollutants.

The editors would like to thank all authors for their contributions. We hope this 
book will be an invaluable resource for all researchers interested in biochar and 
environmental studies.
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Chapter 1

Introductory Chapter: Is Biochar 
Safe?
Ahmed A. Abdelhafez, Xu Zhang, Li Zhou, Guoyan Zou, 
Naxin Cui, Mohammed H.H. Abbas and Mahdy H. Hamed

1. Introduction

Biochar is a carbon-rich product resulted from the pyrolysis of organic biomass 
in the absence of oxygen or at relatively low-oxygen conditions [1]. Such a process 
transforms the easily oxidized carbon fractions presented in the organic residues 
into more stable forms [2] that can persist in soils for years, probably 7 [3] to 
10 [4] years. This amendment reduces, therefore, the emissions of greenhouses 
gases [5] and can be considered as a climate change mitigation [6]. On the other 
hand, required amounts of this conditioner to improve soil productivity might 
be less comparable with compost or other organic amendments on the long run. 
Accordingly, biochar is presented as a promising soil amendment of high economic 
and environmental value. It is also named as “the black diamond” [7]. However, 
many environmental aspects should be considered while using this amendment. 
The first one considers its manufacturing process. During the pyrolysis process of 
biochar, significant emissions of CO2 are produced, and this probably raises the 
levels of greenhouse gases (GHGs) in air [8]. The second important issue is related 
to the biochar degradation in soil. Under warm climate conditions, its degrada-
tion was reported to be relatively high [9, 10], and therefore, further emissions of 
greenhouse gases might take place from biochar-amended soils. The third topic 
concerns ethylene, which is a by-product of the pyrolysis process of biochar [11]. 
This gas is increased considerably in biochar-amended soils to suppress several soil 
microbial processes [12]. Many researches considered this point a positive one that 
increases the stability of biochar in soil while reduces the emissions of greenhouse 
gases produced upon its degradation in soil [13], yet biochar affects negatively soil 
biota [14]. This is because this product contains a small part of bioavailable C [15] 
as the labile C is already degraded [16]. Thus, the sustainability of crop production 
in soil referred by soil health (or soil quality) which “reflects the capacity of a soil 
to provide ecosystem services” [17] may also be affected. Soil biota not only affects 
the physical and chemical properties of soil but also improves plant health [18]. 
Further pros and cons of amending soils with biochar will be discussed briefly in 
the following section.

Several studies demonstrated the positive impacts of amending soils with 
biochar on increasing crop productivity. For example, amending soils with biochar 
improves significantly macro- and micronutrients availability [9], in spite of the 
fact that many biochar additives have an alkaline nature [19], and consequently 
raises soil pH [7–20]. Nevertheless, soil nutrients strongly are adsorbed on biochar 
which serves as a slow release fertilizer [21]. It is then thought that the better 
utility of biochar can be detected on acid soils, rather than alkaline or calcareous 
soils. Moreover, this amendment reduces NO3

− loss through leaching as well as 
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the gaseous loss through release of nitrous oxide [22]; hence; this amendment can 
positively enhance plant growth [23]. Also, this product, which is characterized by 
its porous structure and high surface area [24], recorded indirect impacts on soil 
physical characteristics; for example, this amendment increases significantly water 
retention [10–25], hydraulic conductivity [26], and the total porosity of sandy soils 
while decreasing soil bulk density [27]. However, the impacts of amending soils 
with biochar are not always the same and depend mainly on the characteristics 
of the used biochar such as its grain size and pyrolysis temperature. According to 
[28], fine biochar decreases soil hydraulic conductivity, while the coarse biochar 
(particles were coarser than sand) did not affect the hydraulic conductivity of soils. 
Also, the pyrolysis temperature seems to have a significant impact on ash content 
in biochar, its pH, EC, and basic functional groups as well as carbon stability 
which increases in biochar with increasing pyrolysis temperature [29]. Generally, 
the effect of biochar on soil physical properties was comparable with the effect 
of compost [30]. On the other hand, other reports indicate that this amendment 
recorded unfavorable changes in chemical, physical, and biological properties of 
soil and consequently reduced crop yield [31]. Also, its application to soil hinders 
root penetration into soil depth [32]. Moreover, its negative impacts were also 
considerable on earthworm populations even on the short range [33]. It seems that 
the environmental and health risks due to biochar applications in agricultural soils 
are not well explored.

Another positive point for using biochar as a soil conditioner is related to its 
success to mitigate salinization of arable lands [34]. Additionally, biochar plays 
positive significant impacts on controlling the contaminants presented in water and 
soils [35, 36]. However, many contaminants may also originate from biochar [37]. 
Moreover, herbicides, e.g., atrazine and acetochlor, are sorbed on biochar [8], and 
this may reduce its efficacy [38] .

Furthermore, biochar has a remarkable effect on minimizing the emissions of 
greenhouse gases, especially CO2 [39, 40] vs. the traditional organic amendments 
[13]. Although biochar played important positive roles on sustaining the environ-
ment, there is a lake of knowledge concerning the recommended application rates 
of biochar to soils to avoid its negative potential impacts on the environment.

In this book, we will investigate the major techniques followed in the production 
and characterization of biochars. Their roles in sustaining agricultural productivity 
and environmental cleanup will be also a matter of concern. Finally, we will try to 
draw a legalization mode of biochar applications to the environment in order to 
ensure its safe applications.

Acknowledgements
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(Grant No. 29218230742600)-China.

5

Introductory Chapter: Is Biochar Safe?
DOI: http://dx.doi.org/10.5772/intechopen.91996

Author details

Ahmed A. Abdelhafez1,2*, Xu Zhang1, Li Zhou1, Guoyan Zou1*, Naxin Cui1, 
Mohammed H.H. Abbas3 and Mahdy H. Hamed2

1 Eco-environmental Protection Research Institute, Shanghai Academy of 
Agricultural Science (SAAS), China

2 New Valley University, Faculty of Agriculture, Soils and Water Department, Egypt

3 Benha University, Faculty of Agriculture, Soils and Water Department, Egypt

*Address all correspondence to: ahmed.aziz@aun.edu.eg and zouguoyan@263.net

© 2020 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. 



Applications of Biochar for Environmental Safety

4

the gaseous loss through release of nitrous oxide [22]; hence; this amendment can 
positively enhance plant growth [23]. Also, this product, which is characterized by 
its porous structure and high surface area [24], recorded indirect impacts on soil 
physical characteristics; for example, this amendment increases significantly water 
retention [10–25], hydraulic conductivity [26], and the total porosity of sandy soils 
while decreasing soil bulk density [27]. However, the impacts of amending soils 
with biochar are not always the same and depend mainly on the characteristics 
of the used biochar such as its grain size and pyrolysis temperature. According to 
[28], fine biochar decreases soil hydraulic conductivity, while the coarse biochar 
(particles were coarser than sand) did not affect the hydraulic conductivity of soils. 
Also, the pyrolysis temperature seems to have a significant impact on ash content 
in biochar, its pH, EC, and basic functional groups as well as carbon stability 
which increases in biochar with increasing pyrolysis temperature [29]. Generally, 
the effect of biochar on soil physical properties was comparable with the effect 
of compost [30]. On the other hand, other reports indicate that this amendment 
recorded unfavorable changes in chemical, physical, and biological properties of 
soil and consequently reduced crop yield [31]. Also, its application to soil hinders 
root penetration into soil depth [32]. Moreover, its negative impacts were also 
considerable on earthworm populations even on the short range [33]. It seems that 
the environmental and health risks due to biochar applications in agricultural soils 
are not well explored.

Another positive point for using biochar as a soil conditioner is related to its 
success to mitigate salinization of arable lands [34]. Additionally, biochar plays 
positive significant impacts on controlling the contaminants presented in water and 
soils [35, 36]. However, many contaminants may also originate from biochar [37]. 
Moreover, herbicides, e.g., atrazine and acetochlor, are sorbed on biochar [8], and 
this may reduce its efficacy [38] .

Furthermore, biochar has a remarkable effect on minimizing the emissions of 
greenhouse gases, especially CO2 [39, 40] vs. the traditional organic amendments 
[13]. Although biochar played important positive roles on sustaining the environ-
ment, there is a lake of knowledge concerning the recommended application rates 
of biochar to soils to avoid its negative potential impacts on the environment.

In this book, we will investigate the major techniques followed in the production 
and characterization of biochars. Their roles in sustaining agricultural productivity 
and environmental cleanup will be also a matter of concern. Finally, we will try to 
draw a legalization mode of biochar applications to the environment in order to 
ensure its safe applications.

Acknowledgements

This study was supported by Shanghai Science and Technology Committee 
(Grant No. 29218230742600)-China.

5

Introductory Chapter: Is Biochar Safe?
DOI: http://dx.doi.org/10.5772/intechopen.91996

Author details

Ahmed A. Abdelhafez1,2*, Xu Zhang1, Li Zhou1, Guoyan Zou1*, Naxin Cui1, 
Mohammed H.H. Abbas3 and Mahdy H. Hamed2

1 Eco-environmental Protection Research Institute, Shanghai Academy of 
Agricultural Science (SAAS), China

2 New Valley University, Faculty of Agriculture, Soils and Water Department, Egypt

3 Benha University, Faculty of Agriculture, Soils and Water Department, Egypt

*Address all correspondence to: ahmed.aziz@aun.edu.eg and zouguoyan@263.net

© 2020 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. 



6

Applications of Biochar for Environmental Safety

[1] Pariyar P et al. Evaluation of change 
in biochar properties derived from 
different feedstock and pyrolysis 
temperature for environmental and 
agricultural application. Science of the 
Total Environment. 2020;713:136433

[2] Song X et al. Effect of cotton 
straw-derived materials on native soil 
organic carbon. Science of the Total 
Environment. 2019;663:38-44

[3] Giagnoni L et al. Long-term soil 
biological fertility, volatile organic 
compounds and chemical properties in a 
vineyard soil after biochar amendment. 
Geoderma. 2019;344:127-136

[4] Kätterer T et al. Biochar addition 
persistently increased soil fertility and 
yields in maize-soybean rotations over 
10 years in sub-humid regions of Kenya. 
Field Crops Research. 2019;235:18-26

[5] Awad YM et al. Chapter one -  
Biochar effects on rice paddy: Meta-
analysis. In: Sparks DL, editor. Advances 
in Agronomy. Academic Press Inc. 2018. 
pp. 1-32

[6] Leng L et al. Biochar stability 
assessment methods: A review. 
Science of the Total Environment. 
2019;647:210-222

[7] Abdelhafez AA, Abbas MHH, 
Li J. Biochar: The black diamond for 
soil sustainability, contamination 
control and agricultural production. In: 
Engineering Applications of Biochar. 
Rijeka: InTechOpen; 2017

[8] Spokas KA et al. Impacts of 
woodchip biochar additions on 
greenhouse gas production and 
sorption/degradation of two herbicides 
in a Minnesota soil. Chemosphere. 
2009;77(4):574-581

[9] Elshony M et al. Ameliorating a 
Sandy soil using biochar and compost 

amendments and their implications as 
slow release fertilizers on plant growth. 
Egyptian Journal of Soil Science. 
2019;59(4):305-322

[10] Bassouny M, Abbas M. Role of 
biochar in managing the irrigation 
water requirements of maize plants: 
The pyramid model signifying the soil 
hydro-physical and environmental 
markers. Egyptian Journal of Soil 
Science. 2019;59(2):99-115

[11] Fulton W et al. A simple technique 
to eliminate ethylene emissions 
from biochar amendment in 
agriculture. Agronomy for Sustainable 
Development. 2013;33(3):469-474

[12] Spokas KA, Baker JM, Reicosky DC. 
Ethylene: Potential key for biochar 
amendment impacts. Plant and Soil. 
2010;333:443-452

[13] Rahman GKMM et al. Biochar and 
organic amendments for sustainable soil 
carbon and soil health. In: Datta R et al., 
editors. Carbon and Nitrogen Cycling 
in Soil. Singapore: Springer; 2020. 
pp. 45-85

[14] Zheng H et al. Biochar-induced 
negative carbon mineralization 
priming effects in a coastal wetland 
soil: Roles of soil aggregation and 
microbial modulation. Science 
of the Total Environment. 
2018;610-611:951-960

[15] Wang J, Xiong Z, Kuzyakov Y. 
Biochar stability in soil: Meta-analysis 
of decomposition and priming effects. 
GCB Bioenergy. 2016;8(3):512-523

[16] Kuzyakov Y, Bogomolova I, 
Glaser B. Biochar stability in soil: 
Decomposition during eight years 
and transformation as assessed by 
compound-specific 14C analysis. 
Soil Biology and Biochemistry. 
2014;70:229-236

References

7

Introductory Chapter: Is Biochar Safe?
DOI: http://dx.doi.org/10.5772/intechopen.91996

[17] Williams H, Colombi T, Keller T.  
The influence of soil management 
on soil health: An on-farm study 
in southern Sweden. Geoderma. 
2020;360:114010

[18] Nakajima T. Soil health and carbon 
sequestration in urban farmland. In: 
Tojo S, editor. Recycle Based Organic 
Agriculture in a City. Singapore: 
Singapore: Springer; 2020. pp. 147-158

[19] Sarfaraz Q et al. Characterization 
and carbon mineralization of biochars 
produced from different animal 
manures and plant residues. Scientific 
Reports. 2020;10(1):955

[20] Abdelhafez AA, Li J, Abbas MHH. 
Feasibility of biochar manufactured 
from organic wastes on the stabilization 
of heavy metals in a metal smelter 
contaminated soil. Chemosphere. 
2014;117:66-71

[21] Dai Y et al. Utilization of biochar 
for the removal of nitrogen and 
phosphorus. Journal of Cleaner 
Production. 2020;257:120573

[22] Prendergast-Miller MT, Duvall M, 
Sohi SP. Localisation of nitrate in the 
rhizosphere of biochar-amended 
soils. Soil Biology and Biochemistry. 
2011;43(11):2243-2246

[23] Manolikaki I, Diamadopoulos E. 
Agronomic potential of biochar 
prepared from brewery byproducts. 
Journal of Environmental Management. 
2020;255:109856

[24] Brassard P, Godbout S, Raghavan V. 
Soil biochar amendment as a climate 
change mitigation tool: Key parameters 
and mechanisms involved. Journal 
of Environmental Management. 
2016;181:484-497

[25] Werdin J et al. Biochar made from 
low density wood has greater plant 
available water than biochar made from 

high density wood. Science of the Total 
Environment. 2020;705:135856

[26] Wiersma W et al. No effect of 
pyrolysis temperature and feedstock 
type on hydraulic properties of biochar 
and amended sandy soil. Geoderma. 
2020;364:114209

[27] Abel S et al. Impact of biochar and 
hydrochar addition on water retention 
and water repellency of sandy soil. 
Geoderma. 2013;202-203:183-191

[28] Liu Z et al. Impacts of biochar 
concentration and particle size on 
hydraulic conductivity and DOC 
leaching of biochar–sand mixtures. 
Journal of Hydrology. 2016;533:461-472

[29] Al-Wabel MI et al. Pyrolysis 
temperature induced changes 
in characteristics and chemical 
composition of biochar produced 
from conocarpus wastes. Bioresource 
Technology. 2013;131:374-379

[30] Somerville PD et al. Biochar and 
compost equally improve urban soil 
physical and biological properties and 
tree growth, with no added benefit 
in combination. Science of the Total 
Environment. 2020;706:135736

[31] Mukherjee A, Lal R. The biochar 
dilemma. Soil Research. 2014;52:217-230

[32] Abdelhafez AA, Abbas MHH, 
Hamed MH. Biochar: A solution for soil 
Pb pollution. In: The 8th International 
Conference for Development and the 
Environment in the Arab World. Egypt: 
Assiut University; 2016. pp. 89-103

[33] Weyers SL, Spokas KA. Impact of 
biochar on earthworm populations: A 
review. Applied and Environmental Soil 
Science. 2011;2011:541592

[34] Thomas SC et al. Biochar mitigates 
negative effects of salt additions on 
two herbaceous plant species. Journal 
of Environmental Management. 
2013;129:62-68



6

Applications of Biochar for Environmental Safety

[1] Pariyar P et al. Evaluation of change 
in biochar properties derived from 
different feedstock and pyrolysis 
temperature for environmental and 
agricultural application. Science of the 
Total Environment. 2020;713:136433

[2] Song X et al. Effect of cotton 
straw-derived materials on native soil 
organic carbon. Science of the Total 
Environment. 2019;663:38-44

[3] Giagnoni L et al. Long-term soil 
biological fertility, volatile organic 
compounds and chemical properties in a 
vineyard soil after biochar amendment. 
Geoderma. 2019;344:127-136

[4] Kätterer T et al. Biochar addition 
persistently increased soil fertility and 
yields in maize-soybean rotations over 
10 years in sub-humid regions of Kenya. 
Field Crops Research. 2019;235:18-26

[5] Awad YM et al. Chapter one -  
Biochar effects on rice paddy: Meta-
analysis. In: Sparks DL, editor. Advances 
in Agronomy. Academic Press Inc. 2018. 
pp. 1-32

[6] Leng L et al. Biochar stability 
assessment methods: A review. 
Science of the Total Environment. 
2019;647:210-222

[7] Abdelhafez AA, Abbas MHH, 
Li J. Biochar: The black diamond for 
soil sustainability, contamination 
control and agricultural production. In: 
Engineering Applications of Biochar. 
Rijeka: InTechOpen; 2017

[8] Spokas KA et al. Impacts of 
woodchip biochar additions on 
greenhouse gas production and 
sorption/degradation of two herbicides 
in a Minnesota soil. Chemosphere. 
2009;77(4):574-581

[9] Elshony M et al. Ameliorating a 
Sandy soil using biochar and compost 

amendments and their implications as 
slow release fertilizers on plant growth. 
Egyptian Journal of Soil Science. 
2019;59(4):305-322

[10] Bassouny M, Abbas M. Role of 
biochar in managing the irrigation 
water requirements of maize plants: 
The pyramid model signifying the soil 
hydro-physical and environmental 
markers. Egyptian Journal of Soil 
Science. 2019;59(2):99-115

[11] Fulton W et al. A simple technique 
to eliminate ethylene emissions 
from biochar amendment in 
agriculture. Agronomy for Sustainable 
Development. 2013;33(3):469-474

[12] Spokas KA, Baker JM, Reicosky DC. 
Ethylene: Potential key for biochar 
amendment impacts. Plant and Soil. 
2010;333:443-452

[13] Rahman GKMM et al. Biochar and 
organic amendments for sustainable soil 
carbon and soil health. In: Datta R et al., 
editors. Carbon and Nitrogen Cycling 
in Soil. Singapore: Springer; 2020. 
pp. 45-85

[14] Zheng H et al. Biochar-induced 
negative carbon mineralization 
priming effects in a coastal wetland 
soil: Roles of soil aggregation and 
microbial modulation. Science 
of the Total Environment. 
2018;610-611:951-960

[15] Wang J, Xiong Z, Kuzyakov Y. 
Biochar stability in soil: Meta-analysis 
of decomposition and priming effects. 
GCB Bioenergy. 2016;8(3):512-523

[16] Kuzyakov Y, Bogomolova I, 
Glaser B. Biochar stability in soil: 
Decomposition during eight years 
and transformation as assessed by 
compound-specific 14C analysis. 
Soil Biology and Biochemistry. 
2014;70:229-236

References

7

Introductory Chapter: Is Biochar Safe?
DOI: http://dx.doi.org/10.5772/intechopen.91996

[17] Williams H, Colombi T, Keller T.  
The influence of soil management 
on soil health: An on-farm study 
in southern Sweden. Geoderma. 
2020;360:114010

[18] Nakajima T. Soil health and carbon 
sequestration in urban farmland. In: 
Tojo S, editor. Recycle Based Organic 
Agriculture in a City. Singapore: 
Singapore: Springer; 2020. pp. 147-158

[19] Sarfaraz Q et al. Characterization 
and carbon mineralization of biochars 
produced from different animal 
manures and plant residues. Scientific 
Reports. 2020;10(1):955

[20] Abdelhafez AA, Li J, Abbas MHH. 
Feasibility of biochar manufactured 
from organic wastes on the stabilization 
of heavy metals in a metal smelter 
contaminated soil. Chemosphere. 
2014;117:66-71

[21] Dai Y et al. Utilization of biochar 
for the removal of nitrogen and 
phosphorus. Journal of Cleaner 
Production. 2020;257:120573

[22] Prendergast-Miller MT, Duvall M, 
Sohi SP. Localisation of nitrate in the 
rhizosphere of biochar-amended 
soils. Soil Biology and Biochemistry. 
2011;43(11):2243-2246

[23] Manolikaki I, Diamadopoulos E. 
Agronomic potential of biochar 
prepared from brewery byproducts. 
Journal of Environmental Management. 
2020;255:109856

[24] Brassard P, Godbout S, Raghavan V. 
Soil biochar amendment as a climate 
change mitigation tool: Key parameters 
and mechanisms involved. Journal 
of Environmental Management. 
2016;181:484-497

[25] Werdin J et al. Biochar made from 
low density wood has greater plant 
available water than biochar made from 

high density wood. Science of the Total 
Environment. 2020;705:135856

[26] Wiersma W et al. No effect of 
pyrolysis temperature and feedstock 
type on hydraulic properties of biochar 
and amended sandy soil. Geoderma. 
2020;364:114209

[27] Abel S et al. Impact of biochar and 
hydrochar addition on water retention 
and water repellency of sandy soil. 
Geoderma. 2013;202-203:183-191

[28] Liu Z et al. Impacts of biochar 
concentration and particle size on 
hydraulic conductivity and DOC 
leaching of biochar–sand mixtures. 
Journal of Hydrology. 2016;533:461-472

[29] Al-Wabel MI et al. Pyrolysis 
temperature induced changes 
in characteristics and chemical 
composition of biochar produced 
from conocarpus wastes. Bioresource 
Technology. 2013;131:374-379

[30] Somerville PD et al. Biochar and 
compost equally improve urban soil 
physical and biological properties and 
tree growth, with no added benefit 
in combination. Science of the Total 
Environment. 2020;706:135736

[31] Mukherjee A, Lal R. The biochar 
dilemma. Soil Research. 2014;52:217-230

[32] Abdelhafez AA, Abbas MHH, 
Hamed MH. Biochar: A solution for soil 
Pb pollution. In: The 8th International 
Conference for Development and the 
Environment in the Arab World. Egypt: 
Assiut University; 2016. pp. 89-103

[33] Weyers SL, Spokas KA. Impact of 
biochar on earthworm populations: A 
review. Applied and Environmental Soil 
Science. 2011;2011:541592

[34] Thomas SC et al. Biochar mitigates 
negative effects of salt additions on 
two herbaceous plant species. Journal 
of Environmental Management. 
2013;129:62-68



Applications of Biochar for Environmental Safety

8

[35] García-Jaramillo M et al. An 
examination of the role of biochar and 
biochar water-extractable substances 
on the sorption of ionizable herbicides 
in rice paddy soils. Science of the Total 
Environment. 2010;706:135682

[36] Simiele M et al. Assisted 
phytoremediation of a former mine 
soil using biochar and iron sulphate: 
Effects on As soil immobilization and 
accumulation in three Salicaceae species. 
Science of the Total Environment. 
2020;710:136203

[37] Zhang C et al. Biochar for 
environmental management: Mitigating 
greenhouse gas emissions, contaminant 
treatment, and potential negative 
impacts. Chemical Engineering Journal. 
2019;373:902-922

[38] Graber ER et al. High surface area 
biochar negatively impacts herbicide 
efficacy. Plant and Soil. 2012;353:95-106

[39] Puga AP et al. Biochar-based 
nitrogen fertilizers: Greenhouse gas 
emissions, use efficiency, and maize 
yield in tropical soils. Science of the 
Total Environment. 2020;704:135375

[40] Wang H et al. Biochar mitigates 
greenhouse gas emissions from an acidic 
tea soil. Polish Journal of Environmental 
Studies. 2020;29:323-330

Section 2

Production and Legislation
of Biochar

9



Applications of Biochar for Environmental Safety

8

[35] García-Jaramillo M et al. An 
examination of the role of biochar and 
biochar water-extractable substances 
on the sorption of ionizable herbicides 
in rice paddy soils. Science of the Total 
Environment. 2010;706:135682

[36] Simiele M et al. Assisted 
phytoremediation of a former mine 
soil using biochar and iron sulphate: 
Effects on As soil immobilization and 
accumulation in three Salicaceae species. 
Science of the Total Environment. 
2020;710:136203

[37] Zhang C et al. Biochar for 
environmental management: Mitigating 
greenhouse gas emissions, contaminant 
treatment, and potential negative 
impacts. Chemical Engineering Journal. 
2019;373:902-922

[38] Graber ER et al. High surface area 
biochar negatively impacts herbicide 
efficacy. Plant and Soil. 2012;353:95-106

[39] Puga AP et al. Biochar-based 
nitrogen fertilizers: Greenhouse gas 
emissions, use efficiency, and maize 
yield in tropical soils. Science of the 
Total Environment. 2020;704:135375

[40] Wang H et al. Biochar mitigates 
greenhouse gas emissions from an acidic 
tea soil. Polish Journal of Environmental 
Studies. 2020;29:323-330

Section 2

Production and Legislation
of Biochar

9



Chapter 2

A Mini Review of Biochar
Synthesis, Characterization, and
Related Standardization and
Legislation
Nor Adilla Rashidi and Suzana Yusup

Abstract

The abundance of biomass in Malaysia creates an avenue for growth of
bio-economic sector through the research and development (R&D) activities on the
biochar production. Biochar that is described as a carbonaceous material derived
from the thermochemical process at temperature of usually lower than 700°C is
promising due to its applicability in wider range of applications, such as in soil
amendment (fertilizer) and as a low-cost adsorbent for the pollution remediation,
apart from minimizing the solid waste disposal problems. Therefore, this chapter
discusses the current trends on various production techniques of biochar from both
the lignocellulosic (plantation based waste materials) and non-lignocellulosic
sources, as well as the physiochemical characteristics of the resulting biochar. In
addition, overview of the biochar industry in Malaysia is presented in this chapter.
Lastly, recap of standardization and legislation particularly related to the biochar
utilization as a soil amendment agent is included to grasp readers’ attention prior to
the large scale applications.

Keywords: biochar, biomass, environmental standardization and legislation,
pyrolysis, soil amendment, waste management

1. Introduction

Biochar, which is a subset of carbon-rich and black powder, is generally defined
as a porous solid that is produced from biomass via pyrolysis process and in the
absence of oxygen (O2) [1]. Nevertheless, based on literatures, there are various
definitions of the biochar [2–4]; accordingly, Sohi et al. [5] reported that the term of
biochar remains ill-defined. Thus, the International Biochar Initiative (IBI)
standardized the biochar “as a solid material obtained from the thermochemical
conversion of biomass in O2-limited environments.” While the production route
of biochar and charcoal is similar where both materials are derived from the
carbonaceous feedstock through the pyrolysis process [6], but the distinct features
that can distinguish these two materials lies in their starting material and end
application. Biochar that contains high porosity, high nutrient content, and water-
storage-capability is applied for soil amelioration or an adsorbent, whereas charcoal
that is usually derived from the petroleum-based feedstock is used for heat
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generation (energy/fuel) purposes [3, 7]. In a nutshell, Mesa et al. [2] reported that
the term biochar is not applicable for the charred materials used as a solid fuel, and
to exclude the black carbon produced from non-renewable resources such as coal
and petroleum. Besides, Abdelhafez et al. [8] reported that biochar contains lower
ash compounds as compared to charcoal, due to an incomplete carbonization
process. Further, due to wider application of biochar in both agronomic sector as
well as in environmental management, Verheijen et al. [9] reported that the global
market of biochar is rapidly growing, with the global market price is estimated
around $80–13,480/oven dried metric ton (ODMT). In addition, Hersh et al. [10]
reported that the global biochar market is projected to increase up to $3.14 billion by
2025, and expand at an average rate of 13.1% annually [11]. Due to the growing
interest of the biochar production and application, number of scientific publications
related to the biochar is gradually increasing (as presented in Figure 1), where most
of these publications (since 2016) are from Republic of China, USA, Australia,
South Korea, and India. Herein, this chapter aims to highlight the recent advance-
ment of the biochar production from various processing techniques, as well as an
overview on the biochar standardization (quality standard) and legislation,
particularly for its application as soil amendment agent.

So far, research work on the biochar-related field in Malaysia is extensive in local
universities and research institutes, where Universiti Putra Malaysia (UPM) is the
leading organization in the biochar research. Being a pioneer in biochar research,
UPM researchers in collaboration with Nasmech Technology has successfully built
the first large scale biochar production plant within the region (as shown in
Figure 2) in January 2010 [12, 13], where the carbonator is capable to accommodate
up to 20 tons of different types of waste materials daily for the biochar production.
Hypothetically, opportunities of biochar industry in Malaysia can be attributed to
lower labor cost, low or no cost incurred of biomass, large agricultural industry, as
well as fast-growing biomass. In fact, Ozturk et al. [14] reported that Malaysia
produces about 168 million tons of biomass annually. Nevertheless, Kong et al. [15]

Figure 1.
Number of biochar-related publications from 2009 to 2019 from Web of Science (WOS) and SCOPUS
database.
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reported that the main challenge in biochar production in Malaysia is due to the
physiochemical nature of biomass (particularly oil palm biomass) itself; where wet
biomass will result in transportation problems from the source to production sites,
thus need an additional drying process apart from normal pre-treatments such as
chopping, shredding, and grinding stages. Consequently, this will increase both
production cost and equipment’s capital investment. Besides, difficulty in gaining a
long-term contract basis between the biomass suppliers, producers, investors, and
potential end users, is one of the major barriers in the biochar production in
Malaysia [15, 16]. Due to these problems and the lack of key players along the value
chain, biochar’s production is rather costly, accordingly, Tang et al. [17] reported
that commercialization of biochar in Malaysia is relatively new and still at an early
stage. Based on literatures, biochar providers in Malaysia include the following:
Global Green Synergy Sdn. Bhd., Pakar Go Green Sdn. Bhd., Usaha Strategik Sdn.
Bhd., and CH Biotech Sdn. Bhd. In addition, realizing the prominence of the biochar
industry toward the socio-environmental economy, Biochar Association Malaysia
(BMA) has been established in 2014 with the missions are to promote the biochar
production and application in both agricultural and industrial sector, to stimulate
publics’ awareness on the role of biochar as a carbon sequester, and as a platform for
idea and information exchange in promoting the biochar industry in Malaysia.
In addition, to further promote the advancement of biochar industry in Malaysia,
key players including researchers, authorities, and business analysts should work
closely together.

2. Production of biochar

Biochar can be produced from various types of biomass which include the
lignocellulosic (i.e., bioenergy crop, agricultural waste, forestry residues) and non-
lignocellulosic groups (i.e., manure, sewage sludge, microalgae) [19, 20]. To date,
agricultural waste is the primary feedstock used for the biochar production, as
confirmed in Table 1. Regardless of the different types of feedstock, the biochar’s

Figure 2.
Biochar plant in Dengkil, Selangor, Malaysia [18].
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lignocellulosic groups (i.e., manure, sewage sludge, microalgae) [19, 20]. To date,
agricultural waste is the primary feedstock used for the biochar production, as
confirmed in Table 1. Regardless of the different types of feedstock, the biochar’s

Figure 2.
Biochar plant in Dengkil, Selangor, Malaysia [18].
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skeleton is primarily comprised of carbon and ash, where the overall compositions
and characteristics of each biochar varied, depending on the types of feedstock and
the process conditions. Filiberto et al. [20] reported that the significant difference
between the nutrient-rich feedstocks such as animal manure and sewage sludge,
compared to the lignin-rich biomass feedstock is that the former materials contain
considerably high nutrient and mineral compositions (i.e., nitrogen, phosphorus,
potassium, etc.). In context of heavy metal removal application, Zhao et al. [21]
reported that the sewage sludge biochar that has higher mineral contents (161 g/kg)
compared to corn biochar (28.6 g/kg) and poplar wood biochar (19.5 g/kg)
contributes to higher heavy metal removals from wastewater (sewage sludge > corn
> poplar wood), thus implies the importance of the mineral compositions in heavy
metal adsorption process. Likewise, for the soil amendment application (in terms of
element supplementation and liming effect), Zhang et al. [22] also agreed that the
biochar should contain a sufficient mineral composition. Meanwhile in context of
the process technologies, biochar can be produced from four thermochemical routes
that include pyrolysis, torrefaction, hydrothermal carbonization, as well as
gasification, [23]; which is thoroughly described in the following subsections.

Biomass Process conditions Findings Ref.

Temp (°C) time (min) Yield (%) Capacity

Heavy metals removal (i.e., cadmium, copper, lead, zinc, etc.)

Cocoa pod 500 120 n/a 69.9 mg/g [24]

EFB 615 128 25.49 15.18 mg/g [25]

EFB 300 180 n/a 85 mg/g [26]

Sludge n/a 60 n/a 19 mg/g [27]

Sludge 400 90 64.2 48.8 mg/g [28]

Color/dyes removal (i.e., methylene blue, malachite green)

Cassava stem 500 120 11.94 40.5 mg/g [29]

Coconut frond 800 240 n/a 126.58 mg/g [30]

Palm shell 700 W 25 33 48 mg/g [31]

Seaweed 800 90 n/a 512.67 mg/g [32]

Sugarcane bagasse 600 120 n/a 99.47% [33]

Phenolic compounds removal

EFB 500 80.27 n/a 7.38% [34]

Gas/vapor adsorption (i.e., CO2, mercury, sulfur dioxide)

Coconut pith 900 60 27.76 6067.49 μg/g [35]

Coconut pith 700 60 31.42 10 mmol/g [36]

Sludge 405 88 54.25 9.75 mg/g [37]

Wood sawdust 650 60 n/a 18 mg/g [38]

Soil-based application (herbicides/pesticides removal, fertilizer)

EFB 300 60 n/a 4.497 [39]

Rice husk 300 180 n/a 4.742 [39]

Palm shell 700 W 25 33 450 g [31]

EFB, empty fruit bunches.

Table 1.
Summary of recent biochar production in Malaysia from local biomass and the corresponding optimum
conditions.
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2.1 Pyrolysis

By definition, pyrolysis is the thermal conversion process conducted in absence
of O2; producing biochar, condensable liquid (i.e., bio-oil), and non-condensable
gas (i.e., syngas). The yield distribution depends on the type of pyrolysis process—
slow, fast, and flash pyrolysis; where it differs in terms of reaction temperature,
heating rate, and holding time (as summarized in Table 2).

Referring to Table 2, the ideal route for the biochar production is through slow
pyrolysis, also known as conventional carbonization, as compared to fast or flash
pyrolysis that targets bio-oil production. Recently, Yuan et al. [42] confirmed that
walnut shell biochar obtained through slow pyrolysis process has greater biochar
yield as compared to the fast pyrolysis, irrespective of reaction temperature, thus it
confirms the effectiveness of the slow pyrolysis mechanism toward the biochar
production. Furthermore, slow pyrolysis for the biochar production is promising
due to lower capital investment as compared to fast pyrolysis scheme ($132 vs. $200
million) [43]. Basically, Daful et al. [44] reported that biochar from slow pyrolysis
route refers to primary and secondary char, where the mechanism of the process is
simplified in Eqs. (1)–(3) [45]. The pre-pyrolysis reaction [Eq. (1)] involves the
water elimination and evaporation from the biomass structure. During the primary
reaction, devolatilization process including the dehydration, decarboxylation, and
dehydrogenation occurs. Then upon the completion of primary decomposition, the
secondary reaction (at high temperature) that refers to cracking of heavy organic
compounds as well as repolymerization ensues, producing a stable and carbon-
dense solid product (i.e., biochar) and non-condensable syngas such as methylene
(CH2), methane (CH4), carbon monoxide (CO), and carbon dioxide (CO2) [45–48].

Biomass ! waterþ unreacted residue Pre‐pyrolysis� �
(1)

Unreacted residue ! volatiles þ gasesð Þ þ char Primary reaction
� �

(2)

Char ! volatilesþ gasesð Þ þ char Secondary reaction
� �

(3)

2.2 Torrefaction

Torrefaction or known as a mild pyrolysis refers to the thermochemical process
at temperature of 200–300°C at atmospheric pressure and inert atmosphere,
heating rate of ≤50°C/min, with residence time of 30 min to 2 h [44, 49].

Conditions Slow pyrolysis Fast pyrolysis Flash pyrolysis

Temperature (°C) 300–700 550–1000 800–1100

Heating rate (°C/sec) 0.1–1 10–200 >1000

Vapor residence time (sec) 450–550 0.5–10 <0.5

Particle size (mm) 5–50 <1 <0.2

Yield (wt. %) Biochar 35 20 12

Bio-oil 30 50 75

Syngas 35 30 13

Bold value refers to the highest product yield of slow pyrolysis, fast pyrolysis and flash pyrolysis. In summary, for the
slow pyrolysis, the bold value is for biochar, while for fast and flash pyrolysis, the bold value is for the bio-oil. In other
words, the slow pyrolysis favors the biochar production, and both fast and flash pyrolysis targets the bio-oil.

Table 2.
Process conditions for slow (conventional), fast, and flash pyrolysis and product distribution [40, 41].
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Nevertheless, it has been reported that the torrefaction process is not a promising
technique for the biochar production, regardless of higher product yield (70–80wt.%),
since the torrefied biomass still contains a significant fraction of volatile components
from the raw biomass, and the physiochemical properties are in between raw biomass
and biochar [44, 50]. For example, oxygen to carbon (O/C) ratio of the torrefied
biomass which is>0.4 contradicts with the European Biochar Certification (EBC) of
biochar [44]. Therefore, this torrefaction process is often being applied as a pre-
treatment process for moisture removal, biomass densification, and to improve the
biomass properties. Besides, while the torrefaction process alone cannot be used for
biochar production, combination of torrefaction pretreatment and pyrolysis is feasible
for the exceptional biochar production (in terms of yield) in addition to the
physiochemical characteristics (i.e., surface area) [51–54].

2.3 Hydrothermal carbonization

Opposite to the slow pyrolysis and torrefaction process that is normally carried
out under dry atmosphere, hydrothermal carbonization can also be referred as wet
pyrolysis or wet torrefaction; since this process is performed in a biomass-water
solution at temperature of 180–250°C at high pressure (subcritical condition) for
several hours [50, 55–57]. Similar to pyrolysis, this hydrothermal carbonization
produces 50–80 wt. % solid char (termed as hydrochar), bio-oil and water mixture
(5–20 wt. %), and synthetic gas that is mainly CO2 (2–5 wt. %) [58]. The great
interest in this hydrothermal technology for the biochar production is that it can
avoid the preliminary energy-intensive drying process that is usually required for
the conventional pyrolysis, and thus it will minimize the operational costs. Besides,
Oktaviananda et al. [59] agreed that such process is convenient for the biomass
having >50 wt. % moisture content. On top of that, it has been reported that the
energy requirement for hydrothermal carbonization and pyrolysis process for 1 kg
of feedstock of 80% moisture content is 2.5 and 3.20 MJ, respectively [60].
Moreover, this hydrothermal technology offers the lowest reaction temperature as
compared to other thermochemical conversion techniques. During the process,
water (H2O) acts as a solvent, reactant, catalyst, and as a medium for both mass and
energy transfer [61], where it will facilitate the hydrolysis, dehydration,
decarboxylation and depolymerization process [62]. Besides, at temperature of
200–280°C, H2O that possesses similar behavior to mild acid and mild base at the
same time results in an acceleration of biomass decomposition [61, 63]. Specifically,
Libra et al. [64] reported that during the hydrothermal carbonization, hemicellulose
decomposes at temperature of 180–200°C, lignin decomposition takes place at
180–220°C, whereas cellulose decomposition occurs at 220°C. However, most often,
the hydrochar cannot be described as biochar since the reaction temperature is too
low, low carbon contents, as well as an intolerable O/C and hydrogen to carbon
(H/C) ratio [65, 66]. Yet, recent work shows that integration of this hydrothermal
carbonization with pyrolysis process positively contributes toward the high-quality
biochar production and can stabilizes the heavy metal in solid products [67].
For example, by referring to the experimental findings by Olszewski et al. [68], the
preliminary hydrothermal treatment of brewery spent grains (that contains
70–90 wt. % moisture) prior to the pyrolysis process produces biochar with greater
product yield and carbon contents as well as reduced ash compositions; where the
corresponding value is varied, subjected to the intensity of the hydrothermal
carbonization process. Likewise, Garlapalli et al. [69] confirmed that the carbon
compositions of biochar from the combined hydrothermal and pyrolysis process
(at 260 and 800°C, respectively) increases to 82 wt. % compared to standalone
hydrothermal process, where the carbon contents is merely 70 wt. %. Moreover,
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such combined processes also show an improvement of the surface area (63.48 m2/g
vs. 2.93 m2/g). In overall, the upgrading of hydrochar is crucial since the hydrochar
that possesses low surface area (<30 m2/g), low porosity, and presence of noxious
chemicals (i.e., furan, furfural, and phenolic compounds) limits its application in
soil amelioration [69].

2.4 Gasification

The gasification process takes place at the temperature range of 600-1200°C,
heating rate of 50–100°C/min, with vapor residence time of 10–20 s. Unlike the
pyrolysis, gasification process is carried out in the presence of O2 (including O2, air,
steam, CO2, or mixture of the gases) and primarily used for the syngas production
(i.e., CO, CO2, CH4, hydrogen [H2]) instead of the biochar production. Due to this,
the biochar yield is minimal (<10 wt. %) [44, 56]. With regards to this limitation,
there are limited research works on the feasibility of biochar from the gasification
process especially for soil amendment purpose [70]. In addition, Wang and Wang
[71] reported that the charred product from the gasification process do not satisfy
the biochar’s definition; in addition to presence of hazardous polycyclic aromatic
hydrocarbons (PAHs) as well as alkaline and alkaline heavy metals within the
structure [55, 56].

3. Biochar’s characterization, standardization, and legislations

The detailed characterization of biochar prior to any applications is significant in
order to determine the relationship between nature and operating conditions with
the physiochemical properties of biochar, to evaluate the suitability of biochar in
desired target application, and to examine the presence of contaminants and
eco-toxicology properties [72]. The overall characterization techniques that have
been applied for biochar are summarized in Table 3.

Given that the biochar’s characteristics is mainly influenced by various
parameters such as feedstocks’ type, technology (i.e., process type, reactor
configuration), and process condition (i.e., temperature, heating rate, residence

Characterization Detailed analysis

Physical property • Surface area, pore volume and size (N2 gas sorption)
• Particle size distribution (Laser sizing)
• Density (Mercury porosity, Pycnometer)

Chemical property • pH (pH meter)
• Electrical conductivity (Conductivity meter)
• Cation exchange capacity (Ion chromatography)
• Biochar compositions (CHNS, EDS, XPS)
• Metallic/ash contents (XRD, ICP, XRF)
• Proximate analysis (Muffle furnace,TGA)
• Surface functionality (FTIR, Raman)
• Surface acidity/alkalinity (Boehm titration)
• Surface aromaticity (13C NMR, Raman spectroscopy)

Surface structure & morphology • SEM/FESEM
• TEM
• Crystallinity (XRD, Raman)

Stability behavior • TGA-DSC

Table 3.
Summary of biochar’s detailed characterization [19, 46, 64, 71–74].
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Property IBI-BS EBC BQM

Basic Premium Standard High gr.

Organic C (wt. %) ≥10 ≥50 ≥10

H:C molar ratio ≤0.7 ≤0.7 ≤0.7

O:C molar ratio — ≤0.4 —

Moisture — ≥30 ≥20

Total ash (wt. %) ✓ ✓ ✓

Conductivity ✓ ✓ Optional

Liming equiv. ✓ — —

pH ✓ ✓ ✓

Particle size distr. ✓ — ✓

Surface area — ✓ Optional

Water holding capacity — Optional ✓

Volatile matter (%) Optional ✓ —

Germination test Pass/fail Optional —

Macro-nutrients (wt. %)

Total N ✓ ✓ ✓

Total P, K, Mg, Ca Optional ✓ ✓ (Total P & K)

Organic pollutants (mg/kg)

PAH
(US EPA 16)

6–300 <12 <4 <20 <20

B(a) P toxic equi. ≤3 — — — —

PCB 0.2–0.5 <0.2 <0.5

PCDDs/Fs <17 <20 <20

Heavy metals (mg/kg)—maximum limit

Arsenic 12–100 — — 100 10

Cadmium 1.4–39 1.5 1 39 3

Chromium 64–1200 90 80 100 15

Cobalt 40–150 — — — —

Copper 63–1500 100 100 1500 40

Lead 70–500 150 120 500 60

Mercury 1–17 1 1 17 1

Manganese — — — n/a 3500

Molybdenum 5–20 — — 75 10

Nickel 47–600 50 30 600 10

Selenium 2–36 — — 100 5

Zinc 200–7000 400 400 2800 150

Boron ✓ — —

Chlorine ✓ — —

Sodium ✓ — —

Note: ✓ symbol refers to the required analysis for biochar (declaration).

Table 4.
Summary of biochar certification based on IBI-BS (Ver. 2.0), EBC (Ver. 4.8), and BQM Ver. 1.0.

18

Applications of Biochar for Environmental Safety

time, pressure, carrier gas); the corresponding properties of biochar are widely
varied. Therefore, the standardization of biochar prior to applications is significant
as their performance can be generalized and predicted [64, 75]. To date, the biochar
standards have been established by the International Biochar Initiative (IBI-BS),
European Biochar Foundation (European Biochar Certificate, EBC); as well as the
British Biochar Foundation (Biochar Quality Mandate, BQM) [76–78]. Referring to
Verheijen et al. [9], the common objectives of these certifications are to provide the
quality and safety indicator for biochar utilization as a soil amendment agent, to
promote the biochar’s industrial growth and commercialization, as well as for future
legislative or regulations. Besides, development of such certifications assists in
improving the confidence level of consumers and regulators of the biochar’s safe
application [79]. Thereby, the parameters and their corresponding threshold values
in each biochar certificate are tabulated in Table 4.

However, Gelardi et al. [80] reported that variation between these certifications
will led to inconsistencies in both scientific and legislative framework, accordingly,
there is an urgent need to come out with a unified regulations that can benefit the
communication in academics field and in the biochar market. In addition, it should
be noted that these certifications are only applicable for the biochar categorization
and their suitability as soil amendment agent, and to exclude the hydrochar [65].
Hence, more data and research work toward the hydrochar characterization and
appropriate certificates that enable commercial hydrochar utilization is strongly
recommended. In addition, since these certifications are only valid for the
biochar usage in soil application, it is recommended to produce a detailed
assessment and guideline for the biochar utilization in other environmental
applications too [74].

4. Conclusions and future outlook

Biomass valorization to biochar materials has gained a significant attention due
to its exceptional characteristics—high surface area, high pore volume, long-term
stability, and presence of various surface functionalities, as well as wider potential
application including energy and biomaterial development, agronomy sector (i.e.,
soil amelioration, fertilization), and environment pollution control; among others.
Given the slow pyrolysis process is the most promising technique for the biochar
production, more research studies on the various types of biomass need to be
considered as the biochar field is rather a non-exhaustive subject, in addition to the
continuous advancement toward cleaner, simpler, and inexpensive biochar
production. In addition, a comprehensive analysis on different types of biomass
(including agricultural, aquaculture, forestry, human and animal waste, as well as
industrial waste) will result in a complete database; mainly focus on the influence of
operating parameters toward the process performance, in terms of reaction rate and
underlying mechanism, yield, selectivity, biochar’s characteristics, as well as energy
and mass balance; which are useful for practitioners and future researchers. In
addition, from the databases, it is practical for ranking the biomass suitability for
the biochar production for specific applications, accordingly facilitates a proper
planning on biomass utilization in biochar industry. Besides, the recent work on
both the biochar production and utilization is limited to the laboratory scale, thus
upscaling the research work to a larger scale is necessary in order to determine the
practicality. Finally, techno-economic analysis as well as life cycle assessment of the
biochar production through various technologies is recommended. Overall, viability
of the biochar industrial sector needs to incorporate the social, technical, economic,
and environmental aspects to ensure its sustainability.
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Property IBI-BS EBC BQM
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Note: ✓ symbol refers to the required analysis for biochar (declaration).

Table 4.
Summary of biochar certification based on IBI-BS (Ver. 2.0), EBC (Ver. 4.8), and BQM Ver. 1.0.
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Chapter 3

Forest Trees for Biochar and
Carbon Sequestration: Production
and Benefits
Donald L. Rockwood, Martin F. Ellis, Ruliang Liu,
Fengliang Zhao, Kyle W. Fabbro, Zhenli He
and David R. Derbowka

Abstract

Many tree species worldwide are suitable for making biochar (BC), with planted
eucalypts in particular being very productive and extensive. Above- and below-
ground carbon sequestration by Eucalyptus plantations depends on plantation man-
agement options. An intensively managed cultivar could sequester over 100 mt of
C/ha at a cost of $21–40/mt. BC production systems ranging in size from small mobile
units to large centralized facilities and many kiln technologies influence the quality
and price of the BC produced as well as the ability to control emissions. While BC
from wood has many applications, its use as a soil amendment in forest plantations is
appealing as a long-term sequestration strategy and opportunity to grow more robust
trees and increase survival rates. Research in Florida USA and elsewhere addresses
responses of forest and agronomic crops to wood BC soil amendments with and
without other fertilizers. In combination with the carbon sequestered through tree
growth, sequestration of 2.5 mt/ha of wood BC as a soil amendment in Eucalyptus
plantations has estimated costs ranging from $3.30–5.49/ton of C.

Keywords: biochar, trees, Eucalyptus, production systems, carbon sequestration,
soil amendment

1. Introduction

BC’s multiple uses (www.biochar-international.org) and numerous benefits [1]
include soil and crop improvement, carbon sequestration, retention of nutrients and
water, reduced leaching, water purification as well as general and specialty indus-
trial applications, and interest in and demand for BC are growing [2]. From a global
BC market value of $1.04 billion in 2016, the market is projected to grow at �13%
annually to a value of $3.2 billion in 2025 [3].

Focusing on Florida USA, we previously published on eucalypts’ suitability as a
BC feedstock and assessed BC’s potential for improving soil properties, tree nutri-
tion, and tree growth [4].

In this chapter, we review (1) the advantages of forest trees for BC by
documenting the availability and relative suitability of major tree species, particu-
larly eucalypts (Eucalyptus) and related species, (2) carbon sequestration by planted
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1. Introduction
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trial applications, and interest in and demand for BC are growing [2]. From a global
BC market value of $1.04 billion in 2016, the market is projected to grow at �13%
annually to a value of $3.2 billion in 2025 [3].

Focusing on Florida USA, we previously published on eucalypts’ suitability as a
BC feedstock and assessed BC’s potential for improving soil properties, tree nutri-
tion, and tree growth [4].

In this chapter, we review (1) the advantages of forest trees for BC by
documenting the availability and relative suitability of major tree species, particu-
larly eucalypts (Eucalyptus) and related species, (2) carbon sequestration by planted
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Eucalyptus, (3) BC production systems ranging in size and the associated quality of
BC, (4) promising BC applications, (5) recent and ongoing BC research, and (6)
carbon sequestration potential and associated cost of Eucalyptus plantations using
wood BC as a soil amendment.

2. Forest trees for biochar

Many tree species worldwide are suitable for making BC, with planted eucalypts
in particular being very productive and extensive. Eucalypts are the world’s most
valuable and widely planted hardwoods (20 million ha in 2018 [5], up to 21.7 million
ha in 61 countries by 2030 [6]) and have numerous potential applications [7, 8]. In
Florida, several Eucalyptus species, including cultivars of E. grandis and E. grandis �
E. urophylla, have promise as short rotation woody crops (SRWC, [9, 10]).

BCs from E. grandis � E. urophylla cultivar EH1, Corymbia torelliana, E. grandis
cultivar G2, E. amplifolia, and Quercus virginiana, were similar and suitable for
commercial BC production ([4], Table 1). Compared to high quality European
Quercus spp., all five Florida trees were similar for recalcitrant carbon but higher in
pH and water holding.

Other evaluations of BCs made from various woods and other feedstocks indicate
that feedstock and pyrolysis condition influence properties important for using BC as
a soil amendment [11, 12]. Since key objectives in BC production include minimizing
the combustion of carbon, maximizing carbon content, and minimizing ash, consis-
tency of feedstock and the production operating environment are imperative.

Property Florida tree Europe

G2 CT EH1 EA QV Qsp

Volatile matter (% of DW*) 83.3 85.0 85.9 82.5 83.3

Fixed carbon (% of DW) 15.7 14.4 13.7 17.0 15.5

Ash (% of green weight) 1.00 0.54 0.37 0.50 1.15

Moisture content (% of DW) 36.4 48.0 43.1 30.1 33.1

C (% of DW) 49.2 49.7 49.8 50.8 49.1

O (% of DW) 43.0 43.1 43.1 42.0 43.1

H (% of DW) 6.5 6.5 6.5 6.5 6.4

N (% of DW) 0.21 0.17 0.17 0.26 0.29

Cl (% of DW) 0.07 0.02 0.02 0.02 0.00

S (% of DW) 0.01 0.00 0.00 0.01 0.00

Recalcitrant carbon (%**) 76.0 71.6 74.0 70.8 71.8 67.6

pH 10.6 10.4 10.5 11.1 11.9 8.2

EC (mmhos/cm) 0.57 1.76 1.56 3.88 1.14 3.33

Water holding (ml/100 g) 75.9 78.8 79.8 69.0 68.5 43.4

Carbonate value (%) 2.6 2.5 5.6 16.7 2.5 —

*Dry weight (DW).
**Estimated at 80% of fixed carbon on a dry ash-free basis.

Table 1.
Properties of BC made from Florida E. grandis cultivar G2, C. torelliana (CT), E. grandis � E. urophylla
cultivar EH1, E. amplifolia (EA), and Q. virginiana (Qv), and European Q. sp. (Qsp) test trees (adapted
from [4]).
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3. Carbon sequestration by planted Eucalyptus

Eucalyptus planting density trials have assessed the effect of stand density on
biomass production. On former citrus lands and phosphate mined clay settling areas
in central and south Florida, E. grandis cultivars can have maximum mean annual
biomass increments (MAImax) as high as 78.2 green mt/ha/year with associated inter-
nal rates of return greater than 10% [13]. Through 81 months, the intensively man-
aged E. grandis � E. urophylla cultivar EH1 planted on former citrus beds at two
planting densities yielded more at 2471 trees/ha than at 1181 trees/ha. Annual yield at
2471 trees/ha was over 58 green mt/ha/year in 3.7 years compared to 44mt/ha/year at
5.0 years. However, planting density also inversely affected average tree Diameter
Breast Height (DBH) as the higher planting density produced smaller trees.

To estimate carbon sequestration over a rotation in Florida, we applied carbon
allocations for E. grandis in Brazil [14] and E. grandis � E. urophylla in China [15] to
Florida tree data. The resulting total carbon sequestration estimates ranged from 38
to 95 mt/ha at the time of peak annual accumulation (Table 2), with longer-term
totals over 100 mt/ha in 6 years, again depending on cultivar, site, planting density,
and harvest age (Figure 1).

Sequestration estimates by Eucalyptus elsewhere vary. Eucalyptus plantations in
southern China sequestered �100 mt C/ha [16]. E. urophylla � E. grandis planted in
southern China accumulated >70 mt C/ha in 6–8 years [15]. In South Africa, 10-
and 25-year-old E. grandis plantations may store 47 and 270 mt C/ha [17]. Eucalyptus
tereticornis plantations may accumulate up to 129 mt C/ha in 4 years [18].

Planting density
(trees/ha)

Tree component Rotation age at MAImax

(years)
Stem (wood + bark) Crown Roots Total

G3 on clay settling areas

2533 61.2 4.3 6.8 72.3 4.3

5066 80.5 5.6 8.9 95.0 4.2

8841 32.3 2.2 3.6 38.1 3.4

EH1 on former citrus beds with intensive culture

1181 63.4 6.7 5.7 75.8 5.5

2471 64.5 6.9 5.8 77.2 4.7

Table 2.
Predicted carbon sequestration (mt/ha) by tree components at maximum mean annual increment (MAImax)
rotation age for cultivars G3 and EH1 at three and two planting densities, respectively.

Figure 1.
Cumulative total (stem + crown + roots) carbon sequestration (C, mt/ha) for each genotype � planting density
(trees/ha,THA) scenario by age (without BC application).
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Eucalyptus, (3) BC production systems ranging in size and the associated quality of
BC, (4) promising BC applications, (5) recent and ongoing BC research, and (6)
carbon sequestration potential and associated cost of Eucalyptus plantations using
wood BC as a soil amendment.
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valuable and widely planted hardwoods (20 million ha in 2018 [5], up to 21.7 million
ha in 61 countries by 2030 [6]) and have numerous potential applications [7, 8]. In
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E. urophylla, have promise as short rotation woody crops (SRWC, [9, 10]).

BCs from E. grandis � E. urophylla cultivar EH1, Corymbia torelliana, E. grandis
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Property Florida tree Europe

G2 CT EH1 EA QV Qsp

Volatile matter (% of DW*) 83.3 85.0 85.9 82.5 83.3

Fixed carbon (% of DW) 15.7 14.4 13.7 17.0 15.5

Ash (% of green weight) 1.00 0.54 0.37 0.50 1.15

Moisture content (% of DW) 36.4 48.0 43.1 30.1 33.1

C (% of DW) 49.2 49.7 49.8 50.8 49.1

O (% of DW) 43.0 43.1 43.1 42.0 43.1

H (% of DW) 6.5 6.5 6.5 6.5 6.4

N (% of DW) 0.21 0.17 0.17 0.26 0.29

Cl (% of DW) 0.07 0.02 0.02 0.02 0.00

S (% of DW) 0.01 0.00 0.00 0.01 0.00

Recalcitrant carbon (%**) 76.0 71.6 74.0 70.8 71.8 67.6

pH 10.6 10.4 10.5 11.1 11.9 8.2

EC (mmhos/cm) 0.57 1.76 1.56 3.88 1.14 3.33

Water holding (ml/100 g) 75.9 78.8 79.8 69.0 68.5 43.4

Carbonate value (%) 2.6 2.5 5.6 16.7 2.5 —

*Dry weight (DW).
**Estimated at 80% of fixed carbon on a dry ash-free basis.

Table 1.
Properties of BC made from Florida E. grandis cultivar G2, C. torelliana (CT), E. grandis � E. urophylla
cultivar EH1, E. amplifolia (EA), and Q. virginiana (Qv), and European Q. sp. (Qsp) test trees (adapted
from [4]).
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3. Carbon sequestration by planted Eucalyptus
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aged E. grandis � E. urophylla cultivar EH1 planted on former citrus beds at two
planting densities yielded more at 2471 trees/ha than at 1181 trees/ha. Annual yield at
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Breast Height (DBH) as the higher planting density produced smaller trees.
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and harvest age (Figure 1).
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4. Biochar production systems

BC production needs to be considered in the context of charcoal production.
Charcoal has been produced for millennia for various applications from art to soil
amendments creating terra preta soils in the Amazon to metallurgical and other
industrial applications. What differentiates high-quality BC from lower-quality BC
or simple charcoal is the production system, i.e., the ability to control the process
and operating conditions and ultimately BC’s physical and chemical properties.

BC is produced via pyrolysis, which is the process of heating wood in a low
oxygen environment (ideally close to zero oxygen) with the objective of removing
all moisture and volatiles in the wood, maximizing carbon content, and minimizing
ash content all while trying to increase porosity (pore structure) and maximize
surface area.

BC from trees may be produced in systems ranging from small, simple kilns
(e.g., mound and brick kilns) to large centralized, custom designed facilities (e.g.,
retort technologies). As with all production technologies, there are tradeoffs which
impact cost, efficiency, quality, emissions, and product applications. BC production
techniques are no different, and as the market and applications advance, these
differences will become even more relevant.

Batch systems require less technical expertise, are easy to set up, and have low or
very low capital requirements. Consequently, there are numerous batch production
technologies used around the world and available for purchase. At the other end of
the spectrum are continuous production technologies that are typically custom
designed, require greater technical expertise, and require significant capital invest-
ment. However, the quality and consistency of the BC as well as the economies of
scale are significantly enhanced, and a well-designed continuous process captures
all components of the value-chain. As more sustainable and environmentally
friendly production is sought, these issues will become increasingly important.

For perspective, we specifically review seven batch technologies (Pit, mound,
and brick kilns, Metal kiln, Missouri-type kiln, Kon-Tiki kiln, and Rotary kiln),
three mobile BC production units (Carbonator 6050, FireBoxes, and “cooker”), and
two continuous production technologies (Polchar and GCS).

4.1 Pit, mound and brick kilns

Simple kilns—pit, mound and brick—are still widely used worldwide, and all
operate as a batch process (Figure 2: 1–3). The earliest kilns were temporary in
nature—either pits or mounds. They are low cost, simple, and are still widely used
in developing countries. While there is value in simple and low-cost production,
this simple “pyrolysis” technique has low yield with inconsistent quality and very
limited ability to control the process.

Pit kilns (Figure 2: 1) are the lowest-tech “pyrolysis” technique. At their sim-
plest, pit kilns are open pits with more advanced pits being covered with leaves and
earth or mud to create a partially closed carbonization environment. An open pit is
dug, wood is added to the pit and set alight with the goal of combusting the volatile
material inherent in the wood without fully burning the wood to ash, in essence
making charcoal. Control over oxygen in the carbonization process is limited. Pits
require significant oversight, quality is poor, and BC yields (kilogram of BC pro-
duced per kilogram of wood) are low. Yields are independent of the size of the pit,
but larger pits increase labor efficiency.

The mound kiln (Figure 2: 2) is an aboveground version of the pit kiln. Wood is
stacked vertically into a mound with a built-in wood chimney in the center of the
mound, and the mound is covered with twigs and leaves and then earth. This
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technique allows BC producers to better control heat and air during carbonization
of the wood. Mound kilns are typically 4–5 m wide, 1.5–2.0 m high with a number of
vents at the bottom of the mound to control air flow into the kiln.

The brick kiln (Figure 2: 3) is a step up from pit and mound kilns. With a
relatively low capital cost, creates a better carbonization “chamber,” produces bet-
ter quality BC and generates better BC yields. Since the entire kiln is constructed
from bricks it works similarly to a brick refractory by providing better heat insula-
tion. Brick kilns are typically larger than mound kilns with diameters up to 7 m.
However, production time is still relatively lengthy with carbonization and cooling
taking up to 10 days.

4.2 Metal kilns

Advancement in kiln technology led to metal kilns a little over a century ago.
Metal kilns (Figure 2: 4) have many benefits over brick and mound kilns; (1) they
require less oversight and attention, (2) process wood faster (reduced residence
time), and (3) have improved airflow all of which lead to improved yield and
better-quality BC. With the reduced residence time, BC can be produced in as little
at 3 days but as with all kilns, there is no control of air pollution/emissions.

Figure 2.
Representative kilns: (1) Open pit (source—Pacific biochar), (2) mound (courtesy register of the intangible
cultural heritage, Slovenia), (3) brick (courtesy Kamado Joe Europe BV, Netherlands), (4) metal kiln
(courtesy four seasons fuel ltd., UK), (5) Missouri-type kiln (courtesy the biomass project).
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dug, wood is added to the pit and set alight with the goal of combusting the volatile
material inherent in the wood without fully burning the wood to ash, in essence
making charcoal. Control over oxygen in the carbonization process is limited. Pits
require significant oversight, quality is poor, and BC yields (kilogram of BC pro-
duced per kilogram of wood) are low. Yields are independent of the size of the pit,
but larger pits increase labor efficiency.

The mound kiln (Figure 2: 2) is an aboveground version of the pit kiln. Wood is
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technique allows BC producers to better control heat and air during carbonization
of the wood. Mound kilns are typically 4–5 m wide, 1.5–2.0 m high with a number of
vents at the bottom of the mound to control air flow into the kiln.

The brick kiln (Figure 2: 3) is a step up from pit and mound kilns. With a
relatively low capital cost, creates a better carbonization “chamber,” produces bet-
ter quality BC and generates better BC yields. Since the entire kiln is constructed
from bricks it works similarly to a brick refractory by providing better heat insula-
tion. Brick kilns are typically larger than mound kilns with diameters up to 7 m.
However, production time is still relatively lengthy with carbonization and cooling
taking up to 10 days.

4.2 Metal kilns

Advancement in kiln technology led to metal kilns a little over a century ago.
Metal kilns (Figure 2: 4) have many benefits over brick and mound kilns; (1) they
require less oversight and attention, (2) process wood faster (reduced residence
time), and (3) have improved airflow all of which lead to improved yield and
better-quality BC. With the reduced residence time, BC can be produced in as little
at 3 days but as with all kilns, there is no control of air pollution/emissions.

Figure 2.
Representative kilns: (1) Open pit (source—Pacific biochar), (2) mound (courtesy register of the intangible
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4.3 Missouri-style kiln

In the quest to improve quality, combustion dynamics, and economies of scale,
the Missouri Kiln (Figure 2: 5) was developed in the early 1900s. A rectangular kiln,
with concrete or concrete block walls to improve thermal insulation and mecha-
nized loading and unloading, allows producers to increase volume resulting in
better economies of scale. Missouri-type kilns have approximately three times the
capacity of a brick kiln and with the ability to modify and add chimneys, yields are
better than metal kilns, and quality is improved.

While Missouri-type kilns can be designed to have reduced emissions compared
to other kilns—chimneys can be connected to afterburners to reduce CO and
volatile organic emissions—the batch production makes this difficult since there is
no continuous process and no steady state.

4.4 Kon-Tiki kiln

Kon-Tiki kiln (Figure 3: 1, 2) was developed in Switzerland [19]. As opposed to
high volume BC production, Kon-Tiki focused on the democratization of BC by
developing a simple but ingenious invention that produces reasonably high-quality
BC. Unlike earthen or brick kilns, steel walls reflect the pyrolysis and combustion
heat back into the kiln, resulting in improved combustion dynamics and more
uniform temperature distribution, thus ensuring more homogeneous charring
conditions.

A steep cone shape is used. Air is drawn in over the hot outer wall of the kiln and
swirls above the fuel bed creating a vortex that ensures good mixing of pyrolysis
and combustion air. Once the kiln reaches its working temperature of 650–700°C,
hardly any smoke is visible. The combustion air rolls in over the metal edge of the
outer wall and into the kiln. But at the same time, the burning gases must escape
upwards and so, a counter-rotating vortex is established in the center of the kiln.
The wood gas, which is heavier than air, is kept in the vortex until it is burned. The
garden scale Kon-Tiki kiln in Figure 3: 2 allows anyone to carbonize biomass
quickly and cleanly. In approximately 2 hours, 0.2 m3 of BC can be produced.

4.5 Rotary kiln

Rotary kiln technologies can be applied to powders, granules, or sized feedstock.
A rotary kiln (Figure 4) consists of a cylindrical, rotating tube mounted between
stationary material feed and outlet housings. The rotating tube mixes the material,

Figure 3.
Kon-Tiki kiln schematics (1, courtesy the democratization of biochar) and in operation (2, courtesy garden
scale Kon-Tiki, Finger Lakes biochar, New York).
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ensuring that it is processed homogeneously. Rotary kilns can be heated either
directly (inside the kiln) or indirectly (from outside).

In a direct-fired rotary kiln, the burner is situated inside the kiln body, that is,
inside the reaction chamber. The material is heated directly by the burner flame and
the stream of hot gas produced by the burner. These kilns are usually lined with a
refractory (heat-resistant) material so that they can be operated at higher tempera-
tures, as high as 1500o C. Directly fired kilns are generally robust and scalable.

4.6 Mobile biochar production

Tigercat’s Carbonator 6050 (Figure 5: 1) is a mobile, carbon negative BC pro-
duction system designed to cost effectively reduce logging, land clearing, etc.,
residues by 90% [20]. The single operator, remotely controlled, continuously run-
ning Carbonator 6050 converts low value, bulky woody biomass without chipping
or grinding into high quality, variable sized BC (e.g., 71% recalcitrant carbon, 91%
void space, 8% ash) that can be used on-site or easily transported.

Air Burners’ FireBoxes (Figure 5: 2, airburners.com/products/) are cost-
effective, self-contained, above ground air curtain burners (ACB) with thermal
ceramic refractory walls designed to eliminate wood and vegetative waste by up to
98% with the lowest environmental impact, while producing clean carbon ash and
BC. Burn rates are from 1 to 13+ tons/hour. Only Air Burners’ Fireboxes have been
tested by the U.S. EPA and other international government environmental agencies
and proven to meet and exceed U.S. EPA regulations for ACBs.

A batch retort BC cooker (Figure 5: 3) built by Passive Remediation Systems
Ltd. (www.prsi.ca) illustrates a cost effective small scale BC production system.
Assembled from a 3785 l propane tank, a small propane fuel tank, a boat trailer, and
upcycled pipes and valves, this 0.14 m3 machine makes BC from any dried biomass.
After sealing the bolted oven door with water-based caulking, pallets supply startup
heat and spark to initiate pyrolysis. A thermocouple indicates internal conditions for
BC production and facilitates the testing of biomass materials for improving organic

Figure 4.
Rotary kiln (1) and its schematics (2, courtesy IBU-tec AG, Germany).

Figure 5.
Representative mobile BC production systems: (1) carbonator 6050, (2) air burner fireboxes, and (3) cooker.
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farm growing operations and sequestering carbon. It has produced high quality
hemp BC (82% pure, A&L Canada Laboratories, London, Ontario). With minimal
operating impact, it can also produce valuable volatile organic compounds collec-
tively called wood vinegar, which is rich in chemicals used for natural health
products, fertilizer, insecticides, industrial chemicals, and manufacturing feed-
stocks [21].

4.7 Continuous production technologies

There are few “off-the-shelf” continuous production technologies. As a result,
most continuous processes are custom designed around a specific pyrolysis tech-
nology. The benefit of a custom design continuous-process is that quality and
consistency of the BC as well as economies of scale are significantly enhanced. One
continuous production technology is vertical retort pyrolysis. Retorts may have a
high capital cost, but the labor cost per unit of production is low.

GCS’sister company, Polchar (polchar.p) in Poland, is a large facility (Figure 6: 1)
that specializes in pyrolysis and carbonization of different feedstocks using horizontal
moving grate and vertical retort pyrolysis technologies. GCS and Polchar have devel-
oped a custom retort BC production process that is fully integrated.

Wood feedstock is cut to size, pre-dried and processed in a vertical, gravity-fed
retort process. Pyrolysis temperatures can be modified to run the process hotter or
cooler with typical temperatures between 600 and 700°C. With control over the
process, high quality BCs are produced, and the volatiles emitted in the pyrolysis
process are either fully combusted in a combustion chamber and the associated heat
used in other applications, including the pyrolysis process, or the volatiles can be
condensed into wood vinegars and bio-oils for further refinement. With the ability
to control temperature and residence time, the retort technology allows production
of a high quality BC in volume. For example, GCS’ general BC specs are: fixed
carbon: 93–95% DW, volatiles: 3–4% DW, ash: 2–3% DW, and surface area: 585–
630 m2/g.

High-end BCs can offer specs not achievable with most production techniques,
including custom sizing and moisture content, enhanced pore structure—micro,
meso, and macro pores, high surface area, and high-carbon content with low-ash.

GCS runs its process 24 hours a day, 7 days a week. The process quickly achieves
steady state which allows GCS to control product quality, capture all components of
the value-chain including excess heat produced from the pyrolysis process, con-
dense vaporized volatiles into bio-oils and wood vinegars, and significantly reduce

Figure 6.
Representative continuous BC production systems: (1) Polchar production facility, GCS’s (2) vertical retort
process and (3) vertical retort.
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the environmental footprint by reducing carbon monoxide and volatile organic
emissions.

The BC production technologies reviewed, while varying in cost, expertise,
consistency, and emissions (Table 3), can all process different wood feedstocks.
The combination of varying feedstocks and production technologies results in sig-
nificant variation of BC specs. Eucalyptus biomass components also influence BC
properties such as grindability, slagging, and ash content [22]. GCS’ new BC
production facility in southern Florida will likely use eucalypts grown in nearby
plantations.

5. Biochar applications

While interest in and demand for BC are growing [2], BC’s multiple applications
range widely in potential market size, timing, competitiveness, and pricing com-
pared to alternative products, all of which influence the value of wood grown for BC
(Table 4).

Historically BC has been viewed through the lens of a soil amendment to help
build modern-day terra preta type soils, a type of very dark, fertile artificial
(anthropogenic) soil found in the Amazon Basin. But with improved and more
sophisticated BC production techniques, there is a vastly expanded market for BC.
With the need to replace the substantial loss of soil carbon due to modern agricul-
tural practices [23] and considering the emerging carbon cascades (utilizing BC for
one application before it is used for a second) [24], the applications and future
potential markets become quite large (Table 4).

Focusing on the soil amendment applications, there are growing opportunities to
utilize BC to increase nutrient and water retention. However, more than this, many
soils have been compromised with heavy metal buildup and other environmental
toxicity. BC is now being utilized to help remediate these soils and similarly reme-
diate contaminated water.

In general industrial markets, there are emerging BC applications in many large
markets including concrete where BC is starting to be used as a partial substitute for
sand and cement. While there are a number of benefits to including BC in concrete,
some include reducing weight and increasing strength since BC’s water retention

Technology Technology
cost

Technical
expertise

Quality and
consistency

Emission
control

Pit (open and
closed)

Very low Very low Low None

Mound kiln Very low Low Low None

Brick kiln Low Low Low/moderate None

Metal kiln Low Modest Moderate None

Missouri-type kiln Moderate Modest Moderate Limited

Rotary kiln Large/high High High High

Kon-Tiki Low Low Moderate Low

Advanced mobile Moderate Modest Moderate None/modest

Custom continuous Very high High High Very high

Table 3.
Comparison of BC production technologies for cost, technical expertise, BC quality and consistency, and ability
to control emissions.
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farm growing operations and sequestering carbon. It has produced high quality
hemp BC (82% pure, A&L Canada Laboratories, London, Ontario). With minimal
operating impact, it can also produce valuable volatile organic compounds collec-
tively called wood vinegar, which is rich in chemicals used for natural health
products, fertilizer, insecticides, industrial chemicals, and manufacturing feed-
stocks [21].

4.7 Continuous production technologies

There are few “off-the-shelf” continuous production technologies. As a result,
most continuous processes are custom designed around a specific pyrolysis tech-
nology. The benefit of a custom design continuous-process is that quality and
consistency of the BC as well as economies of scale are significantly enhanced. One
continuous production technology is vertical retort pyrolysis. Retorts may have a
high capital cost, but the labor cost per unit of production is low.

GCS’sister company, Polchar (polchar.p) in Poland, is a large facility (Figure 6: 1)
that specializes in pyrolysis and carbonization of different feedstocks using horizontal
moving grate and vertical retort pyrolysis technologies. GCS and Polchar have devel-
oped a custom retort BC production process that is fully integrated.

Wood feedstock is cut to size, pre-dried and processed in a vertical, gravity-fed
retort process. Pyrolysis temperatures can be modified to run the process hotter or
cooler with typical temperatures between 600 and 700°C. With control over the
process, high quality BCs are produced, and the volatiles emitted in the pyrolysis
process are either fully combusted in a combustion chamber and the associated heat
used in other applications, including the pyrolysis process, or the volatiles can be
condensed into wood vinegars and bio-oils for further refinement. With the ability
to control temperature and residence time, the retort technology allows production
of a high quality BC in volume. For example, GCS’ general BC specs are: fixed
carbon: 93–95% DW, volatiles: 3–4% DW, ash: 2–3% DW, and surface area: 585–
630 m2/g.

High-end BCs can offer specs not achievable with most production techniques,
including custom sizing and moisture content, enhanced pore structure—micro,
meso, and macro pores, high surface area, and high-carbon content with low-ash.

GCS runs its process 24 hours a day, 7 days a week. The process quickly achieves
steady state which allows GCS to control product quality, capture all components of
the value-chain including excess heat produced from the pyrolysis process, con-
dense vaporized volatiles into bio-oils and wood vinegars, and significantly reduce

Figure 6.
Representative continuous BC production systems: (1) Polchar production facility, GCS’s (2) vertical retort
process and (3) vertical retort.
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the environmental footprint by reducing carbon monoxide and volatile organic
emissions.

The BC production technologies reviewed, while varying in cost, expertise,
consistency, and emissions (Table 3), can all process different wood feedstocks.
The combination of varying feedstocks and production technologies results in sig-
nificant variation of BC specs. Eucalyptus biomass components also influence BC
properties such as grindability, slagging, and ash content [22]. GCS’ new BC
production facility in southern Florida will likely use eucalypts grown in nearby
plantations.
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pared to alternative products, all of which influence the value of wood grown for BC
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build modern-day terra preta type soils, a type of very dark, fertile artificial
(anthropogenic) soil found in the Amazon Basin. But with improved and more
sophisticated BC production techniques, there is a vastly expanded market for BC.
With the need to replace the substantial loss of soil carbon due to modern agricul-
tural practices [23] and considering the emerging carbon cascades (utilizing BC for
one application before it is used for a second) [24], the applications and future
potential markets become quite large (Table 4).

Focusing on the soil amendment applications, there are growing opportunities to
utilize BC to increase nutrient and water retention. However, more than this, many
soils have been compromised with heavy metal buildup and other environmental
toxicity. BC is now being utilized to help remediate these soils and similarly reme-
diate contaminated water.

In general industrial markets, there are emerging BC applications in many large
markets including concrete where BC is starting to be used as a partial substitute for
sand and cement. While there are a number of benefits to including BC in concrete,
some include reducing weight and increasing strength since BC’s water retention
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capacity improves the curing process. Other industrial applications include the
metallurgical industry and as a filler in asphalt. With 1.8 billion tons of asphalt
poured every year, if only o.5% BC were added this would result in demand for 8
million tons of BC a year; increase the BC component and this market could be very
large.

BC applications for specialty industrial markets are growing quickly too. There
are opportunities in applications such as acoustic and thermal insulation in walls,
ceilings and floors. There are also applications for BC in carbon fiber and polymer
space where BCs increase strength, reduce weight, and improve thermal properties.
Other emerging specialty industrial applications include protecting against
electrosmog, filtration media, heavy metal adsorption, and as partial filler in car and
truck tires. Growing trends in developing sustainable supply chains and reducing
societal carbon footprint will help accelerate growth of many of these markets.

6. Biochar research

Based on results elsewhere, forest and agronomic crops in Florida USA are likely
to respond to organic soil amendments such as BC. Applying BC improves soil
physicochemical properties, including bulk density, porosity, cation exchange
capacity, and pH. BC also increases soil water and nutrient retention and conse-
quently influences crop production while reducing leaching [25]. Productivity of
many crops significantly increased after soils were amended with BC [26, 27].
Sandy soils are more responsive to BC than clayey soils [28] due to their low water
and nutrient holding capacities [29]. Most soils in Florida are sandy (>90% of soil
particles) and have low nutrient and moisture holding capacities. Fertilizers neces-
sary for crop yield and quality are readily leached, causing environmental pollution.
The following recent and ongoing studies in Florida illustrate the response of a few
crops to organic soil amendments with and without wood BC.

Green Edge (GE), an organic, slow-release fertilizer (6-4-0), and planting den-
sity both influenced the productivity of cultivar EH1 in a study at the IRREC near Ft
Pierce, FL ([4], Table 5). While the differences among five fertilizers [GE equiva-
lent to 0, 112, 224, and 336 kg N/ha and diammonium phosphate (DAP) at
336 kg N/ha] initially favored the higher GE rates, subsequent differences were
inconsistent. The highest planting density had the smallest tree DBH through
harvesting at 47 months.

Application Market size Timing Competition Pricing

Soil carbon Large Current Low Low

Soil nutrients Limited Emerging High Low

Crop yield Moderate Current High Low/moderate

Carbon sequestration Very large Emerging Moderate Moderate

Nutrient retention Large Current Moderate Moderate

Water retention Large Current Moderate Moderate

Water purification Large Emerging Low High

General industrial Large Current Moderate Moderate

Specialty industrial Moderate Emerging Low High

Table 4.
Comparison of market size, timing, competition, and pricing for nine BC applications.
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Early coppice responses to planting density and fertilization were nonsignifi-
cant, although some earlier trends remained (Table 5). The lower planting densities
had somewhat larger coppice stem DBHs. The early fertilizer effects were no longer
evident.

In a BC-GE study at the IRREC, BC at 11.2 tons/ha enhanced the soil nutrients
and tree leaf nutrient levels [4]. GE at 336 kg/ha generally increased available soil
nitrogen, and GE + BC further increased NH4-N. Soil available P significantly
increased for GE + BC 5 months after amendment. However, both available N and P
in the soil decreased 11 months after amendment, likely due to uptake by the trees.
At 11 months, soil NH4-N was significantly higher with GE and GE + BC. BC also
generally enhanced tree leaf nutrient levels, with GE increasing leaf concentrations
of Ca, K, Mg, P, Fe, and Mn, and GE + BC significantly increasing 5-month Zn.
GE + BC further improved tree leaf Ca, Mg, Zn and Mn, and such improvement was
also observed 11 months after amendment. However, a general decrease in leaf Ca,
K, Mg, P, and Zn occurred over time, likely due to decreased availability in the soil
and dilution by rapidly increased tree biomass.

Further, GE and GE + BC gradually enhanced tree growth [4]. Six months after
treatment applications, the cultivars receiving GE only and GE + BC had doubled in
height, approximately twice the increase with no treatment. Eleven months after
application, cultivars receiving GE + BC were bigger than those receiving GE only
and no GE.

Longer term, GE and GE + BC further enhanced tree growth (Table 6). At
16 months, the cultivars receiving GE only and GE + BC had nearly tripled tree DBH
with no GE and BC. Subsequently, cultivars receiving GE + BC continued to surpass

Treatment Trt. level Tree DBH at age Coppice trait

36 41 47 Ht DBH No.

Planting density (trees/ha) 3588 9.3 b* 10.3 b 11.4 b 2.4 2.6 3.9

1794 10.9 ab 12.3 ab 13.5 ab 2.2 3.2 3.4

1196 13.2 ab 14.2 a 15.4 a 2.3 3.3 4.3

Fertilizer (kg N/ha) 0 11.8 13.7 a 14.9 a 2.3 3.4 3.9

GE 112 10.7 11.2 b 12.4 b 2.3 3.1 3.8

GE 224 12.6 13.2 ab 14.5 a 2.3 3.0 3.7

GE 336 11.3 12.6 ab 14.1 ab 2.3 3.0 4.3

DAP 336 11.2 12.0 ab 13.3 ab 2.2 3.1 3.8

Table 5.
Effects of three planting densities and five fertilizers on EH1 tree (DBH in cm at 36-, 41-, and 47-months
of age) and coppice [height (Ht) at 3 months and DBH and number of stems at 8 months of age] traits.

Age Treatment*

Control GE GE + BC

16 2.0 b 5.1 ab 6.5 a

27 2.6 6.3 8.6

31 3.9 8.3 11.2
*Treatment means not sharing the same letter in a trait differ at the 5% level.

Table 6.
Tree DBH (cm) at ages 16-, 27-, and 31- (11, 22, and 26 months after treatment applications) months
of E. grandis cultivar G5 receiving three treatments: Control, GE, GE + BC.
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capacity improves the curing process. Other industrial applications include the
metallurgical industry and as a filler in asphalt. With 1.8 billion tons of asphalt
poured every year, if only o.5% BC were added this would result in demand for 8
million tons of BC a year; increase the BC component and this market could be very
large.

BC applications for specialty industrial markets are growing quickly too. There
are opportunities in applications such as acoustic and thermal insulation in walls,
ceilings and floors. There are also applications for BC in carbon fiber and polymer
space where BCs increase strength, reduce weight, and improve thermal properties.
Other emerging specialty industrial applications include protecting against
electrosmog, filtration media, heavy metal adsorption, and as partial filler in car and
truck tires. Growing trends in developing sustainable supply chains and reducing
societal carbon footprint will help accelerate growth of many of these markets.

6. Biochar research

Based on results elsewhere, forest and agronomic crops in Florida USA are likely
to respond to organic soil amendments such as BC. Applying BC improves soil
physicochemical properties, including bulk density, porosity, cation exchange
capacity, and pH. BC also increases soil water and nutrient retention and conse-
quently influences crop production while reducing leaching [25]. Productivity of
many crops significantly increased after soils were amended with BC [26, 27].
Sandy soils are more responsive to BC than clayey soils [28] due to their low water
and nutrient holding capacities [29]. Most soils in Florida are sandy (>90% of soil
particles) and have low nutrient and moisture holding capacities. Fertilizers neces-
sary for crop yield and quality are readily leached, causing environmental pollution.
The following recent and ongoing studies in Florida illustrate the response of a few
crops to organic soil amendments with and without wood BC.

Green Edge (GE), an organic, slow-release fertilizer (6-4-0), and planting den-
sity both influenced the productivity of cultivar EH1 in a study at the IRREC near Ft
Pierce, FL ([4], Table 5). While the differences among five fertilizers [GE equiva-
lent to 0, 112, 224, and 336 kg N/ha and diammonium phosphate (DAP) at
336 kg N/ha] initially favored the higher GE rates, subsequent differences were
inconsistent. The highest planting density had the smallest tree DBH through
harvesting at 47 months.

Application Market size Timing Competition Pricing
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Soil nutrients Limited Emerging High Low

Crop yield Moderate Current High Low/moderate

Carbon sequestration Very large Emerging Moderate Moderate

Nutrient retention Large Current Moderate Moderate
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General industrial Large Current Moderate Moderate

Specialty industrial Moderate Emerging Low High

Table 4.
Comparison of market size, timing, competition, and pricing for nine BC applications.
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Early coppice responses to planting density and fertilization were nonsignifi-
cant, although some earlier trends remained (Table 5). The lower planting densities
had somewhat larger coppice stem DBHs. The early fertilizer effects were no longer
evident.

In a BC-GE study at the IRREC, BC at 11.2 tons/ha enhanced the soil nutrients
and tree leaf nutrient levels [4]. GE at 336 kg/ha generally increased available soil
nitrogen, and GE + BC further increased NH4-N. Soil available P significantly
increased for GE + BC 5 months after amendment. However, both available N and P
in the soil decreased 11 months after amendment, likely due to uptake by the trees.
At 11 months, soil NH4-N was significantly higher with GE and GE + BC. BC also
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of Ca, K, Mg, P, Fe, and Mn, and GE + BC significantly increasing 5-month Zn.
GE + BC further improved tree leaf Ca, Mg, Zn and Mn, and such improvement was
also observed 11 months after amendment. However, a general decrease in leaf Ca,
K, Mg, P, and Zn occurred over time, likely due to decreased availability in the soil
and dilution by rapidly increased tree biomass.
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treatment applications, the cultivars receiving GE only and GE + BC had doubled in
height, approximately twice the increase with no treatment. Eleven months after
application, cultivars receiving GE + BC were bigger than those receiving GE only
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with no GE and BC. Subsequently, cultivars receiving GE + BC continued to surpass
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those receiving GE only and no GE. BC plus fertilizer greatly improved reforesta-
tion performance of two tropical species [30].

The fertilizer and planting density differences observed in the IRREC fertilizer�
planting density and BC-GE studies are consistent with previously observed influ-
ences of fertilizer and planting density on eucalypt productivity in Florida [31–34]
and worldwide [35–38]. While inorganic fertilizers have been necessary for rapid
growth of eucalypts on Florida’s infertile sandy soils, the observed response here to
the slow release organic GE, and its apparently beneficial coupling with BC, is
encouraging for sustainable eucalypt management. Planting density effects were
evident early, with, for example, the 3588 trees/ha in the fertilizer � planting
density having the tallest trees at 9 months and the largest stand basal area but
smallest tree DBH at subsequent ages. Similar effects of planting density have been
noted for E. dunnii seedlings and clones [39].

BC enhanced the soil properties of infertile sandy Florida soils as well as the
nutrient status of E. grandis, especially when applied together with GE and/or
chemical fertilizers. BC’s large cation exchange capacity facilitates retention of
nutrients, particularly Ca, Mg, K, Fe and Mn against leaching. BC’s large water
holding capacity improves water availability, which is especially important during
the dry season. Due to high temperature and humidity, decomposition of organic
materials in sandy soils is very rapid, leading to low organic matter contents. BC is a
good organic amendment for sandy soils because it stays in soil much longer than
other organic materials.

Outside Florida, BC applications on forest trees have given mostly positive
results. When broadcast on temperate hardwoods, the major short-term BC impact
was an increase in limiting soil P and Ca [40]. BC application in forest ecosystems
generally improved soil physical, chemical, and microbial properties [41]. BC from
E. marginata decreased soil microbial carbon in a coarse soil [42], and BC added to a
sandy desert soil did not significantly change soil physical properties [43]. Two BC
types had different impacts on growth of young Pinus elliottii in subtropical China
[44]. Varying doses of macadamia BC combined with two fertilizer rates had
contrasting results on soil nutrients and ambiguous trends in the growth of young E.
nitens [45]. BC did not enhance Eucalyptus hybrid survival or growth on degraded
soils in southern Amazonia [46]. Compost and BC-compost mixes did not improve
the performance of poplar, willow, and alder [47]. BC made from forest thinnings,
when applied to temperate managed forests, had no detrimental effects, suggesting
that BC can be used for carbon sequestration [48]. A meta-analysis of wood-based
BCs indicates a large potential for early tree growth responses to soil amendment in
reforestation of boreal and tropical systems [49]. An increase in carbon accumula-
tion in planted loblolly pine due to fertilization [50] suggests that eucalypt planta-
tions receiving BC with fertilizer will also experience an increase in soil carbon.

In Florida, BC has also been recently tested on agronomic crops. Oak-derived BC
combined with standard fertilizers enhanced lettuce (Lactuca sativa) productivity.
Superphosphate (SP) derived from dolomite phosphate rock (DPR) alone generally
resulted in less biomass compared to DAP, likely due to lower P availability
(Table 7). However, lettuce growth was significantly enhanced by P fertilizer plus
BC, as indicated by a significant increase in lettuce height and leaf chlorophyll
content (by 19.3–138%). Lettuce dry biomass on average is increased by 61.7–76.8%.
The maximum biomass yield occurred with DAP and BC combined.

BC application increased soil pH by 1.2–1.7, which was significantly higher than
the treatments without BC (P < 0.05). As compared with DAP fertilizer, SP appli-
cation increased soil electrical conductivity (EC) (P < 0.05), but this effect was
mitigated with BC (P > 0.05).
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Other recent agronomic BC studies are summarized in Table 8. As suggested
most by the cauliflower response in Gainesville, notable soil and plant responses to
BC may take up to 2 years, although BC immediately increased soil organic matter

Treatment Biomass yield Height LeafC Soil pH Soil EC

g/pot cm SPAD — μS/cm

CK 1.1 � 0.5 a* 7.7 � 1.5 a 15.2 � 1.5 a 5.65 �0.04 b 1215 �288 b

DAP 24.6 � 2.3 c 24.3 � 0.8 cd 28.1 � 0.5 d 4.94 � 0.08 a 833 � 41 ab

SP1 2.6 � 0.9 a 10.7 �2.2 a 26.7 � 1.5 cd 5.06 � 0.08 a 2526 �57 cd

SP5 11.4 � 6.7 ab 17.7 � 4.9 b 29.7 � 0.9 d 5.07 � 0.01 a 1950 � 291 c

SP7 2.7 � 1.2 a 8.4 � 1.8 a 29.5 � 0.7 d 5.05 � 0.07 a 2643 � 298 d

BC-DAP 39.8 � 4.5 d 29.0 � 0.7 d 22.0 � 1.5 b 6.60 � 0.07 d 410 � 107 a

BC-SP1 22.4 � 4.1 bc 22.6 �1.5 bc 23.5 � 1.4 bc 6.34 � 0.05 c 2148 � 300 cd

BC-SP5 26.1 � 8.4 c 23.7 � 3.2 bcd 23.4 � 1.7 bc 6.44 � 0.04 c 901 � 44 cd

BC-SP7 17.4 � 5.9 bc 19.9 � 1.9 bc 26.6 � 2.2 cd 6.28 � 0.09 c 1964 � 314 c
*The same trait means not sharing the same letter differ at the 5% level.

Table 7.
Effects of P fertilizer and BC treatments (CK, control; DAP; SP1, SP2 and SP3: Superphosphate derived from
DPR1, DPR2 and DPR3; and BC at 1% application rate) on lettuce biomass yield, height, leaf chlorophyll
(LeafC), and soil properties.

Location—
Crop

BC treatments Notable responses

Gainesville—
Cauliflower

(1) 11.2 mt/ha in 3/2018,
(2) 11.2 mt/ha in 9/2018,

(3) 0 mt/ha;
1961 kg/ha of 10-10-10 in 10/2019,

78 kg/ha of liquid 5–1-1 every 3 weeks

In 1/2020, (1), (2), (3)—Soil NO3-N:
3.44, 2.19, 2.45 ppm

Leaf N: 5.29, 4.70, 4.68%

Gainesville—
Perennial
peanut

(1) 11.2 mt/ha in 1/2020,
(2) 0 mt/ha in 1/2020,

(3) 112 kg/ha of N as GE in 2/2020

In 1/2020, (1), (2)—OM: 1.93, 1.42%
In 2/2020, (1), (3)—pH: 5.5, 5.2

Old Town—
Vegetables

(1) 16.8 mt/ha in 1/2019,
(2) 11.2 mt/ha,
(3) 5.6 mt/ha,
(4) 0 mt/ha;

672 kg/ha of DAP, 448 kg/ha of potassium
sulfate, and 15.7 mt/ha of lime in 5/2019

In 5/2019, (1), (2), (3), (4)—No
evident trends

Old Town—
Sorghum

(1) 22.4 mt/ha in 1/2019,
(2) 16.8 mt/ha,
(3) 11.2 mt/ha,
(4) 5.6 mt/ha,
(5) 0 mt/ha

In 5/2019, (1), (2), (3), (4)—Soil NO3-
N: 2.25, 2.05, 2.16, 3.69, 1.47 kg/ha
Soil Ca: 3525, 3255, 3670, 3094,

3015 kg/ha
Soil CEC: 8.8, 8.2, 9.0, 8.0,

7.6 meq/100 g

Old Town—
Bahiagrass

(1) 11.2 mt/ha in 1/2019,
(2) 0 mt/ha

In 2/2020, (1), (2)—Soil K: 166,
21 kg/ha

Soil OM: 1.3, 0.8%
Soil CEC: 9.1, 5.0 meq/100 g

Table 8.
Summary of notable results from recent wood BC agronomic studies in Florida.
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those receiving GE only and no GE. BC plus fertilizer greatly improved reforesta-
tion performance of two tropical species [30].

The fertilizer and planting density differences observed in the IRREC fertilizer�
planting density and BC-GE studies are consistent with previously observed influ-
ences of fertilizer and planting density on eucalypt productivity in Florida [31–34]
and worldwide [35–38]. While inorganic fertilizers have been necessary for rapid
growth of eucalypts on Florida’s infertile sandy soils, the observed response here to
the slow release organic GE, and its apparently beneficial coupling with BC, is
encouraging for sustainable eucalypt management. Planting density effects were
evident early, with, for example, the 3588 trees/ha in the fertilizer � planting
density having the tallest trees at 9 months and the largest stand basal area but
smallest tree DBH at subsequent ages. Similar effects of planting density have been
noted for E. dunnii seedlings and clones [39].

BC enhanced the soil properties of infertile sandy Florida soils as well as the
nutrient status of E. grandis, especially when applied together with GE and/or
chemical fertilizers. BC’s large cation exchange capacity facilitates retention of
nutrients, particularly Ca, Mg, K, Fe and Mn against leaching. BC’s large water
holding capacity improves water availability, which is especially important during
the dry season. Due to high temperature and humidity, decomposition of organic
materials in sandy soils is very rapid, leading to low organic matter contents. BC is a
good organic amendment for sandy soils because it stays in soil much longer than
other organic materials.

Outside Florida, BC applications on forest trees have given mostly positive
results. When broadcast on temperate hardwoods, the major short-term BC impact
was an increase in limiting soil P and Ca [40]. BC application in forest ecosystems
generally improved soil physical, chemical, and microbial properties [41]. BC from
E. marginata decreased soil microbial carbon in a coarse soil [42], and BC added to a
sandy desert soil did not significantly change soil physical properties [43]. Two BC
types had different impacts on growth of young Pinus elliottii in subtropical China
[44]. Varying doses of macadamia BC combined with two fertilizer rates had
contrasting results on soil nutrients and ambiguous trends in the growth of young E.
nitens [45]. BC did not enhance Eucalyptus hybrid survival or growth on degraded
soils in southern Amazonia [46]. Compost and BC-compost mixes did not improve
the performance of poplar, willow, and alder [47]. BC made from forest thinnings,
when applied to temperate managed forests, had no detrimental effects, suggesting
that BC can be used for carbon sequestration [48]. A meta-analysis of wood-based
BCs indicates a large potential for early tree growth responses to soil amendment in
reforestation of boreal and tropical systems [49]. An increase in carbon accumula-
tion in planted loblolly pine due to fertilization [50] suggests that eucalypt planta-
tions receiving BC with fertilizer will also experience an increase in soil carbon.

In Florida, BC has also been recently tested on agronomic crops. Oak-derived BC
combined with standard fertilizers enhanced lettuce (Lactuca sativa) productivity.
Superphosphate (SP) derived from dolomite phosphate rock (DPR) alone generally
resulted in less biomass compared to DAP, likely due to lower P availability
(Table 7). However, lettuce growth was significantly enhanced by P fertilizer plus
BC, as indicated by a significant increase in lettuce height and leaf chlorophyll
content (by 19.3–138%). Lettuce dry biomass on average is increased by 61.7–76.8%.
The maximum biomass yield occurred with DAP and BC combined.

BC application increased soil pH by 1.2–1.7, which was significantly higher than
the treatments without BC (P < 0.05). As compared with DAP fertilizer, SP appli-
cation increased soil electrical conductivity (EC) (P < 0.05), but this effect was
mitigated with BC (P > 0.05).
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Other recent agronomic BC studies are summarized in Table 8. As suggested
most by the cauliflower response in Gainesville, notable soil and plant responses to
BC may take up to 2 years, although BC immediately increased soil organic matter

Treatment Biomass yield Height LeafC Soil pH Soil EC

g/pot cm SPAD — μS/cm

CK 1.1 � 0.5 a* 7.7 � 1.5 a 15.2 � 1.5 a 5.65 �0.04 b 1215 �288 b

DAP 24.6 � 2.3 c 24.3 � 0.8 cd 28.1 � 0.5 d 4.94 � 0.08 a 833 � 41 ab

SP1 2.6 � 0.9 a 10.7 �2.2 a 26.7 � 1.5 cd 5.06 � 0.08 a 2526 �57 cd

SP5 11.4 � 6.7 ab 17.7 � 4.9 b 29.7 � 0.9 d 5.07 � 0.01 a 1950 � 291 c

SP7 2.7 � 1.2 a 8.4 � 1.8 a 29.5 � 0.7 d 5.05 � 0.07 a 2643 � 298 d

BC-DAP 39.8 � 4.5 d 29.0 � 0.7 d 22.0 � 1.5 b 6.60 � 0.07 d 410 � 107 a

BC-SP1 22.4 � 4.1 bc 22.6 �1.5 bc 23.5 � 1.4 bc 6.34 � 0.05 c 2148 � 300 cd

BC-SP5 26.1 � 8.4 c 23.7 � 3.2 bcd 23.4 � 1.7 bc 6.44 � 0.04 c 901 � 44 cd

BC-SP7 17.4 � 5.9 bc 19.9 � 1.9 bc 26.6 � 2.2 cd 6.28 � 0.09 c 1964 � 314 c
*The same trait means not sharing the same letter differ at the 5% level.

Table 7.
Effects of P fertilizer and BC treatments (CK, control; DAP; SP1, SP2 and SP3: Superphosphate derived from
DPR1, DPR2 and DPR3; and BC at 1% application rate) on lettuce biomass yield, height, leaf chlorophyll
(LeafC), and soil properties.

Location—
Crop

BC treatments Notable responses

Gainesville—
Cauliflower

(1) 11.2 mt/ha in 3/2018,
(2) 11.2 mt/ha in 9/2018,

(3) 0 mt/ha;
1961 kg/ha of 10-10-10 in 10/2019,

78 kg/ha of liquid 5–1-1 every 3 weeks

In 1/2020, (1), (2), (3)—Soil NO3-N:
3.44, 2.19, 2.45 ppm

Leaf N: 5.29, 4.70, 4.68%

Gainesville—
Perennial
peanut

(1) 11.2 mt/ha in 1/2020,
(2) 0 mt/ha in 1/2020,

(3) 112 kg/ha of N as GE in 2/2020

In 1/2020, (1), (2)—OM: 1.93, 1.42%
In 2/2020, (1), (3)—pH: 5.5, 5.2

Old Town—
Vegetables

(1) 16.8 mt/ha in 1/2019,
(2) 11.2 mt/ha,
(3) 5.6 mt/ha,
(4) 0 mt/ha;

672 kg/ha of DAP, 448 kg/ha of potassium
sulfate, and 15.7 mt/ha of lime in 5/2019

In 5/2019, (1), (2), (3), (4)—No
evident trends

Old Town—
Sorghum

(1) 22.4 mt/ha in 1/2019,
(2) 16.8 mt/ha,
(3) 11.2 mt/ha,
(4) 5.6 mt/ha,
(5) 0 mt/ha

In 5/2019, (1), (2), (3), (4)—Soil NO3-
N: 2.25, 2.05, 2.16, 3.69, 1.47 kg/ha
Soil Ca: 3525, 3255, 3670, 3094,

3015 kg/ha
Soil CEC: 8.8, 8.2, 9.0, 8.0,

7.6 meq/100 g

Old Town—
Bahiagrass

(1) 11.2 mt/ha in 1/2019,
(2) 0 mt/ha

In 2/2020, (1), (2)—Soil K: 166,
21 kg/ha

Soil OM: 1.3, 0.8%
Soil CEC: 9.1, 5.0 meq/100 g

Table 8.
Summary of notable results from recent wood BC agronomic studies in Florida.
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in a new perennial peanut-based study in Gainesville. The studies near Old Town
had varied responses after several BC rates were applied.

Outside Florida, BC from forest trees has benefited agronomic crops. Soil incor-
poration of BC produced from E. camaldulensis increased critical soil properties and
the yield of groundnut in south Senegal [51]. BC-blended compost significantly
improved quantity and quality of four crops in Europe [52].

7. Carbon sequestration potential of Eucalyptus plantations

Given eucalypts high productivity and their use for traditional forest products
and because economic feasibility is one of several conditions for a sustainable BC
system [53], our financial analysis goal here is to estimate the cost of potential
carbon sequestration by Eucalyptus plantations using BC as a soil amendment. The
following scenario for growing cultivar EH1 on sandy former citrus beds assumed
original and two coppice rotations of 5.5 and 4.7 years for 1187 and 2471 trees/ha,
respectively, with the first and second coppice growing at 90 and 80% of the
original planting. The application of 2.5 tons/ha of BC priced at $750 and $1000/ton
assumed a 7% growth increase per ton of BC.

The price of adding BC to the soil was approximately $3 and $5/ton for BC priced
at $750 and $1000/ton, respectively, across two planting densities and three dis-
count rates (Table 9). Increasing planting density from 1181 to 2471 trees/ha typi-
cally increased BC price by $2 per ton. Given the at least 91.5% C content of GCS’s
BC, the resulting cost for sequestering C in plantation soils ranges from $3.30–5.49/
ton added to the soil. This cost is considerably less than the $30–50/ton estimated in
2005 for US forestry sequestering up to 500 million tons of C/year [54]. In 2015, the
California Air Resources Board listed C sequestration credits at $12–13/ton [55]. BC
produced from hardwoods has a soil residence time in excess of 1000 years [56].

Besides economic feasibility, other conditions of a sustainable BC system include
producing/deploying BC safely and not competing with other wood uses; initiatives
are necessary in research, policies, and implementation to meet these standards
[53]. BC application to soil in Poland is viewed as an important component of the
region’s circular economy and means of counteracting climate change [57]. In South
Africa, carbon storage by Eucalyptus and pine plantations and by their long-lived

Planting density (trees/ha) Discount rate (%)

4 6 8

No BC added to soil

1181 5.6 6.7 7.9

2471 7.7 9.0 10.4

2.5 mt/ha of BC added to soil at $750/mt

1181 8.5 10.2 12.0

2471 10.3 12.0 13.9

2.5 mt/ha of BC added to soil at $1000/mt

1181 9.6 11.5 13.6

2471 11.3 13.2 15.3

Table 9.
Effects of planting density, discount rate, and BC price on carbon price ($/mt) for E. urophylla � E. grandis
cultivar EH1 grown on former citrus land.
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forest products may equally contribute to offsetting almost a total of 4% of the
country’s carbon emissions [17]. However, because soil C may decrease as Eucalyp-
tus plantations mature [15], BC incorporation into plantation soil can be beneficial.

Other bioproducts may also enhance Eucalyptus value [4]. Classified as naturally
occurring, generated by biochemical processes, or by thermochemical processes
[8, 58], many bioproducts have higher value than or could augment traditional
wood products, thereby reducing the cost of carbon sequestration by planted euca-
lypts. However, genetic variation in Eucalyptus influences which genotype is best
for a particular bioproduct. For example, Florida eucalypts that have been evaluated
as jet fuel feedstocks vary widely in percentage of six important metabolites
(Table 10), with cultivar EH1 not only having a relatively high proportion of 1,8-
cineole, but also a much higher absolute amount of this important chemical.

8. Conclusions

While planted eucalypts are very productive worldwide, their above- and
below-ground carbon sequestration depends on plantation management options
such as cultural intensity, planting density, and rotation length. In Florida USA, E.
grandis � E. urophylla cultivar EH1 planted on former citrus beds and managed at
relatively low intensity could sequester over �20 mt of C/ha/year at a cost of $30–
40/mt. BC production systems ranging from small mobile units to large centralized
facilities influence the quality and price of the BC produced, and high-quality
feedstocks are critical to producing consistently high-quality BC with uniform
quality and specifications for many promising applications. Research in Florida USA
and elsewhere addresses responses of forest and agronomic crops to wood BC soil
amendments with and without other fertilizers. While BC from wood has many
applications, its use as a soil amendment in forest plantations is appealing as a long-
term sequestration strategy. In combination with the carbon sequestered in trees,
cost estimates of sequestration in Eucalyptus plantations by using wood BC as a soil
amendment for those plantations are around $5 per mt of BC added per ha.
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Metabolite Eucalyptus genotype

G2 G3 G4 G5 5408 EH1

α-Pinene 32.2 28.7 59.3 12.2 38.3 11.6

1,8-Cineole 41.8 47.2 0.1 1.5 1.0 32.5

g-Terpinene 0.1 0.2 0.1 0.6 9.9 17.6

15.81195238 0 0 0 27.9 0.1 5.9

Squalene 5.9 5.7 16.3 9.9 10.4 2.1

Vitamin E 7.6 5.9 7.3 4.0 11.4 1.3

Table 10.
Percent of total hexane extractable metabolites in the crown biomass of six Eucalyptus genotypes.
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in a new perennial peanut-based study in Gainesville. The studies near Old Town
had varied responses after several BC rates were applied.

Outside Florida, BC from forest trees has benefited agronomic crops. Soil incor-
poration of BC produced from E. camaldulensis increased critical soil properties and
the yield of groundnut in south Senegal [51]. BC-blended compost significantly
improved quantity and quality of four crops in Europe [52].

7. Carbon sequestration potential of Eucalyptus plantations

Given eucalypts high productivity and their use for traditional forest products
and because economic feasibility is one of several conditions for a sustainable BC
system [53], our financial analysis goal here is to estimate the cost of potential
carbon sequestration by Eucalyptus plantations using BC as a soil amendment. The
following scenario for growing cultivar EH1 on sandy former citrus beds assumed
original and two coppice rotations of 5.5 and 4.7 years for 1187 and 2471 trees/ha,
respectively, with the first and second coppice growing at 90 and 80% of the
original planting. The application of 2.5 tons/ha of BC priced at $750 and $1000/ton
assumed a 7% growth increase per ton of BC.

The price of adding BC to the soil was approximately $3 and $5/ton for BC priced
at $750 and $1000/ton, respectively, across two planting densities and three dis-
count rates (Table 9). Increasing planting density from 1181 to 2471 trees/ha typi-
cally increased BC price by $2 per ton. Given the at least 91.5% C content of GCS’s
BC, the resulting cost for sequestering C in plantation soils ranges from $3.30–5.49/
ton added to the soil. This cost is considerably less than the $30–50/ton estimated in
2005 for US forestry sequestering up to 500 million tons of C/year [54]. In 2015, the
California Air Resources Board listed C sequestration credits at $12–13/ton [55]. BC
produced from hardwoods has a soil residence time in excess of 1000 years [56].

Besides economic feasibility, other conditions of a sustainable BC system include
producing/deploying BC safely and not competing with other wood uses; initiatives
are necessary in research, policies, and implementation to meet these standards
[53]. BC application to soil in Poland is viewed as an important component of the
region’s circular economy and means of counteracting climate change [57]. In South
Africa, carbon storage by Eucalyptus and pine plantations and by their long-lived
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cultivar EH1 grown on former citrus land.
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forest products may equally contribute to offsetting almost a total of 4% of the
country’s carbon emissions [17]. However, because soil C may decrease as Eucalyp-
tus plantations mature [15], BC incorporation into plantation soil can be beneficial.

Other bioproducts may also enhance Eucalyptus value [4]. Classified as naturally
occurring, generated by biochemical processes, or by thermochemical processes
[8, 58], many bioproducts have higher value than or could augment traditional
wood products, thereby reducing the cost of carbon sequestration by planted euca-
lypts. However, genetic variation in Eucalyptus influences which genotype is best
for a particular bioproduct. For example, Florida eucalypts that have been evaluated
as jet fuel feedstocks vary widely in percentage of six important metabolites
(Table 10), with cultivar EH1 not only having a relatively high proportion of 1,8-
cineole, but also a much higher absolute amount of this important chemical.

8. Conclusions

While planted eucalypts are very productive worldwide, their above- and
below-ground carbon sequestration depends on plantation management options
such as cultural intensity, planting density, and rotation length. In Florida USA, E.
grandis � E. urophylla cultivar EH1 planted on former citrus beds and managed at
relatively low intensity could sequester over �20 mt of C/ha/year at a cost of $30–
40/mt. BC production systems ranging from small mobile units to large centralized
facilities influence the quality and price of the BC produced, and high-quality
feedstocks are critical to producing consistently high-quality BC with uniform
quality and specifications for many promising applications. Research in Florida USA
and elsewhere addresses responses of forest and agronomic crops to wood BC soil
amendments with and without other fertilizers. While BC from wood has many
applications, its use as a soil amendment in forest plantations is appealing as a long-
term sequestration strategy. In combination with the carbon sequestered in trees,
cost estimates of sequestration in Eucalyptus plantations by using wood BC as a soil
amendment for those plantations are around $5 per mt of BC added per ha.
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Chapter 4

Mechanism of In-Situ Catalytic 
Cracking of Biomass Tar over 
Biochar with Multiple Active Sites
Dongdong Feng, Yu Zhang, Yijun Zhao and Shaozeng Sun

Abstract

Biomass tar is the bottleneck in the development of efficient utilization of 
biomass syngas. The in-situ catalytic cracking biomass tar with multi-active biochar 
is investigated in a two-stage fluidized bed-fixed bed reactor. It indicates that adding 
H2O or CO2 is found to improve the homogeneous and heterogeneous cracking 
of biomass tar. Activation of biochar by H2O or CO2 impacted the morphology of 
biochar surface and distribution of metal species. H2O or CO2 affects the creation 
and regeneration of pore structures, influencing the biochar structure and dynami-
cal distribution of alkali and alkaline earth metal species (AAEMs), which ensure 
enough surface active sites to maintain the catalytic activity of biochar. The tar 
cracking into low-quality tar or small-molecule gas may be catalyzed by K, while the 
combination of tar with biochar would be promoted by Ca. The volatilizations of K 
and Ca, due to their reaction with volatiles, are to a large extent in accordance with 
their valences and boiling points. The subsequent transformation from the small aro-
matic ring systems to the larger ones occurs due to the volatile-biochar interaction. 
During tar cracking over biochar, K and Ca act as the active sites on biochar surface 
to promote the increase of active intermediates (C▬O bonds and C▬O▬K/Ca).

Keywords: biochar, tar, catalytic cracking, AAEM species

1. Introduction

Tar is a generic term comprising all organic compounds present in syngas except 
for gaseous hydrocarbons. Tars can condense to more complex structures in pipes, 
filters, or heat exchangers of downstream equipment and processes, which may 
cause mechanical breakdown of the entire system [1]. For biomass gasification, the 
allowable limit for tar in the producer gas is less than 5 mg/Nm3 for a direct-fired gas 
turbine [2], and for some fuel synthesis processes, the contents of tar and ammonia 
are required to be <0.1 mg/Nm3 and <10 ppm, respectively [3–5], in order to protect 
the catalysts and downstream equipment and to improve the overall efficiency and 
economics. The tar mixture is classified into five classes by Padban [6]: undetect-
able, heterocyclic, light aromatic hydrocarbons (LAHs), light polyaromatic hydro-
carbons (LPAHs), and heavy polyaromatic hydrocarbons (HPAHs). The removal 
of biomass tar is one of the main challenges for the biomass gasification industry 
[7, 8]. Catalytic cracking is a known method for the efficient removal of biomass tar 
[9–12]. Biochar, as a product of pyrolysis and gasification of biomass, is a relatively 
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Abstract
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Tar is a generic term comprising all organic compounds present in syngas except 
for gaseous hydrocarbons. Tars can condense to more complex structures in pipes, 
filters, or heat exchangers of downstream equipment and processes, which may 
cause mechanical breakdown of the entire system [1]. For biomass gasification, the 
allowable limit for tar in the producer gas is less than 5 mg/Nm3 for a direct-fired gas 
turbine [2], and for some fuel synthesis processes, the contents of tar and ammonia 
are required to be <0.1 mg/Nm3 and <10 ppm, respectively [3–5], in order to protect 
the catalysts and downstream equipment and to improve the overall efficiency and 
economics. The tar mixture is classified into five classes by Padban [6]: undetect-
able, heterocyclic, light aromatic hydrocarbons (LAHs), light polyaromatic hydro-
carbons (LPAHs), and heavy polyaromatic hydrocarbons (HPAHs). The removal 
of biomass tar is one of the main challenges for the biomass gasification industry 
[7, 8]. Catalytic cracking is a known method for the efficient removal of biomass tar 
[9–12]. Biochar, as a product of pyrolysis and gasification of biomass, is a relatively 
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cheap catalyst with high activity in tar heterogeneous cracking [13–20]. During tar 
catalytic cracking over biochars, even after the loss of catalytic activity through cok-
ing, the biochar samples can still be directly combusted, so as to recover the chemi-
cal energy of catalyst, thus avoiding any reprocessing as a result of deactivation.

In addition to the analysis of model tar compounds [21–23], studies of biomass 
tar over biochar mainly discuss the reforming of real tar from raw materials [24, 
25]. However, the AAEM species (e.g., Na, K, Mg, and Ca) in raw biomass play 
an important role as the “cross points” during tar formation. The chemical bonds 
between AAEM species and the carbon matrix are repeatedly breaking and reform-
ing. This process promotes the production of gaseous products from the fatty acid 
tar and a degree of small aromatic compounds. Simultaneously, larger aromatic ring 
compounds (≥5 aromatic ring system) are formed within the biochar structure [26, 
27]. The presence of AAEM species can inhibit the release of volatile matter (espe-
cially for biomass tar)—even the strong interaction between volatile materials and 
biochar will affect tar composition, leading to the catalytic conversion of the real 
tar components before contacting with the catalyst, which misleads mechanistic 
studies of subsequent heterogeneous reforming over biochar catalyst.

The formation (e.g., 500–700°C) and thermal decomposition (e.g., 700–900°C) 
of tar during the gasification process are an extremely complex multistep reaction 
[28–32], which involves not only homogeneous conversion, but also heterogeneous 
reforming. H2O and CO2 are two important reforming agents [33] in the biomass 
gasification industry. Studying the influence of H2O and CO2 on tar homogeneous 
transformation and heterogeneous reformation is valuable to better understand 
the analysis of the tar complex gas-solid phase reaction. However, there is still less 
research on separate discussion between homogeneous conversion and heteroge-
neous reforming of biomass tar over biochar. Although there are reports detailing 
the influence of H2O and CO2 on tar during the gasification process [34–39], they 
were mainly focused on the single concentration of reforming agent (15 vol.% H2O 
or pure CO2 atmosphere). There has yet to be detailed a complete understanding of 
the influence of H2O and CO2 on the homogeneous conversion and heterogeneous 
reforming over biochar as a function of biomass tar evolution.

The effects of reforming agent concentration and reaction temperature on 
the tar homogeneous conversion and heterogeneous reforming over biochar were 
investigated in a two-stage fluidized bed/fixed bed reactor. The H-form biomass 
samples (with little AAEM species) were used to provide the real tar components, 
which effectively inhibited the tar-AAEM interactions in gas phase during H2O/
CO2 homogeneous conversion and prevented any secondary catalytic effects of 
AAEM species from the volatilization of raw materials on the biochar catalyst 
surface. The analysis of biochar structures examined with Raman spectroscopy to 
comprehensively elucidate the changes of biochar catalyst structure after the H2O 
and CO2 heterogeneous reforming of biomass tar. In addition to the measurement 
of tar yields, GC/MS spectroscopy was used to characterize the detailed structural 
features of tar [40], so as to understand the molecular biomass tar transformation 
pathway and the coupling mechanism (e.g., collaboration and interaction effects) 
between the biochar structure and the AAEM species during tar reforming.

2. Experiment

2.1 Material preparation

Biomass (rice husks) obtained from the Wu Chang area in Harbin, Heilongjiang 
Province, China, was used in the experiments. The samples were dried overnight 
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at 105°C, pulverized, and sieved to obtain a fraction with particle sizes between 
0.15 and 0.25 mm. The proximate and ultimate analyses data [41] for the rice husk 
samples are listed in Table 1, which could be used to characterize the composition 
of biomass, grasping its reaction characteristics and application value (M: moisture, 
A: ash, V: volatile, FC: fixed carbon; C: carbon, H: hydrogen, O: oxygen, N: nitro-
gen, S: sulfur).

The H-form rice husk was used as the raw material to supply real biomass tar. 
The raw pyrolysis biochar was mixed with an aqueous solution of 0.2 M H2SO4 in 
an acid solution:sample mass ratio of 30:1 and stirred in an argon atmosphere for 
24 h. The slurry was filtered and washed with deionized water until the filtrate 
pH was constant (pH ≈ 7). After drying, the acid-washed sample is termed as the 
H-form char.

2.2 Biochar catalyst preparation

Pyrolysis biochar was used as the catalyst for biomass tar reforming. The set-up 
to pyrolysis biochar comprises a quartz reactor and a standard muffle furnace, as 
shown in Figure 1.

The quartz tray (red tray) with 5.0 g raw rice husk was placed into the quartz 
reactor. Along with the reactor cover, the quartz reactor was placed into the muffle 
furnace. At room temperature, the air in the reactor was displaced by Ar at a rate 
of 2.0 L/min for 30 min. Pyrolysis was performed at a slow-heating rate of 10°C/
min up to a final pyrolysis temperature of 700°C with 70 min. Thereafter, with the 
temperature of turn-off furnace back to room temperature, the door of the muffle 
furnace was opened, and the reaction quenched by removing the reactor from the 
furnace. Ar gas was passed continuously through the reactor to prevent oxidation 
during cooling. The pyrolyzed biochar was removed from the reactor and stored at 
4°C. Ar gas is supplied through a gas pipe (400 mm, long) into the porous distribu-
tor (with a diameter of 120 mm) and fed from the bottom of the quartz reactor 
filling the entire reactor. The upper cover acts as a partial seal under the action of its 
own gravity; however, with increasing internal gas volume produced as a function 

Sample Proximate analysis (wt.%) Ultimate analysis (wt.%)

Mad. Aad. Vad. FCad. Cad. Had. Oad.(diff) Nad. St,ad.

Rice husk 6.86 17.00 60.92 15.22 37.35 4.40 34.05 0.20 0.14

Note: diff. = by difference, ad. = air dry basis.

Table 1. 
Proximate and ultimate analyses of rice husk samples.

Figure 1. 
Biochar catalyst preparation using a muffle furnace.
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of muffle furnace temperature, some gaps between the upper cover and the reac-
tor allow the release of gases under internal positive pressure. The volatile matters 
formed during the volatilization of biomass were rapidly dispersed away from the 
reactor, carried by Ar gas, so as to ensure an inert atmosphere inside the reactor. The 
metal contents of the origin and H-form biochar are listed in Table 2.

2.3 Homogeneous/heterogeneous reforming of biomass tar

As shown in Figure 2, a two-stage fluidized bed/fixed bed reactor was used for 
the investigation of the homogeneous conversion and heterogeneous reforming 
of biomass tar over biochar. The inner diameter of the reactor was 37 mm. The 
reactor is divided into two layers by four quartz frits. The upper layer is fixed bed, 
while the lower is fluidized bed. The heights of upper and lower layers are 30 and 

Figure 2. 
Schematic diagram of a two-stage fluidized bed/fixed bed reactor for the homogeneous conversion and 
heterogeneous reforming of biomass tar.

Biochar Primary metal contents (wt.%)

Na K Mg Ca Al Fe

Origin biochar 0.03 1.44 0.09 0.14 0.03 0.05

H-form biochar 0.00 0.02 0.01 0.01 0.01 0.01

Table 2. 
Primary metal contents of pyrolysis rice husk biochar samples.
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130 mm, respectively. For the homogeneous conversion of tar, the lower fluidized 
bed reactor was heated to 500°C, with the temperature increased to 500–900°C for 
the upper fixed bed reactor (without catalyst). The silica sand with the weight of 60 
g was pre-loaded into the bottom stage of the quartz reactor followed by Ar purg-
ing (1.0 L/min carrier gas and 1.5 L/min fluidizing gas) before heating the desired 
temperature. Once stabilization of the temperatures was achieved, the H-form rice 
husk was injected into the fluidized bed through the water-cooled pipes at a feeding 
rate of 100 mg/min. Simultaneously, for the CO2 or H2O separate treatment, the 
atmosphere was switched to CO2 (29 vol.%) or H2O (15 vol.%) through a dedicated 
gas injection system located in between the lower and upper reactors as shown in 
Figure 2. Pure Ar gas was also injected into the dedicated gas injection system, to 
balance the system, at rates of 1.03/0.92/0.82/0.75/0.68 L/min for reaction tem-
peratures of 500/600/700/800/900°C, respectively, to maintain constant residence 
times for each reforming temperature. For 15 vol.% H2O, steam injection was 
achieved by feeding a metered amount of water through a high-performance liquid 
chromatography (HPLC) pump into the heated zone of the reactor where the water 
was evaporated into steam. De-ionized H2O was injected at rates of 0.34/0.30/0.28 
ml/min along with 0.40/0.36/0.33 L/min of balanced Ar for the 700/800/900°C 
reaction temperatures, respectively. CO2 was injected through the dedicated 
gas injection system at rates of 0.82/0.75/0.68 L/min to achieve 29 vol.% for 
700/800/900°C reaction temperatures, respectively. The temperature was held for 
10 min for each reaction. Reactions were terminated by switching the atmosphere to 
argon and removing the reactor out of the furnace.

For the heterogeneous reforming of biomass tar over biochar activated by H2O 
or CO2, the activation of biochar was carried out for 10 min in the fixed-bed zone 
in a 15 vol.% H2O or a 29 vol.% CO2 atmosphere with no supplemental H-form 
rice husk added to the fluidized-bed zone. This was followed by another 10 min at 
800°C in an Ar atmosphere, to maintain the same total reaction time (20 min) as 
the tar-reforming conditions. Details of the five experimental conditions (A–E) 
are shown in Table 3. The experiments involved three pyrolysis experiments: 
tar reforming (A) in Ar with unactivated pyrolysis biochar; (B) in Ar over H2O-
activated biochar; and (C) in Ar over CO2-activated biochar. In (B) and (C), a 
10-min activation of the biochar was first carried out with the activated biochar 
then used for 10 min of tar reforming in an Ar atmosphere at 800°C, while H-form 
biomass was also fed to the reactor. In addition, two gasification experiments were 
carried out: tar reforming in (D) a 15 vol.% H2O atmosphere over H2O-activated 
biochar and in (E) a 29 vol.% CO2 atmosphere over CO2-activated biochar. In (D) 
and (E), both atmospheres were kept constant for 20 min even though the period 
was evenly divided into a biochar-activation stage, which was followed by tar 
reforming over biochar.

Conditions No. Conditions of biomass tar reforming over biochar at 800°C

Pyrolysis A Biomass tar reforming in Ar over pyrolysis biochar

B Biomass tar reforming in Ar over H2O-activated biochar

C Biomass tar reforming in Ar over CO2-activated biochar

Gasification D Biomass tar H2O reforming over H2O-activated biochar

E Biomass tar CO2 reforming over CO2-activated biochar

Table 3. 
Experimental conditions investigated for tar reforming over biochar.
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2.4 Sampling and analysis of biochar and tar

The biomass tar compounds were trapped in two gas bottles, connected in series, 
and filled with a mixture of HPLC-grade chloroform and methanol (4:1, v/v), as 
shown in Figure 2. The bottles were placed in a brine ice bath (≤0°C). After the 
reaction, the total solution was transferred to a 200 mL volumetric flask and made 
up to volume with a mixture of chloroform and methanol (4:1, v/v).

The tar yield was determined by evaporating the solvents and water at 35°C for 
4 h. The tar is thus experimentally defined as the material soluble in the chloro-
form/methanol (4:1, v/v) solvent mixture not being evaporated (with the solvents) 
at 35°C within 4 h [24, 25, 42]. The residues in the solvents themselves (i.e., blank) 
and the biomass moisture content were considered in the tar yield calculation. The 
equation used for tar concentration in the solution is shown as follows Eq. (1):

  C =    C  2   −  C  1   _ 1 −  C  2  
     (1)

where C is the concentration of tar; C1 is the concentration of the mixed solution 
residue (blank experiment); and C2 is the concentration of residue in tar solution.

The equation used to determine tar yield is shown as follows Eq. (2):

  Tar yield =   C ×  M  Tar solution   ___________  M  biomass  
     (2)

where C is the concentration of tar in the solution; MTar solution is the total mass of 
tar collected in the solution; and Mbiomass is the feed quality of the H-form rice husk 
into the reactor.

The samples were analyzed using an Agilent Gas Chromatography Mass 
Spectrometer (GC-MS) instrument (6890 series GC with a 5973 MS detector) 
with a capillary column (DB-5 ms; length 30 m, internal diameter 0.25 mm, film 
thickness 0.5 μm). The sample solution (5 μL) was injected into the injection port, 
set at 260°C, with a split ratio of 80:1. The column was operated in constant-flow 
mode using 2.0 mL/min of helium as the carrier gas. The column temperature was 
initially maintained at 35°C for 3 min, then increased to 260°C at a heating rate of 
10°C/min, and then maintained at 260°C for 5 min. Mass spectra were acquired 
after a 4-min solvent delay [21]. The chromatogram peaks were identified by 
comparison with the standard spectra of compounds in the National Institute of 
Standards and Technology library (NIST) and/or from the retention times/spectra 
of known injected species.

The total amount of metal species in the biochar samples was quantified by 
employing a previously established procedure [43]. Using a microwave system 
(Ethos 1, Milestone, Sorisole, Italy), the sample (0.1 g) was digested in a 1:3:8 
(v/v/v) mixture of 40% HF, 30% H2O2, and 65% HNO3 at 200°C for 60 min. The 
metal species content was then quantified by inductively coupled plasma-atomic 
emission spectroscopy (ICP-AES). Three measurements were conducted with the 
average values and then taken as the results.

The biochar's particle morphology and surface composition were measured 
by an EVO18 scanning electron microscope coupled to an energy dispersive X-ray 
spectrometer (SEM-EDX, Carl Zeiss, Germany).

Biochar samples were set for at least 24 h to displace the reaction gas within the 
pore structure with air. N2-adsorption isotherms were then obtained at −196°C 
(ASAP 2020M, Micromeritics Instrument Crop, USA) and analyzed by the BET 
model to determine the sample's surface area and pore volume.

XPS analysis was used to evaluate the characteristics of surface elements in bio-
char. This was performed using a K-Alpha spectrometer (Thermo Fisher Scientific) 
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equipped with monochromatic Al Kα X-rays at 1486.6 eV. To exclude effects on the 
binding energies caused by changing the sample during measurements, the data 
were corrected by a linear shift with the maximum peak of the C1s binding energy 
of the adventitious carbon corresponding to 284.6 eV. The surface’s elemental condi-
tion was analyzed using the number of escaped electrons from the char surface at a 
depth of 1–10 nm, according to the findings in our previous investigations [44, 45].

3. Results and discussion

3.1 Homogeneous conversion of biomass tar

The homogeneous conversion of tar mainly refers to the initial pyrolysis tar 
experiences during a series of decomposition and polymerization processes under 
ambient conditions (heat and atmosphere). Tar yield during the Ar, H2O, and CO2 
homogeneous conversion experiments performed at 500–900°C can be seen in 
Figure 3. In the presence of an Ar-only atmosphere, the tar yield decreased gradu-
ally as a function of increasing temperature from 500 (26.18%) to 900°C (6.38%). 
Temperature in the Ar-only experiments has a greater influence between 500 and 
700°C. Further increasing the temperature to 700–900°C results in increased bio-
mass decomposition, thus lowering tar yields. Thermal decomposition is considered 
to be the main factor in the conversion of tar [46, 47]. As shown in Figure 3, in 
15 vol.% H2O and 29 vol.% CO2, the effects of H2O and CO2 on the homogeneous 
transformation of biomass tar over biochar are significant. At the same tempera-
ture, the tar reforming effect of 15 vol.% H2O is significantly higher than that of 29 
vol.% CO2. In 15 vol.% H2O, the tar yield decreased from 6.95% at 700°C to 3.56% 
at 900°C. In 29 vol.% CO2, the tar yield decreased from 7.99% at 700°C to 5.01% at 
900°C. For the higher temperatures, 700–900°C are required for H2O and CO2 to 
influence tar homogeneous transformations, while for the lower temperatures, 500 
and 600°C are not in the gasification thermal range.

As shown in Figure 4, it can be seen that at lower temperatures (500–600°C), 
the majority of the biomass tar still comprises components based on the primary 
biomass tar containing oxygen and substituent compounds, such as levoglucosan 
and dimethoxymethane. However, when subjecting the biomass to higher tempera-
tures (700–900°C), most of the primary pyrolyzed tar gradually transforms [48]. 
The tar composition seems to be mainly composed of aromatic compounds having 

Figure 3. 
Tar yield during homogeneous conversion at 500–900°C.



Applications of Biochar for Environmental Safety

52
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The total amount of metal species in the biochar samples was quantified by 
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Biochar samples were set for at least 24 h to displace the reaction gas within the 
pore structure with air. N2-adsorption isotherms were then obtained at −196°C 
(ASAP 2020M, Micromeritics Instrument Crop, USA) and analyzed by the BET 
model to determine the sample's surface area and pore volume.

XPS analysis was used to evaluate the characteristics of surface elements in bio-
char. This was performed using a K-Alpha spectrometer (Thermo Fisher Scientific) 
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equipped with monochromatic Al Kα X-rays at 1486.6 eV. To exclude effects on the 
binding energies caused by changing the sample during measurements, the data 
were corrected by a linear shift with the maximum peak of the C1s binding energy 
of the adventitious carbon corresponding to 284.6 eV. The surface’s elemental condi-
tion was analyzed using the number of escaped electrons from the char surface at a 
depth of 1–10 nm, according to the findings in our previous investigations [44, 45].

3. Results and discussion

3.1 Homogeneous conversion of biomass tar

The homogeneous conversion of tar mainly refers to the initial pyrolysis tar 
experiences during a series of decomposition and polymerization processes under 
ambient conditions (heat and atmosphere). Tar yield during the Ar, H2O, and CO2 
homogeneous conversion experiments performed at 500–900°C can be seen in 
Figure 3. In the presence of an Ar-only atmosphere, the tar yield decreased gradu-
ally as a function of increasing temperature from 500 (26.18%) to 900°C (6.38%). 
Temperature in the Ar-only experiments has a greater influence between 500 and 
700°C. Further increasing the temperature to 700–900°C results in increased bio-
mass decomposition, thus lowering tar yields. Thermal decomposition is considered 
to be the main factor in the conversion of tar [46, 47]. As shown in Figure 3, in 
15 vol.% H2O and 29 vol.% CO2, the effects of H2O and CO2 on the homogeneous 
transformation of biomass tar over biochar are significant. At the same tempera-
ture, the tar reforming effect of 15 vol.% H2O is significantly higher than that of 29 
vol.% CO2. In 15 vol.% H2O, the tar yield decreased from 6.95% at 700°C to 3.56% 
at 900°C. In 29 vol.% CO2, the tar yield decreased from 7.99% at 700°C to 5.01% at 
900°C. For the higher temperatures, 700–900°C are required for H2O and CO2 to 
influence tar homogeneous transformations, while for the lower temperatures, 500 
and 600°C are not in the gasification thermal range.

As shown in Figure 4, it can be seen that at lower temperatures (500–600°C), 
the majority of the biomass tar still comprises components based on the primary 
biomass tar containing oxygen and substituent compounds, such as levoglucosan 
and dimethoxymethane. However, when subjecting the biomass to higher tempera-
tures (700–900°C), most of the primary pyrolyzed tar gradually transforms [48]. 
The tar composition seems to be mainly composed of aromatic compounds having 

Figure 3. 
Tar yield during homogeneous conversion at 500–900°C.
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good thermal stability, such as toluene, indene, and naphthalene, among others. 
Increasing the temperature resulted in either a gradual reduction or a complete 
removal of tars containing branched or heteroatom compounds, and polycyclic 
aromatic hydrocarbons (PAHs) were gradually formed. For the biomass tar homo-
geneous conversion, the aromatic ring structure has higher thermal stability than 
that of the non-aromatic structures. Specific tar components decompose into small 
molecular gases and C1–C5 hydrocarbons, while there is evidence for the promotion 
of aromatic rings as a function of increasing temperature. H-abstraction, C2H2-
addition (HACA), and cyclodehydrogenation are the mechanisms typically respon-
sible for such processes [49, 50]. Performing the reactions at the mid-temperature 
range (700–800°C) results in aromatic conversion with oxygen and substituents. 
Thermal decomposition [51] and additional reactions convert short-chain hydro-
carbons (C1–C5) into compounds containing unsaturated double and triple bonds 
that gradually increase in concentration by the acetylene addition reaction. The 
aromatic components can also be polymerized by dehydrogenation. Further 
increasing the temperature to 900°C results in the relative content of PAHs, such 
as naphthalene, phenanthrene, and anthracene, to increase the above conversion 
pathway yielding highly stable aromatic hydrocarbons.

GC-MS analysis during H2O and CO2 homogeneous conversion at 700–900°C 
can be seen in Figure 5. At 700–900°C, H2O and CO2 have a degree of influence on 
the conversion of tar. The degree of tar homogeneous conversion in the presence of 
either a H2O or CO2 atmosphere was significantly higher than that of the thermal 
decomposition in Ar. PAH concentration was low. The results show that H2O and 
CO2 have obvious effects on the transformation of aromatics, especially PAHs [52]. 
The free radical theory is used to explain the homogeneous transformation of tar. 
The formation of aromatic radicals in the polymerization of aromatic hydrocarbons 
is considered to be the key to the reaction. The continuous polymerization process is 
considered to be the main pathway [53–56]. Thermal decomposition is a method of 
generating free radicals through thermal breaking of bonds. The free radicals gener-
ated by the original tar form different final products by reacting with different free 
radicals produced as a function of the atmosphere. The presence of H2O and CO2 pro-
moted the formation of free radicals with H/O/OH moieties. The influence of tem-
perature is mainly reflected in the promotion of the decomposition reaction caused 
by free radicals [57]. CO2 is a pure oxygen donor. Figure 6 shows that the active 
oxygen atoms used for oxidative decomposition of hydrocarbons and intermediate 

Figure 4. 
GC-MS analysis of biomass tar in Ar at 500–900°C.

55

Mechanism of In-Situ Catalytic Cracking of Biomass Tar over Biochar with Multiple Active Sites
DOI: http://dx.doi.org/10.5772/intechopen.91380

products are mainly produced by the reaction CO2 + e× → CO + O·+ e. Active OH free 
radicals can be formed by replacing the hydrogen atoms in the hydrocarbons with 
oxygen atoms. Increasing the content of CO2 is helpful to inhibit the cyclization of 
aromatics. The addition of CO2 promotes the formation of free radicals such as O, 
which can further react with hydrocarbon groups. The oxidation reaction of active 
oxygen atoms with hydrocarbons forms CO, H2O, and other products. The oxida-
tive cracking process of tar is initiated, and the polymerization process of aromatic 

Figure 5. 
GC-MS tar analysis during (a) 15 vol.% H2O and (b) 29 vol.% CO2 homogeneous conversion at 700–900°C.

Figure 6. 
Homogeneous conversion of tar in Ar, H2O, and CO2 at 500–900°C [52].
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products are mainly produced by the reaction CO2 + e× → CO + O·+ e. Active OH free 
radicals can be formed by replacing the hydrogen atoms in the hydrocarbons with 
oxygen atoms. Increasing the content of CO2 is helpful to inhibit the cyclization of 
aromatics. The addition of CO2 promotes the formation of free radicals such as O, 
which can further react with hydrocarbon groups. The oxidation reaction of active 
oxygen atoms with hydrocarbons forms CO, H2O, and other products. The oxida-
tive cracking process of tar is initiated, and the polymerization process of aromatic 
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hydrocarbons is also inhibited. H2O not only promotes tar cracking conversion but 
also inhibits the polymerization reaction. This is related to the higher activity of free 
radical formation being a more active reformer in the conversion of tar. H2O and CO2 
have similar oxidation capacities. The difference between the two is mainly reflected 
in the product—H2O produces higher numbers of H free radicals than CO2 [58]. O 
and OH free radicals can be formed by ionization of H2O (H2O → H + OH) in the 
presence of steam. The fracture of OH can form new H and O free radicals. The H/O/
OH atoms in the gas phase exist in radical form. According to the free radical mecha-
nism, the primary constituents of the biomass are broken into activated tar fragments 
at high temperatures. A large number of H/O/OH free radicals will combine with 
activated tar fragments before tar polymerization.

As shown in Figure 6, the conversion of the tar homogeneous transformation 
process is considered to be a two-stage process. The first stage involves the decom-
position and transformation of the active heteroatom-containing groups in the tar, 
along with the decomposition of dealkylated side chains, hydrocarbon molecular 
cyclization, and aromatization reactions. The products include low-chain aliphatic 
hydrocarbons, oxygen-containing small molecular gases, and single-ring aromatic 
hydrocarbons. The second stage is the reforming of tar components; the dehydroge-
nation of cyclization products; the addition of acetylene; and the growth, recom-
bination, and isomerization of aromatics. The two processes constitute the basis 
of the biomass tar homogeneous reaction. In the presence of different reforming 
agents (H2O or CO2), the atmosphere can promote or inhibit tar pyrolysis conver-
sion, thus influencing the composition of the final tar. The addition of H2O and 
CO2 can promote the generation of active free radicals such as O, OH, H, and so on. 
These free radicals can react with the active free tar fragments generated from the 
first stage of thermal decomposition demonstrating the importance of the H2O and 
CO2 reforming agents in the homogeneous conversion of biomass tar.

3.2 Heterogeneous reforming of biomass tar over biochar

3.2.1 Biomass tar reforming

As shown in Figure 7, the highest proportion of bio-tar was reformed (includ-
ing homogeneous and heterogeneous phases) in the 15 vol.% H2O atmosphere 
over H2O-activated biochar (D). The proportion of tar reformed in the 29 vol.% 
CO2 atmosphere over CO2-activated biochar (E) was also considerably higher than 
results for reforming in an Ar atmosphere (A, B, and C). This illustrates that the 
presence of a gasification agent (H2O/CO2) greatly promotes in-situ reforming of 
nascent bio-tar over biochar. Under pyrolysis conditions, the homogeneous trans-
formation of biomass tar was mainly based on secondary reactions (i.e., tar thermal 
cracking at 800°C), yielding a conversion efficiency of 70.86%. The ability of H2O/
CO2 activation to improve biochar reactivity was also clearly observed. In the Ar 
atmosphere, the highest proportion of tar was reformed over the H2O-activated 
biochar (B, 20.08%), followed by that over the CO2-activated biochar (C, 19.01%), 
while the lowest conversion was for the (unactivated) pyrolysis biochar (A, 17.41%). 
El-Rub and Kamel [59] and Chen et al. [60] studied biochar's catalytic activity for 
tar reforming using a fixed char bed. They concluded that in an inert atmosphere, 
the tar molecules were mainly adsorbed on biochar active sites and converted into 
larger polyaromatic molecules and coke via a series of dehydrogenation, cycliza-
tion, and condensation reactions. Differences between the unactivated and H2O/
CO2-activated biochars may be attributed to differences in inherent catalytic AAEM 
species (such as K and Ca) and the biochars’ physiochemical structures [61], as 
discussed later.
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The presence of a gasification agent further improved the homogeneous reform-
ing of the bio-tar (72.62 and 71.57% with H2O and CO2 present, respectively). 
The homogeneous transformation of biomass tar in the gas phase was in a certain 
extent in H2O/CO2 gasification condition, which was in broad agreement with the 
results obtained by Wang et al. [17] and Min et al. [24]. Besides, in the gasification 
conditions, H2O and CO2 further improved the biochar's catalytic reactivity for the 
heterogeneous reforming process with the proportion reformed increasing from 
20.08% (B) to 26.85% (D) with H2O and from 19.01% (C) to 22.17% (E) with CO2. 
According to Min et al. [24], the reforming of tar molecules over biochar may be acti-
vated in two ways. First, in the gas phase, nascent tar (volatiles) contains abundant 
free radicals that would react with extant tar molecules to form activated tar frag-
ments. Second, tar molecules and biochar may be activated by H2O/CO2 during the 
chemisorption of tar on the biochar surface with reactions between tar and H2O/CO2 
adsorbed on the biochar’s active sites then leading to further reforming reactions. 
Overall, gasification agents (H2O and CO2) improved and maintained the system’s 
ability to carry out homogeneous and heterogeneous reforming of biomass tar.

3.2.2 H2O/CO2 activation of biochar

The metal contents of the biochar samples are shown in Table 4. Apart from 
K, there was little difference (±0.02 wt.%) observed for the metals between the 
biochar samples. During the H2O/CO2 activation of biochar, K appears to have 
been released from the biochar, decreasing from 1.12 wt.% in the pyrolysis biochar 
to 1.06 wt.% when activated by H2O and 1.09 wt.% in the CO2-activated biochar. 

Figure 7. 
Proportion of tar reformed under different conditions: (A) in Ar over pyrolysis biochar, (B) in Ar over H2O-
activated biochar, (C) in Ar over CO2-activated biochar, (D) in 15 vol.% H2O over H2O-activated biochar, and 
(E) in 29 vol.% CO2 over CO2-activated biochar.

Biochar samples Metal species content (wt.% in biochar)

K Mg Ca Fe Al

H2O-activated biochar 1.06 0.10 0.16 0.06 0.02

CO2-activated biochar 1.09 0.09 0.15 0.05 0.03

Table 4. 
Biochar samples’ metal-content analysis.
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hydrocarbons is also inhibited. H2O not only promotes tar cracking conversion but 
also inhibits the polymerization reaction. This is related to the higher activity of free 
radical formation being a more active reformer in the conversion of tar. H2O and CO2 
have similar oxidation capacities. The difference between the two is mainly reflected 
in the product—H2O produces higher numbers of H free radicals than CO2 [58]. O 
and OH free radicals can be formed by ionization of H2O (H2O → H + OH) in the 
presence of steam. The fracture of OH can form new H and O free radicals. The H/O/
OH atoms in the gas phase exist in radical form. According to the free radical mecha-
nism, the primary constituents of the biomass are broken into activated tar fragments 
at high temperatures. A large number of H/O/OH free radicals will combine with 
activated tar fragments before tar polymerization.

As shown in Figure 6, the conversion of the tar homogeneous transformation 
process is considered to be a two-stage process. The first stage involves the decom-
position and transformation of the active heteroatom-containing groups in the tar, 
along with the decomposition of dealkylated side chains, hydrocarbon molecular 
cyclization, and aromatization reactions. The products include low-chain aliphatic 
hydrocarbons, oxygen-containing small molecular gases, and single-ring aromatic 
hydrocarbons. The second stage is the reforming of tar components; the dehydroge-
nation of cyclization products; the addition of acetylene; and the growth, recom-
bination, and isomerization of aromatics. The two processes constitute the basis 
of the biomass tar homogeneous reaction. In the presence of different reforming 
agents (H2O or CO2), the atmosphere can promote or inhibit tar pyrolysis conver-
sion, thus influencing the composition of the final tar. The addition of H2O and 
CO2 can promote the generation of active free radicals such as O, OH, H, and so on. 
These free radicals can react with the active free tar fragments generated from the 
first stage of thermal decomposition demonstrating the importance of the H2O and 
CO2 reforming agents in the homogeneous conversion of biomass tar.

3.2 Heterogeneous reforming of biomass tar over biochar

3.2.1 Biomass tar reforming

As shown in Figure 7, the highest proportion of bio-tar was reformed (includ-
ing homogeneous and heterogeneous phases) in the 15 vol.% H2O atmosphere 
over H2O-activated biochar (D). The proportion of tar reformed in the 29 vol.% 
CO2 atmosphere over CO2-activated biochar (E) was also considerably higher than 
results for reforming in an Ar atmosphere (A, B, and C). This illustrates that the 
presence of a gasification agent (H2O/CO2) greatly promotes in-situ reforming of 
nascent bio-tar over biochar. Under pyrolysis conditions, the homogeneous trans-
formation of biomass tar was mainly based on secondary reactions (i.e., tar thermal 
cracking at 800°C), yielding a conversion efficiency of 70.86%. The ability of H2O/
CO2 activation to improve biochar reactivity was also clearly observed. In the Ar 
atmosphere, the highest proportion of tar was reformed over the H2O-activated 
biochar (B, 20.08%), followed by that over the CO2-activated biochar (C, 19.01%), 
while the lowest conversion was for the (unactivated) pyrolysis biochar (A, 17.41%). 
El-Rub and Kamel [59] and Chen et al. [60] studied biochar's catalytic activity for 
tar reforming using a fixed char bed. They concluded that in an inert atmosphere, 
the tar molecules were mainly adsorbed on biochar active sites and converted into 
larger polyaromatic molecules and coke via a series of dehydrogenation, cycliza-
tion, and condensation reactions. Differences between the unactivated and H2O/
CO2-activated biochars may be attributed to differences in inherent catalytic AAEM 
species (such as K and Ca) and the biochars’ physiochemical structures [61], as 
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K, there was little difference (±0.02 wt.%) observed for the metals between the 
biochar samples. During the H2O/CO2 activation of biochar, K appears to have 
been released from the biochar, decreasing from 1.12 wt.% in the pyrolysis biochar 
to 1.06 wt.% when activated by H2O and 1.09 wt.% in the CO2-activated biochar. 

Figure 7. 
Proportion of tar reformed under different conditions: (A) in Ar over pyrolysis biochar, (B) in Ar over H2O-
activated biochar, (C) in Ar over CO2-activated biochar, (D) in 15 vol.% H2O over H2O-activated biochar, and 
(E) in 29 vol.% CO2 over CO2-activated biochar.

Biochar samples Metal species content (wt.% in biochar)

K Mg Ca Fe Al

H2O-activated biochar 1.06 0.10 0.16 0.06 0.02

CO2-activated biochar 1.09 0.09 0.15 0.05 0.03

Table 4. 
Biochar samples’ metal-content analysis.



Applications of Biochar for Environmental Safety

58

Because of their valence states [43], other metal species like Ca bond to the biochar 
more strongly (i.e., at two or more sites) than K (which only bonds at one site).

3.2.3 SEM-EDX analysis of biochar

As shown in Figure 8(a), the unactivated biochar particles’ surfaces showed 
more, larger (40 × 60 μm) hill-like structures than the surfaces of the activated 
biochars. H2O and CO2 activate the biochar via C + H2O → CO + H2 and C + CO2 
→ 2CO, respectively. However, its larger size meant activation by CO2 was limited 
to the surface of biochar, resulting in small structures (15 × 15 μm), which can be 
seen in Figure 8(c). However, as illustrated by the structure shown in Figure 8(b), 
H2O, as well as H/O/OH radicals, was able to alter the surface morphology (creat-
ing structures of 20 × 20 μm) and infiltrate into the particle's carbon matrix to 
produce new larger pore structures from the inside out. According to Wu et al. [62], 
interactions between radicals and metal species take place on the surface of internal 
pores or inside the char matrix. Table 4 shows little change in the biochar's internal 
metal (K, Ca, Mg, Fe, and Al) contents before and after H2O/CO2 activation. Thus, 
the effect of H2O/CO2 may be more focused on changing the distribution of metal 
species within the biochar samples. As we reported previously [43], the effect of K 
in biochar on tar reforming is stronger than that of Ca and other species. Thus, the 
surface content and distribution of K were studied, as shown in Figure 8(a)–(c). 
The surface content of K significantly increased from 0.18% in the unactivated 
biochar to 0.35% in the H2O-activated biochar and 0.21% in CO2-activated biochar. 
In addition, an obvious enrichment occurred on the surface of H2O-activated 
biochar. Klinghoffer et al. [63] reported that during thermal treatment the metal 
species migrated to the biochar surface, some of which formed clusters that then 
acted as an active site for catalytic reactions. During H2O/CO2 activation, an 
increase in surface O content occurred alongside the migration of AAEM species 
from the interior of the particles to the surface, forming metal-carbon complexes. 
The redox properties of these metal-carbon complexes may have had implications 
for the biochar's catalytic properties. Also, highly dispersed metal species in a highly 
porous carbon matrix could have effectively acted as active adsorption sites that 

Figure 8. 
SEM-EDX analysis of biochar samples. (a) Pyrolysis biochar, (b) H2O activated biochar, and (c) CO2 
activated biochar.
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promote volatile hydrocarbon condensation reactions to form coke [25], which 
were caused by hydrodeasphalting (HDA) reactions. Thus, the H2O/CO2 activation 
of biochar impacted the biochar surface's morphology and metal content, both of 
which influenced the reforming of biomass tar over biochar.

3.2.4 BET analysis of biochar during H2O/CO2 activation and tar reforming

The biochar samples’ N2-absorption/desorption isotherms at 77 K during H2O/
CO2 activation and biomass tar reforming are shown in Figure 9. Compared with 
those of the original pyrolysis biochar, the pore systems of H2O/CO2-activated 
biochar samples and that from tar H2O reforming over H2O-activated biochar were 
better developed. Conversely, the other conditions exhibited pore structures that 
were somewhat blocked, especially for reforming over pyrolysis biochar in Ar and 
for the CO2-activated biochar.

To further investigate the microphysical structures of the biochar samples, 
their BET surface properties were evaluated and are presented in Table 4. The 
unactivated pyrolysis biochar presented a BET surface area of 195.35 m2/g and a 
pore volume of 0.0999 cm3/g. Activation by H2O and CO2 increased the BET surface 
area to 307.45 and 237.71 m2/g, respectively. The biochar's porous structure enabled 
efficient tar adsorption, resulting in a good residence time of the tar reacting with 
the catalyst [46]. Table 5 also shows that the concentration of micropores (<2 nm), 
mesopores (2–50 nm), and macropores (>50 nm) varied between the samples. 
Thus, the ratio of micropores (<2 nm) to mesopores and macropores (>2 nm) 
(SMic./SExt.) was employed. The H2O-activated biochar showed a lower value of this 
ratio (2.28) than that of the CO2-activated biochar (4.57) indicating that activation/
gasification under a CO2 atmosphere produced a higher relative micropore content, 
whereas under an H2O atmosphere mesopores were favored. This may be explained 
by considering that H2O removes carbon atoms from the particle's interior, enlarg-
ing open micropores and opening closed micropores, promoting the formation of 
mesopores. Meanwhile, CO2 causes changes in the biochar surface that create more 
micropores. According to Klinghoffer et al. [63], the higher biochar surface area 
was the main reason for better catalyst performance, but pore size distribution also 
affected its activity, and evidence of diffusion limitations in microporous biochar 
was observed. Elsewhere, it has been confirmed that mesopores significantly 

Figure 9. 
N2-absorption/desorption isotherms at 77 K for biochar obtained from different conditions: (A) in Ar over 
pyrolysis biochar; (B) in Ar over H2O-activated biochar; (C) in Ar over CO2-activated biochar; (D) in 15 vol.% 
H2O over H2O-activated biochar; and (E) in 29 vol.% CO2 over CO2-activated biochar.
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→ 2CO, respectively. However, its larger size meant activation by CO2 was limited 
to the surface of biochar, resulting in small structures (15 × 15 μm), which can be 
seen in Figure 8(c). However, as illustrated by the structure shown in Figure 8(b), 
H2O, as well as H/O/OH radicals, was able to alter the surface morphology (creat-
ing structures of 20 × 20 μm) and infiltrate into the particle's carbon matrix to 
produce new larger pore structures from the inside out. According to Wu et al. [62], 
interactions between radicals and metal species take place on the surface of internal 
pores or inside the char matrix. Table 4 shows little change in the biochar's internal 
metal (K, Ca, Mg, Fe, and Al) contents before and after H2O/CO2 activation. Thus, 
the effect of H2O/CO2 may be more focused on changing the distribution of metal 
species within the biochar samples. As we reported previously [43], the effect of K 
in biochar on tar reforming is stronger than that of Ca and other species. Thus, the 
surface content and distribution of K were studied, as shown in Figure 8(a)–(c). 
The surface content of K significantly increased from 0.18% in the unactivated 
biochar to 0.35% in the H2O-activated biochar and 0.21% in CO2-activated biochar. 
In addition, an obvious enrichment occurred on the surface of H2O-activated 
biochar. Klinghoffer et al. [63] reported that during thermal treatment the metal 
species migrated to the biochar surface, some of which formed clusters that then 
acted as an active site for catalytic reactions. During H2O/CO2 activation, an 
increase in surface O content occurred alongside the migration of AAEM species 
from the interior of the particles to the surface, forming metal-carbon complexes. 
The redox properties of these metal-carbon complexes may have had implications 
for the biochar's catalytic properties. Also, highly dispersed metal species in a highly 
porous carbon matrix could have effectively acted as active adsorption sites that 

Figure 8. 
SEM-EDX analysis of biochar samples. (a) Pyrolysis biochar, (b) H2O activated biochar, and (c) CO2 
activated biochar.

59

Mechanism of In-Situ Catalytic Cracking of Biomass Tar over Biochar with Multiple Active Sites
DOI: http://dx.doi.org/10.5772/intechopen.91380

promote volatile hydrocarbon condensation reactions to form coke [25], which 
were caused by hydrodeasphalting (HDA) reactions. Thus, the H2O/CO2 activation 
of biochar impacted the biochar surface's morphology and metal content, both of 
which influenced the reforming of biomass tar over biochar.

3.2.4 BET analysis of biochar during H2O/CO2 activation and tar reforming

The biochar samples’ N2-absorption/desorption isotherms at 77 K during H2O/
CO2 activation and biomass tar reforming are shown in Figure 9. Compared with 
those of the original pyrolysis biochar, the pore systems of H2O/CO2-activated 
biochar samples and that from tar H2O reforming over H2O-activated biochar were 
better developed. Conversely, the other conditions exhibited pore structures that 
were somewhat blocked, especially for reforming over pyrolysis biochar in Ar and 
for the CO2-activated biochar.

To further investigate the microphysical structures of the biochar samples, 
their BET surface properties were evaluated and are presented in Table 4. The 
unactivated pyrolysis biochar presented a BET surface area of 195.35 m2/g and a 
pore volume of 0.0999 cm3/g. Activation by H2O and CO2 increased the BET surface 
area to 307.45 and 237.71 m2/g, respectively. The biochar's porous structure enabled 
efficient tar adsorption, resulting in a good residence time of the tar reacting with 
the catalyst [46]. Table 5 also shows that the concentration of micropores (<2 nm), 
mesopores (2–50 nm), and macropores (>50 nm) varied between the samples. 
Thus, the ratio of micropores (<2 nm) to mesopores and macropores (>2 nm) 
(SMic./SExt.) was employed. The H2O-activated biochar showed a lower value of this 
ratio (2.28) than that of the CO2-activated biochar (4.57) indicating that activation/
gasification under a CO2 atmosphere produced a higher relative micropore content, 
whereas under an H2O atmosphere mesopores were favored. This may be explained 
by considering that H2O removes carbon atoms from the particle's interior, enlarg-
ing open micropores and opening closed micropores, promoting the formation of 
mesopores. Meanwhile, CO2 causes changes in the biochar surface that create more 
micropores. According to Klinghoffer et al. [63], the higher biochar surface area 
was the main reason for better catalyst performance, but pore size distribution also 
affected its activity, and evidence of diffusion limitations in microporous biochar 
was observed. Elsewhere, it has been confirmed that mesopores significantly 

Figure 9. 
N2-absorption/desorption isotherms at 77 K for biochar obtained from different conditions: (A) in Ar over 
pyrolysis biochar; (B) in Ar over H2O-activated biochar; (C) in Ar over CO2-activated biochar; (D) in 15 vol.% 
H2O over H2O-activated biochar; and (E) in 29 vol.% CO2 over CO2-activated biochar.
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enhance catalytic activity by allowing the penetration of macromolecules, facilitat-
ing their adsorption on the catalyst surface [64–66]. Thus, biochar used for catalytic 
tar reforming should ideally possess a high surface area and high mesoporosity 
(i.e., a small SMic./SExt. value).

After tar reforming in the Ar atmosphere, the biochar samples' BET surface 
area and pore volume markedly decreased. This was especially the case for tar 
reforming in Ar over the pyrolysis biochar and the CO2-activated biochar where 
the BET surface areas fell to 3.78 and 4.07 m2/g, respectively. According to the 
findings of Hosokai et al. [19], the decrease in surface area was attributed to tar 
forming coke deposits on the biochar's surface. In the Ar atmosphere, tar was 
mainly decomposed via coking [CmHn (aromatic compounds) = CmHx(coke) + 
(n − x)/2 H2]. Thus, the biochar's activity could have fallen with a decrease in the 
biochar's surface area and/or pore volume caused by coke deposition. This implies 
that when some tar molecules reacted with the biochar they were absorbed in a 
way that yielded a condensed-phase product (coke) that remained on the biochar 
surface.

However, with the gasification agents, especially H2O, the relatively high BET 
surface area and pore volume of biochar were maintained following the tar-reforming 
reactions (see Table 5). This indicated that the tar was not reformed directly to give 
gaseous products but instead involved the intermediate formation of coke, which 
was subsequently gasified by H2O/CO2. El-Rub and Kamel [59] suggested that tars 
can be adsorbed onto the active sites of biochar particles. Adsorbed tar and coke 
molecules can be catalytically reformed to give CO and H2 by steam and dry CO2 
thermochemical reactions, regenerating the pore structure. Meanwhile, free radicals 
that enter polymerization reactions and coke on biochar surfaces can be formed 
from tar decomposition. For the H2O-activated biochar, the BET surface area only 
decreased a little following reforming (to 268.52 m2/g) and the SMic./SExt. value 
remained 2.30. Given that these conditions also reformed the greatest portion of the 
tar, the existence  of gasification agents, especially H2O, appeared to stimulate and 
maintain catalytic activity by continually creating and regenerating pore structures in 
the biochar.

Conditions BET surface 
area

Pore 
volume

Micro pore 
< 2 nm

External 
pore > 2 nm

SMic./SExt.

(m2/g) (cm3/g) (m2/g) (m2/g)

Pyrolysis biochar 195.35 0.0999 170.46 24.89 6.85

H2O-activated biochar 307.45 0.1745 213.83 93.62 2.28

CO2-activated biochar 237.71 0.1330 195.02 42.69 4.57

(A) Pyrolysis and Ar 
reforming

3.78 0.0070 3.14 0.65 4.86

(B) H2O activation 
and Ar reforming

117.53 0.0693 78.28 39.25 1.99

(C) CO2 activation 
and Ar reforming

4.07 0.0074 2.12 1.95 1.09

(D) H2O activation 
and H2O reforming

268.52 0.1512 187.08 81.44 2.30

(E) CO2 activation 
and CO2 reforming

54.31 0.0346 42.98 11.33 3.79

Table 5. 
BET properties of biochar samples during activation and tar reforming.
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3.2.5 XPS analysis of biochar during biomass tar reforming

The elemental contents (C, O, K, and Ca) at the surface of the biochar samples 
are shown in Figure 10. Samples taken the following tar reforming in (A) Ar 
over pyrolysis biochar, (B) Ar over H2O-activated biochar, and (C) Ar over CO2-
activated biochar showed that the H2O/CO2 activation of biochar played an impor-
tant role in maintaining the biochar's active sites, such as surface O-containing 
functional groups and AAEM species (especially K and Ca) and improved its 
tar-reforming performance. According to Du et al. [67], XPS revealed the evolu-
tion of AAEM species and char structures, and concentrations of AAEM species 
agreed well with surface atomic O concentrations. Similar results were obtained in 
Figure 10, where Ar reforming over H2O-activated biochar yielded a biochar with 
a higher surface content of O (16.25 atomic%), K (0.80 atomic%), and Ca (0.45 
atomic%) than the samples from Ar reforming with the CO2-activated biochar 
and the pyrolysis biochar. Abundant O-containing groups on the biochar surface 
can form acidic centers that can combine with biomass tar precursors, which have 
negatively charged π-electron systems and activate thermal cracking reactions 
[61]. For tar reforming in Ar, more carboxylic (O═C▬O)/carbonyl (C═O) groups 
and fewer aromatic (C▬C/C═C) groups were formed on the H2O/CO2-activated 
biochar surface. Franz et al. [68] investigated the effects of O-containing groups, 
particularly carboxylic and carbonyl groups, on the adsorption of dissolved aro-
matics on ash-free activated carbon. They found that the adsorption mechanism 
was influenced by the surface functional group's properties, especially its ability 
to hydrogen-bond, and through its activating/deactivating influence on the tar's 
aromatic ring. As shown in Figure 5 for conditions (D) and (E), the existence of the 
gasification agents during tar reforming over H2O/CO2-activated biochar helped 
to limit coke formation on the biochar surface, likely by continually creating and 
regenerating surface active sites. This finding was consistent with that of a previous 
investigation [24].

The surface AAEM content remained high. For example, 2.12 atomic% K in H2O 
and 1.83 atomic% in CO2. This was similar for the surface O content (34.01 atomic% 
in H2O and 32.07 atomic% in CO2). A biochar with a higher O content appeared to 
favor the retention of AAEM species, with O likely serving as a link between the 
AAEM species and the char matrix [69]. In addition, the results of Wu et al. [70] 
suggest that adding H2O was likely to have eliminated more tar, while the presence 
of CO2 induced the formation of OH, H, and O radicals, which increase hydrocar-
bon conversion.

Figure 10. 
XPS analysis of biochar samples from different conditions: (A) in Ar over pyrolysis biochar; (B) in Ar over 
H2O-activated biochar; (C) in Ar over CO2-activated biochar; (D) in 15 vol.% H2O over H2O-activated 
biochar; and (E) in 29 vol.% CO2 over CO2-activated biochar.
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tar reforming should ideally possess a high surface area and high mesoporosity 
(i.e., a small SMic./SExt. value).

After tar reforming in the Ar atmosphere, the biochar samples' BET surface 
area and pore volume markedly decreased. This was especially the case for tar 
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the BET surface areas fell to 3.78 and 4.07 m2/g, respectively. According to the 
findings of Hosokai et al. [19], the decrease in surface area was attributed to tar 
forming coke deposits on the biochar's surface. In the Ar atmosphere, tar was 
mainly decomposed via coking [CmHn (aromatic compounds) = CmHx(coke) + 
(n − x)/2 H2]. Thus, the biochar's activity could have fallen with a decrease in the 
biochar's surface area and/or pore volume caused by coke deposition. This implies 
that when some tar molecules reacted with the biochar they were absorbed in a 
way that yielded a condensed-phase product (coke) that remained on the biochar 
surface.

However, with the gasification agents, especially H2O, the relatively high BET 
surface area and pore volume of biochar were maintained following the tar-reforming 
reactions (see Table 5). This indicated that the tar was not reformed directly to give 
gaseous products but instead involved the intermediate formation of coke, which 
was subsequently gasified by H2O/CO2. El-Rub and Kamel [59] suggested that tars 
can be adsorbed onto the active sites of biochar particles. Adsorbed tar and coke 
molecules can be catalytically reformed to give CO and H2 by steam and dry CO2 
thermochemical reactions, regenerating the pore structure. Meanwhile, free radicals 
that enter polymerization reactions and coke on biochar surfaces can be formed 
from tar decomposition. For the H2O-activated biochar, the BET surface area only 
decreased a little following reforming (to 268.52 m2/g) and the SMic./SExt. value 
remained 2.30. Given that these conditions also reformed the greatest portion of the 
tar, the existence  of gasification agents, especially H2O, appeared to stimulate and 
maintain catalytic activity by continually creating and regenerating pore structures in 
the biochar.
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over pyrolysis biochar, (B) Ar over H2O-activated biochar, and (C) Ar over CO2-
activated biochar showed that the H2O/CO2 activation of biochar played an impor-
tant role in maintaining the biochar's active sites, such as surface O-containing 
functional groups and AAEM species (especially K and Ca) and improved its 
tar-reforming performance. According to Du et al. [67], XPS revealed the evolu-
tion of AAEM species and char structures, and concentrations of AAEM species 
agreed well with surface atomic O concentrations. Similar results were obtained in 
Figure 10, where Ar reforming over H2O-activated biochar yielded a biochar with 
a higher surface content of O (16.25 atomic%), K (0.80 atomic%), and Ca (0.45 
atomic%) than the samples from Ar reforming with the CO2-activated biochar 
and the pyrolysis biochar. Abundant O-containing groups on the biochar surface 
can form acidic centers that can combine with biomass tar precursors, which have 
negatively charged π-electron systems and activate thermal cracking reactions 
[61]. For tar reforming in Ar, more carboxylic (O═C▬O)/carbonyl (C═O) groups 
and fewer aromatic (C▬C/C═C) groups were formed on the H2O/CO2-activated 
biochar surface. Franz et al. [68] investigated the effects of O-containing groups, 
particularly carboxylic and carbonyl groups, on the adsorption of dissolved aro-
matics on ash-free activated carbon. They found that the adsorption mechanism 
was influenced by the surface functional group's properties, especially its ability 
to hydrogen-bond, and through its activating/deactivating influence on the tar's 
aromatic ring. As shown in Figure 5 for conditions (D) and (E), the existence of the 
gasification agents during tar reforming over H2O/CO2-activated biochar helped 
to limit coke formation on the biochar surface, likely by continually creating and 
regenerating surface active sites. This finding was consistent with that of a previous 
investigation [24].

The surface AAEM content remained high. For example, 2.12 atomic% K in H2O 
and 1.83 atomic% in CO2. This was similar for the surface O content (34.01 atomic% 
in H2O and 32.07 atomic% in CO2). A biochar with a higher O content appeared to 
favor the retention of AAEM species, with O likely serving as a link between the 
AAEM species and the char matrix [69]. In addition, the results of Wu et al. [70] 
suggest that adding H2O was likely to have eliminated more tar, while the presence 
of CO2 induced the formation of OH, H, and O radicals, which increase hydrocar-
bon conversion.

Figure 10. 
XPS analysis of biochar samples from different conditions: (A) in Ar over pyrolysis biochar; (B) in Ar over 
H2O-activated biochar; (C) in Ar over CO2-activated biochar; (D) in 15 vol.% H2O over H2O-activated 
biochar; and (E) in 29 vol.% CO2 over CO2-activated biochar.
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3.2.6 GC-MS analysis of biomass tar reforming over biochar

The biomass tar reformed in the gas phase (without involving biochar) in Ar 
at 800°C was mainly composed of aromatic tar compounds, owing to the second-
ary thermal cracking of in-situ biomass tar [52], compared with tar from H-form 
rice husk pyrolysis in fluidized bed at 500°C. Thermal cracking cannot completely 
convert tars [71]. Regarding the biochar catalyzed reactions, defined as the net tar 
loss owing to exposure to the biochar (i.e., the amount remaining after subtracting 
the amount of tar destroyed by vapor-phase cracking upstream and downstream 
of the biochar bed from the total change in tar amount during thermal treatment) 
[16], no new tar compounds were observed. According to Yao et al. [72], absent 
biochar, the gasification agent has a larger effect on the reforming of large aromatic 
ring systems (e.g., ≥2 fused benzene rings) than on smaller and isolated aromatics. 
However, here, biomass tars with a single aromatic ring or more than one ring struc-
ture were catalytically reformed over the various biochars. The conversion rates 
of tar compounds for the tar reformed without biochar in Ar at 800°C can be seen 
in Figure 11(a) and (b). These figures also show that H2O/CO2 notably enhanced 
in-situ reforming of both large and small aromatic ring systems in biomass tar. For 
the experiments in Ar (conditions (A), (B), and (C)), individual tar conversion 
rates were improved by activation by H2O/CO2. For example, phenylethyne conver-
sion increased from 42.27% over pyrolysis biochar to 77.43% over H2O-activated 
biochar and to 49.93% over CO2-activated biochar. However, the magnitude of 
the improvement was limited because of coke formation on the active sites, which 
deactivated the biochar. Thus, continuously supplying gasification agents (H2O 
and CO2 in conditions D and E, respectively) made more complete biomass tar 
conversion possible. For example, reforming in 15 vol.% H2O over H2O-activated 
biochar saw conversion rates of tars with both single aromatic ring structures (e.g., 
phenylethyne and benzofuran) and multiring structures (e.g., 1-methy-naphtha-
lene, 2-methy-naphthalene, and phenanthrene) reach almost 100%. Although tar 
conversion was not completed in the 29 vol.% CO2 atmosphere, it was also notably 
higher than for reforming in Ar over CO2-activated biochar. As mentioned above, 
the gasification agent directly affected gas-phase tar reforming reactions [72], and 
it is likely that H2O/CO2 indirectly affected tar destruction by influencing the bio-
char structure and distribution of AAEM catalysts during the reaction by helping to 
ensure enough active sites on the biochar surface to maintain its catalytic activity.

Figure 11. 
Biomass tar conversion rates (based on tar observed following the treatment without biochar in Ar at 800°C) 
for different reforming conditions: (A) in Ar over pyrolysis biochar; (B) in Ar over H2O-activated biochar; (C) 
in Ar over CO2-activated biochar; (D) in 15 vol.% H2O over H2O-activated biochar; and (E) in 29 vol.% CO2 
over CO2-activated biochar.
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The heterogeneous reforming mechanism of the biomass tar over biochar and in 
the presence of the H2O and CO2 reforming agents at 800°C is shown in Figure 12. 
H2O and CO2 dissociate in space to form a large number of H/O/OH radicals, which 
play an important role in the tar-biochar reforming reaction. Biomass tar, through 
the biochar layer, is adsorbed onto the acid-base active sites (oxygen-containing 
functional groups and AAEM catalysts). The attraction effect of the carbon-rich 
biochar matrix invokes an electron pair shift in the tar molecules (relatively small 
mass), which promotes the tar molecules to break at high temperatures. According 
to the free radical theory [73], the tar adsorbed on the catalyst surface will catalyti-
cally crack to form the corresponding free radicals. The chemical reaction between 
these free radicals may permit new products. H2O and CO2 act as the reforming 
agents in the biochar carbon matrix, resulting in the fragmentation of the smaller 
aromatic rings. The empty active sites, formed by bond cleavage, were gradu-
ally occupied by H/O/OH radicals, forming active groups such as O-containing 
functional groups. In the presence of H2O and CO2, a significant amount of H/O/
OH radicals in the vicinity ingress into the biochar carbon structure. The catalytic 
elements, such as AAEM species migrate at different rates and transformation from 
the carbon matrix onto the gas-solid interface or the gas phase undergoes, as shown 
in Figure 12. As the AAEM species are bonded with the C element on the biochar 
surface by the O element [21], H2O and CO2 react with these C elements on the 
biochar surface resulting in AAEM-O bond cleavage followed by precipitation. The 
valence state of Ca results in a stronger bonding interaction with the biochar when 
compared with K. Additionally, Ca migration and precipitation are more difficult 
than K. When tar adsorbs then cleaves the AAEM-O bond and functional group 
bond on the biochar surface, an aromatic fragmented radical is formed when other 
free radicals are encountered. At the same time, active AAEM species in the vicinity 
will continue to occupy active sites on the tar fragment groups, thereby inhibit-
ing their secondary polymerization. At the same time, the H/O/OH radicals are 
exchanged to the AAEM species, which increases the possibility for the reforming 
of tar macromolecules. After the reaction, gas and light tars (CnHy/CO/H2) were 
formed, thus realizing the H2O or CO2 heterogeneous reforming of biomass tar over 
the biochar catalyst.

Figure 12. 
Heterogeneous reforming mechanism of biomass tar over biochar in the presence of H2O and CO2 at 800°C [52].
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phenylethyne and benzofuran) and multiring structures (e.g., 1-methy-naphtha-
lene, 2-methy-naphthalene, and phenanthrene) reach almost 100%. Although tar 
conversion was not completed in the 29 vol.% CO2 atmosphere, it was also notably 
higher than for reforming in Ar over CO2-activated biochar. As mentioned above, 
the gasification agent directly affected gas-phase tar reforming reactions [72], and 
it is likely that H2O/CO2 indirectly affected tar destruction by influencing the bio-
char structure and distribution of AAEM catalysts during the reaction by helping to 
ensure enough active sites on the biochar surface to maintain its catalytic activity.

Figure 11. 
Biomass tar conversion rates (based on tar observed following the treatment without biochar in Ar at 800°C) 
for different reforming conditions: (A) in Ar over pyrolysis biochar; (B) in Ar over H2O-activated biochar; (C) 
in Ar over CO2-activated biochar; (D) in 15 vol.% H2O over H2O-activated biochar; and (E) in 29 vol.% CO2 
over CO2-activated biochar.

63

Mechanism of In-Situ Catalytic Cracking of Biomass Tar over Biochar with Multiple Active Sites
DOI: http://dx.doi.org/10.5772/intechopen.91380
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the presence of the H2O and CO2 reforming agents at 800°C is shown in Figure 12. 
H2O and CO2 dissociate in space to form a large number of H/O/OH radicals, which 
play an important role in the tar-biochar reforming reaction. Biomass tar, through 
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elements, such as AAEM species migrate at different rates and transformation from 
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surface by the O element [21], H2O and CO2 react with these C elements on the 
biochar surface resulting in AAEM-O bond cleavage followed by precipitation. The 
valence state of Ca results in a stronger bonding interaction with the biochar when 
compared with K. Additionally, Ca migration and precipitation are more difficult 
than K. When tar adsorbs then cleaves the AAEM-O bond and functional group 
bond on the biochar surface, an aromatic fragmented radical is formed when other 
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will continue to occupy active sites on the tar fragment groups, thereby inhibit-
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formed, thus realizing the H2O or CO2 heterogeneous reforming of biomass tar over 
the biochar catalyst.

Figure 12. 
Heterogeneous reforming mechanism of biomass tar over biochar in the presence of H2O and CO2 at 800°C [52].
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4. Conclusions

The tar yield decreases as a function of increasing temperature from 26.18% at 
500°C to 6.38% at 900°C. H2O and CO2 influence significantly the tar homogeneous 
transformations at 700–900°C, while the tar reforming effect of 15 vol.% H2O is 
significantly higher than that of 29 vol.% CO2. H2O and CO2 have obvious effects 
on the transformation of PAHs. H2O and CO2 not only directly affect the tar trans-
formation on biochar but also indirectly influence the reforming of tar through 
changing the structure of biochar catalyst. The formation of additional oxygen-
containing functional groups is strengthened with the concentration of H2O and 
CO2 increasing. During tar heterogeneous reforming over biochar, the transforma-
tion of small aromatic ring systems (3–5 fused rings) to larger aromatic ring systems 
(≥6 fused rings) in the biochar structure is promoted by the increasing concentra-
tion of H2O and CO2. The activation by H2O/CO2 of biochar impacted the biochar 
surface's morphology and distribution of metal species. Activation/gasification 
under a CO2 in an Ar atmosphere produced more micropores, while adoption under 
a H2O in an Ar atmosphere favored the formation of mesopores. With the existence 
of gasification agents, especially for H2O, the simultaneous creation of pore struc-
tures is necessary to maintain biochar's catalytic activity during tar reforming. H2O/
CO2 also indirectly affects tar destruction by influencing the biochar structure and 
distribution of AAEM catalysts, while the reaction is occurring to ensure enough 
active sites on the biochar surface to maintain its catalytic activity. The activation 
and/or activity-maintaining effects of H2O/CO2 can notably enhance the in-situ 
reforming of both large and small aromatic ring systems present in biomass tar.
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Abstract

Biochar represents the rich carbon residues that remains after thermally 
pyrolyzing or liquefying different biomass types in an oxygen-free environment. 
The availability of animal and agricultural wastes makes the biochar a low-cost 
product. It is, as a carbon-rich product, resistant to mineralization and decomposi-
tion. Biochar can be used as a multifunctional material in many applications in the 
environmental and agricultural sectors. Recently, a growing interest for the use of 
biochar in different fields is rising because of its use as a sorbent for organic and 
nonorganic contaminants from aqueous solutions. In this chapter, recent studies on 
pyrochar/hydrochar production, characterization, and phosphate adsorption are 
reviewed and summarized. The remediation technologies for phosphate removal 
from contaminated water using biochar are also discussed. The effects of reaction 
temperature and initial solution pH on phosphate adsorption onto biochar are com-
pared. In addition, we highlighted the models that are used for adsorption kinetics 
and adsorption isotherms.

Keywords: biochar, hydrochar, pyrochar, pyrolysis, hydrothermal carbonization, 
phosphate, filtration

1. Introduction

Phosphorus (P) is an essential nutrient for the growth of plants; however, its 
excessive release into runoff water can impose a danger on environmental health 
[1]. Phosphor soluble in water is present under three forms, ortho-, poly-, and 
organic phosphate. Orthophosphate comprises HPO4

−, H2PO4
2−, H3PO4, and PO4

3− 
which encourages the evolution of aquatic microorganisms and macroorganisms 
leading to eutrophication. Eutrophication is caused by the presence of excessive 
phosphate amounts and has adverse impacts on the water ecosystem. In fact, even 
low amounts of phosphate 0.02 mg/L can cause algae to grow leading to reduced 
oxygen in water that could kill fish and damage wildlife [2]. The municipal sewage 
phosphate concentration is in the 4–15 mg-P/L range, while it exceeds 10 mg-P/L in 
industrial wastewaters. Consequently, phosphate concentration from wastewater 
needs to be reduced prior to the discharge in water bodies. On the other hand, 
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phsophorus is a non-renewable source available in limited quantities in nature with 
Morocco owning approximately 75% of the market [3]. There is an uncertainty 
about the lifetime of the remaining reserves and their accessibility. Studies have 
shown that P reserves are limited and will deplete soon with the increasing use of 
phosphorus as a fertilizer for agronomic production. Thus, it is crucial to develop 
effective phosphate removal technologies from aqueous solution.

Many technologies have been studied for phosphate removal from industrial 
and municipal effluents; these have been categorized into chemical, physical, and 
biological wastewater treatments. Studies have proven the effectiveness of biologi-
cal and chemical treatments. These treatment methods use plants such as algae or 
chemicals such as alum, lime, and ferric salts to remove phosphorus from water 
before discharge into water bodies. Studies have shown that 97% of the total phos-
phorus (TP) could be removed from aqueous solutions with the use of phosphate 
biological treatment methods which does not present the risk of adding chemical 
contaminants to the water. However, the phosphate removal efficiency may be low 
due to its sensitivity to operation conditions [1]. However, other treatment method 
costs remain expensive, and some of them necessitate continuous checking of the 
operating conditions in order to prevent the introduction of new contaminants into 
the water. Thus, developing a cost-effective technology to prevent eutrophication 
and manage phosphorus recovery will prevent the shortage of this important ele-
ment as it can be recycled and reused if it is successfully recovered from wastewater.

Adsorption presents a low-cost and efficient method for phosphorus removal 
due to its cost-effectiveness, accessibility, and performance. However, the high 
cost of traditional adsorbents (e.g., active carbon and anion exchange resins) and 
the difficulty of disposal are problems that limit their use. Thus, researchers study 
the development possibility of low-cost adsorbents that could come from cheap 
and available products such as biomass. Biochar has been studied as a prospective 
adsorbent for its properties including low cost, availability, stability, high porosity, 
and non-costly preparation and upgrading [2]. However, powder carbon-based 
biochars were identified to be difficult to separate from aqueous solutions which 
requires the use of magnetic separation that requires the addition of magnetic iron 
oxide through chemical co-precipitation [4].

Biochar has many advantages over traditional adsorbents such as being environ-
mentally friendly, recyclable, low cost, easy to prepare, and having a high porosity. 
Consequently, researchers have studied the potential application of biochar as a 
phosphate adsorbent from wastewater [5] and its use as a fertilizer for soil quality 
enhancement. However, non-modified biochar with a surface charged negatively 
has a limited adsorption capacity for anionic pollutants which requires impregnat-
ing some metals on the biochar surface (Fe, Mg, Al, etc.) [2]. The preparation 
process of magnetic adsorbents is considered complicated and costly due to the 
complicated steps involved starting by the precursor preparation, oxidation of acti-
vated carbon, and then iron grafting [6]. For this reason, biochar use as a phosphate 
adsorbent from wastewater needs to be examined. Factors affecting the effective-
ness of the anionic pollutant adsorption such as the functional site amount, affinity, 
dispersion, and surface accessibility need to be considered [7]. Some researchers 
studied the phosphate adsorption capacity of modified biochar. Junk et al. prepared 
magnetic biochar by magnesium ferrite impregnation through co-precipitation of 
Mg and Fe and pyrolysis and found to have an adsorption capacity of 487.99 mg P/g 
where P is the symbol of phosphorus [8, 9]. Junk et al. adsorption rate is considered 
among the highest when compared to other biochars adsorption rates 41.16 mg P/g, 
125.40 mg P/g, 135 mg P/g [13, 17, 40]; this is shown later in Section 4 [7].

Other techniques are also employed to improve biochar surface characteristics 
for better adsorption. These treatment methods can be divided into gas phase 
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and liquid phase. Gas phase uses steam or carbon dioxide for achieving physical 
activation, whereas liquid phase uses chemicals [10]. Both liquid phase and gas 
phase treatment methods use activation temperatures higher than 450°C. Chemical 
activation has advantages over physical activation due to its less cost and time along 
with higher char porosity [11].

2. Phosphate in water bodies

P is a vital nutrient for the growth of aquatic organisms, plants, and animals [12, 
13]. It also plays an essential role as a limiting nutrient, preventing the development 
of algae and aquatic plants in the water ecosystem [14]. TP amount needs to be less 
than 0.03 mg/L, while phosphate level between 0.005 and 0.05 mg/L as an exces-
sive amount of phosphate in water bodies causes eutrophication. Eutrophication 
leads to the destruction of water ecosystem including rivers, lakes, and seas causing 
harm to human health and an increase to the water treatment cost [15]. Natural 
phosphate reserves are limited and will be depleted in 50–100 years [16]. Thus, 
phosphorus recovery from phosphate-rich wastewater can simultaneously solve the 
phosphorus depletion issue and improve water quality [17].

3.  Biochar production through pyrolysis and hydrothermal 
carbonization (HTC)

3.1 Biochar production from hydrothermal carbonization

Biomass HTC is performed at temperatures ranging from 160–800°C. It is cat-
egorized into low-temperature reactions (lower than 300°C) and high-temperature 
reactions (300–800°C). During high-temperature HTC, the principal reaction is 
gasification, and the products are gases including hydrogen and methane [18] while 
carbonization takes place at low temperatures. Gasification favors the production of 
methane and hydrogen through

   C  6    H  12    O  6   +  6H  2   O   6CO  2   + 12  H  2     (1)

   C  6    H  12    O  6   3  CH  4   +  3CO  2     (2)

Hydrogen formation is endothermic and methane formation is exothermic. 
Therefore, at high temperatures hydrogen formation exceeds methane as illustrated 
in Figure 1.

Hydrothermal carbonization is used for high moisture content biomass con-
trarily to pyrolysis and gasification that deals with low moisture content biomass 
[19]. Many factors affect the hydrochar characteristics. These include the water-
to-biomass ratio, reaction temperature, residence time, and pressure. Hydrochar 
is defined as the product of HTC reaction and has a 40–70 wt% yield. Hydrochars 
have lower yields but high higher heating value (HHV) than low-temperature 
pyrolysis (LTP) pyrochars [20]. The ultimate analysis confirmed these findings as 
it shows hydrochars having high carbon contents and low oxygen contents than 
pyrochars. Pyrochars have higher yields than hydrochars and thus higher-energy 
yields despite their lower HHVs. This indicates that biomass experienced a deep 
carbonization and decomposition in the LTP process. Oliveira et al. [21] showed 
that deeper carbonization of biochar can be achieved by combining different 
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pyrolysis (LTP) pyrochars [20]. The ultimate analysis confirmed these findings as 
it shows hydrochars having high carbon contents and low oxygen contents than 
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agricultural residues and different types of biomass. The use of lignocellulosic 
residues leads to hydrochars with high-energy yields.

In addition, hydrochars produced good dewatering and drying properties. 
The water involved in the process could be reused which will reduce the envi-
ronmental impact and increase the energy efficiency. Different researchers have 
studied production conditions such as feedstock, temperature, and residence 
time on hydrochar. Sabio et al. [22] reported that the main factors affecting the 
hydrochar solid yield are residence time and temperature. Producing hydrochars 
in the ideal conditions can contribute to promote energy densification (increase 
in HHV).

3.2 Biochar production from biomass pyrolysis

Pyrolysis is used for the conversion of biomass into alternative products such as 
biochar, syngas, and bio-oil in an oxygen-free environment at temperatures ranging 
from 300 to 900°C. There are different types of reactors used to produce biochar 
including pyrolysis rotary drums, paddle pyrolysis kiln, and auger reactor [23].

The rotary drum reactor is considered a reliable system for biochar production. 
The reactor is composed of internal concentric steel tube and a rotary part made of 
insulated mantle. The mantle supports a sequence of radial steel fins and connects 
to the steel tube. Two fixed parts at the rotary end are responsible of the charge 
and the discharge of solid and gaseous products. The biomass moves through the 
carbonization kiln, passes inside the internal concentric tube, and is moved at 
increasing temperatures through various sections. The biomass temperature fumes 
enter the furnace and increase the temperature to 500°C. The carbonization process 
requires heat that is delivered by burning gases and pyrolysis vapors. The process is 
energy independent except the starting phase that uses external combustion. Fumes 
exit the reactor through the chimney while the produced biochar is gathered in a 
stocking silo [24] (Figure 2).

The auger pyrolysis reactor is normally nourished with wood waste by a hop-
per at the retort end. The wood waste is transported through an auger into other 
extremities for carbonization. The vapors and gases are sent to a condenser, and 

Figure 1. 
Different biomass conversion processes overview and vapor-pressure water curve [18].
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the biochar is collected in the retort through a single tube. The main structure at 
the lowest level includes a combustion chamber where carbonization occurs. The 
combustion chamber uses gases to provide heat [24] (Figure 3).

The paddle pyrolysis reactor is a low-temperature gasifier. Its main characteris-
tics is to move and mix biomass increasing the heat transfer on the material surface. 
The system output is biochar and syngas; the reactor has a unique cleanup system to 
produce syngas for downstream applications [24].

Pyrolysis can be divided into two types, slow and fast pyrolysis, based on the 
reaction conditions (heating rate, residence time, pressure, and mainly temperature) 
[25]. Slow pyrolysis is conducted in temperatures ranging from 400 to 600°C and 
is used in applications that seek a high biochar yield and a low bio-oil and syngas 
products including CH4, H2, CO, CO2, and C1–C2 hydrocarbons. The reaction is 
conducted at atmospheric pressure and residence time longer than 1 h at a heating 
rate in the range of 5–7°C/min [25, 26]. These conditions lead to more cracking reac-
tions which decrease the liquid yield and consequently increase biochar yield [27]. 
Slow pyrolysis also called conventional carbonization process produces high biochar 
yields mainly for feedstocks with high ash content, lignin, and particle size [28]. 
Another factor that can contribute to high biochar yield is the increasing particle size 
of the sample.

This is a simple, cost-effective but powerfully built process which is mainly 
applicable to small-scale biochar production farms. On the other hand, fast pyroly-
sis has more opportunities toward increasing bio-oil yield up to 75% from original 

Figure 2. 
Pyrolysis rotary drum [24].

Figure 3. 
Auger reactor [24].
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raw biomass, and in contrast to slow pyrolysis the heating rate is higher than 
200°C/min and residence time less than 10 s which favors the decrease in biochar 
yield [29].

4.  Remediation technologies for phosphate removal in aqueous solutions 
using biochar

Many researchers have explored different paths for phosphate adsorption from 
wastewater. Methods have been studied including solvent extraction, chemical 
precipitation, gravity separation, ion exchange, reverse osmosis, solvent extraction, 
electrodialysis and electrocoagulation, adsorption, and flotation for phosphate 
removal from sewage system [30]. Adsorption is preferred for cost-effectiveness. 
However, waste sludge disposal resulting from adsorption of phosphate from waste-
water is complicated and expensive which hinders the use of adsorption technique 
for phosphate removal in industrial scale.

The use of metal salts has been explored for phosphate removal. Most metals 
have a strong ability to adsorb contaminants using electrostatic attraction between 
the surface charged negatively and the metal ions charged positively [31]. Moreover, 
there is a limitation on transforming agricultural residues to green by-products 
since most farmers burn their crop stalk causing more greenhouse gas emissions 
and harm to the environment. Biochar could be used as a clean environmental 
by-product as it is produced in an oxygen-free environment and can be used for 
different applications [13]. The use of biochar and impregnation of metal oxides 
on its surface for phosphate adsorption was studied as a technique for contaminant 
removal.

Techniques for phosphorus recovery can be categorized as physical (electrodi-
alysis, reverse osmosis, ion exchange) [1], chemical, and biological [32]. Some of 
the mostly used techniques are ion exchange, chemical precipitation, electrocoagu-
lation, chemical precipitation, crystallization, and adsorption. Phosphorus chemi-
cal precipitation can be achieved by the deposition of some metal elements and 
metal oxides. Crystallization can be represented by attractive struvite (magnesium 
ammonium phosphate) which is a white crystal containing important elements 
for the growth of plants. Struvite is composed of Mg, P, and N with equal molar 
concentrations. Struvite can be crystallized and applied to the soil as a fertilizer 
or used for the recovery of phosphorus and nitrogen. However, the economic 
feasibility of struvite precipitation is influenced by the costs of reagents such as 
magnesium. Magnesium sources such as MgO are environmental materials; their 
advantage is the high alkalinity than other alkalis. Alkalinity plays an important role 
in acid neutralization as well as creation of adequate pH region for crystallization. 
The MgO available in the market is a solid mineral which releases low amounts 
of Mg due to slow dissolution [33]. Struvite crystallization can be used for sludge 
anaerobic digestion due to the high concentration of ammonia and phosphorus in 
reactors. Struvite formation formula is

   Mg   2+  +  NH  4  +  +  PO  4  3−  + 6  H  2   O →  MgNH  4    PO  4   6 ( H  2   O)   (3)

The struvite chemical precipitation has high adsorption of soluble phosphate 
80–90% [34]. Struvite precipitation faces challenges in phosphorus recovery 
from wastewater when the phosphorus concentration is below 50 mg/L and the 
suspended solid concentration is higher than 2000 mg/L [35]. Mariana et al. [35] 
suggested the application of struvite precipitation in secondary streams with high 
phosphorus concentrations.

77

Comparative Evaluation of Hydrochars and Pyrochars for Phosphate Adsorption from Wastewater
DOI: http://dx.doi.org/10.5772/intechopen.92612

Adsorption is another attractive technology. It has been well-known for its 
simplicity, low cost, and high adsorption capacity. Different adsorbents have been 
tested for phosphate adsorption from wastewater including activated carbon, 
metal-based materials, and designed engineering particles. These adsorbents have 
shown some drawbacks such as high cost and inefficiency. Thus, increasing interest 
is going to agricultural by-products. During the past several years, research stud-
ies have been done on the removal of contaminants from aqueous solutions using 
biochar. Biochar is considered a potential great adsorbent because of its high ion 
exchange capacity, large surface area, and abundant functional groups. However, 
adsorption of biochar to anion pollutants such as PO43− phosphate anion is limited 
due to the negatively charged surface of biochar and its low anion exchange capac-
ity. Thus, studies suggested that the removal capacity can be improved by using 
chemical co-precipitation to deposit metal element cations (Ca2+, Fe3+, Al3+, Mg2+) 
or metal oxides (CaO, MgO, La2O3, Fe2O3, Al2O3). Metal oxides and elements react 
with oxyanions such as PO4

3−, resulting in improved anion removal rate [36].
Ion exchange is carried to remove certain ions from an aqueous solution. It is 

used for purification of aqueous solutions with the use of polymeric ion exchange 
resin or other materials that have ion exchange properties. Ion exchangers can 
be anion exchangers (exchanging ions charged negatively) or cation exchangers 
(exchanging ions charged positively). Ion exchange is considered a reversible 
process where the ion exchanger could be loaded with appropriate ions through 
washing with these ions excess. Electrostatic attraction is a force that binds particles 
to non-conducting surfaces. Simple Coulombic attraction helps in the attraction 
of charged particles to oppositely charged surfaces. However, both surfaces do not 
need to be charged as particles can be attracted to neutral surfaces [37].

Biochar has been produced from different precursors at different conditions and 
tested in the laboratory to study its adsorption capacity. In recent years, it has been 
noticed a growing interest in converting anaerobic digestion residue to biochar [38]. 
Jiwei et al. [9] produced a MgO-modified biochar using chemical co-precipitation 
of Mg2+ and Fe3+ on biochar from anaerobic digestion residue. The modified biochar 
was pyrolyzed at different temperatures and tested for phosphate removal from 
aqueous solution. The modified biochar reached its maximum phosphate adsorp-
tion capacity of 149.25 mg/g. The influence of reaction parameters on adsorption 
was also investigated, including temperature, solution pH, phosphate concentra-
tion, and coexisting anions. Ci et al. [39] used corn biochar with impregnated 
magnesium for phosphate adsorption. The biochar was pyrolyzed at 300, 450, 
and 600°C and dipped in MgCl2 and pyrolyzed again under same conditions. The 
maximum phosphate adsorption using the Langmuir-Freundlich model is 239 mg/g.

The biochar produced from anaerobic digested sugar beet tailing has been 
studied as a phosphate adsorbent from wastewater. Yao et al. [1] indicated that MgO 
particles present on the biochar surface allow better phosphate ion adsorption of 
133.08 mg/g according to the Langmuir model. However, the anaerobic digestion of 
biochar makes it more costly as anaerobic digestion requires more time and control 
of the reactions.

Ningyuan et al. [13] prepared a wheat straw biochar impregnated with Bismuth 
at 400, 500, and 600°C for application in wastewater. The bismuth impregnation 
increased the specific surface area and micropores which played the role of adsorp-
tion sites for phosphorus. Bismuth biochars showed high phosphate sorption ability 
to phosphate with maximum P adsorption capacity of 125.40 mg/g. Hui et al. [17] 
prepared a hydrochar composite by hydrothermal carbonization of tobacco stalk. 
The hydrochar composite was prepared by adding the prepared feedstock to metal 
solution containing AlCl3 and MgCl2 and then putting the solution in autoclave at 
180°C for 12 h. However, the highest P adsorption observed is 41.16 mg P/g at 45°C 
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adsorption reaction time. Ming et al. [40] produced a biochar composite mate-
rial which linked biochar with AlOOH nanoparticles. The biochar was produced 
through a slow pyrolysis of AlCl3

− pretreated biomass at 600°C. The characteriza-
tion of the AlOOH biochar showed a uniform presence of AlOOH particles on 
biochar surface according to scanning electron microscope (SEM) studies. The 
Langmuir maximum capacity best describes phosphate adsorption isotherm data to 
be around 135 mg/g. This makes the biochar/AlOOH nanocomposite a very com-
petitive and efficient adsorbent that can be used in the recovery of phosphate from 
polluted water.

Jung et al. [41] used a dried microalga as a feedstock to prepare a Mg-Al-
assembled biochar. The biochar was prepared using an electro-assisted modifica-
tion method by dipping the microalgae in MgCl2 solution with MgCl2 acting as an 
electrolyte. The solution pH was adjusted to 3 using NaOH solutions and 0.5 M 
H2SO4, and a current density was applied to the solid sample that was pyrolyzed at 
600°C for 1 h at 5°C/min rate. This method reported the highest adsorption capacity 
of 887 mg/g according to the Langmuir-Freundlich model. Same authors [42] used 
the same electrochemical modification with changes in parameters such as using 
MgO nanocomposites instead of Mg-Al [41], resulting in a maximum adsorption 
capacity of 620 mg P/g.

5. Factors impacting phosphate adsorption

5.1 Influence of temperature

Liu et al. prepared a modified biochar using anaerobic digestion residue by 
chemical co-precipitation of Mg2+/Fe3+. Pyrolysis was performed at temperatures 
500, 600, 700, and 800°C. Figure 4 shows the effect of pyrolysis temperature on 
phosphate adsorption capacity. The maximum adsorption capacity on modified 
biochar is achieved at 600°C and adsorption decreases at 700 and 800°C. This could 
be explained by the disintegration of the carbon skeleton, the drop in functional 
groups, and reduction in surface area. It could also be explained by the pores’ 
blockage due to their softening, carbonization, and melting during high pyrolysis 
temperatures [43].

On the other hand, there is no clear impact of the change of temperature on 
phosphate adsorption from wastewater. Figure 5 shows no clear trend on phosphate 
adsorption with increasing hydrochar temperature for different tested feedstocks 
(W wood, D digested, and M Miscanthus).

5.2 Influence of pH

The influence of pH changes on P adsorption from aqueous solutions and 
wastewaters varies slightly between studies. Ci et al. [39] used magnesium-
modified corn biochar for phosphorus removal from swine wastewater. Their 
study investigated the impact of initial solution pH on phosphate adsorption. 
Figure 6(a) shows that Mg-impregnated biochar adsorption increases as pH 
increases from 6 to 10. The adsorption reached its maximum at pH 9 and then 
dropped at 10. The non-modified biochar is not significantly impacted by the 
change in pH as it increases from 6 to 10, aside from a slight decrease in phosphate 
adsorption starting at pH 9. The non-modified biochar adsorption capability 
relied on the physical structure including the surface area, distribution and 
quantity of mesoporous structures, and organic functional groups. However, 
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Mg-modified biochar adsorption relies on both chemical and physical properties. 
P is considered as a ternary acid with the following ionization constants 2.15, 7.20, 
and 12.33. At an acidic solution environment (pH < 6), there is a low interaction 
between Mg biochar and P. H2PO4

− is the superior in solution form at a pH above 
6 and below 7.21, while HPO4

2− is the superior in solution form at a pH above 7.21 
and below 9. P adsorption increased with increasing chemical action, while it 
can decrease as adsorption sites are used. At pH between 9 and 10, P adsorption 
decreases as OH- competes with PO4

3− on adsorption sites. The highest P adsorp-
tion amount by Mg/biochar is 239 mg/g [39].

On the other hand, Li et al. [2] found that phosphate adsorption continu-
ously decreased when pH moved from 3.0 to 10.9 (Figure 6(b)). Other authors 
also reported that better adsorption is favored at lower pH for some adsorbents 
with metal oxides [11, 45]. The properties of the biochar and phosphate species 
distribution can explain the negative impact of the increase in pH on phosphate 
adsorption. At low pH levels, biochar has a more phosphate adsorption capacity. 

Figure 4. 
The pyrolysis temperature influence on P adsorption on biochar and Mg/biochar [9].

Figure 5. 
The pyrolysis temperature influence on P adsorption on pyrochar and hydrochar adsorption [44].
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Mg-modified biochar adsorption relies on both chemical and physical properties. 
P is considered as a ternary acid with the following ionization constants 2.15, 7.20, 
and 12.33. At an acidic solution environment (pH < 6), there is a low interaction 
between Mg biochar and P. H2PO4

− is the superior in solution form at a pH above 
6 and below 7.21, while HPO4

2− is the superior in solution form at a pH above 7.21 
and below 9. P adsorption increased with increasing chemical action, while it 
can decrease as adsorption sites are used. At pH between 9 and 10, P adsorption 
decreases as OH- competes with PO4

3− on adsorption sites. The highest P adsorp-
tion amount by Mg/biochar is 239 mg/g [39].

On the other hand, Li et al. [2] found that phosphate adsorption continu-
ously decreased when pH moved from 3.0 to 10.9 (Figure 6(b)). Other authors 
also reported that better adsorption is favored at lower pH for some adsorbents 
with metal oxides [11, 45]. The properties of the biochar and phosphate species 
distribution can explain the negative impact of the increase in pH on phosphate 
adsorption. At low pH levels, biochar has a more phosphate adsorption capacity. 

Figure 4. 
The pyrolysis temperature influence on P adsorption on biochar and Mg/biochar [9].

Figure 5. 
The pyrolysis temperature influence on P adsorption on pyrochar and hydrochar adsorption [44].
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In a study by Li et al [2], phosphate existed in two forms,   HPO  4  2−   and   H  2    PO  4  −   over 
pH from 3 to 10.9. At lower initial pH, Mg and Fe oxides impregnated on biochar 
react with the solution to become FeOH+ and MgOH+ protons which can increase 
the pH of the solution. Those protons can interact with the anions   HPO  4  2−   and   H  2    
PO  4  −   in an electrostatic interaction process resulting in better phosphate adsorp-
tion. The increasing pH would transform the surface to negatively charged which 
can cause an electrostatic repulsive interaction between phosphate anions and the 

Figure 6. 
The pH influence on P adsorption on biochar [2, 9, 39]. (a) effect of solution pH on the P adsorption of Mg 
modified corn biochar, (b) effect of solution pH on the P adsorption of Mg modified sugar cane harvest residue 
biochar, (c) effect of solution pH on the P adsorption of Mg modified anaerobic digestion residue biochar.
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surface [46]. A similar effect was observed by Liu et al. [9] who prepared a MgO-
modified biochar and studied the pH effect on phosphate adsorption. Figure 6(c) 
shows that adsorption capacity increased from pH 1 to 3 and decreased from 3 to 
11. The surface property is directly related to phosphate adsorption at different pH 
according to Li et al. [2]. As shown in Figure 4(c), phosphate exists in different 
forms including H3PO4, H2PO4

−, HPO4
2−, and H2PO4

− attached better to a MgO-
modified biochar in the pH ranges because it has lower free energy which resulting 
in higher adsorption in the pH range 2.15–7.21.

5.3 Characteristics of adsorbed surfaces

Biochar has different components: fixed carbon, labile carbon, moisture, 
volatiles, and ash content. The chemical environment of the carbon in the biochar 
is changed during the heating process allowing the production of aromatic struc-
tures that could resist microbial decomposition. Consequently, there is a stability 
in biochar C compounds for long periods of time that could reach thousands of 
years. The biochar skeletal structure consists of different pore size minerals and 
carbon. Micropores control high adsorption capacity and surface area, while 
mesopores control liquid-solid adsorption processes and macropores are respon-
sible for the movement of roots, hydrology, aeration, and bulk soil structure. 
The biochar feedstock and pyrolysis temperature are directly responsible for the 
pattern and pore size. SEM is used to determine the biochar pore size distribution 
and morphology. Biochar porous structure is composed of aromatic compounds 
in addition to functional groups coming from lignin biomass production. This 
porous structure serves as channels for the flow of nutrients in solutions such as 
soil solutions [47].

During pyrolysis, O and H are lost to water followed by the formation of tar-
rich vapors and hydrocarbons and gases (H2, CO, and CO2) [48]. During pyrolysis, 
some inorganic compounds volatilize while the major part does not as it takes 
part of the biochar surface. At low temperatures, N present in biomass, Cl, and k 
vaporize. At high temperatures, Mg, Si, and Ca are released while Mn, S, P, and Fe 
are retained in biochar. At pyrolysis temperature higher than 300°C, the biochar 
cross section appears as graphene sheets. The graphene is described as a polyaro-
matic, monolayer carbon atom structure produced at temperature 250–550°C, 
with high breakage resistance, stability index, and electrical conductivity [49]. 
Aromatic C-containing groups are dominant in biochars produced at temperatures 
350°C and above; these are efficient adsorbents for hazardous molecules and heavy 
metals. P, S, H, N, and O related to the aromatic rings control the biochar elec-
tronegativity, which has a big influence on cation exchange capacity. The biochar 
surface charge contributes to the biochar interaction with its environment (soil, 
water, organic matter) [47].

At pyrolysis above 900°C, biochar surface is deformed as walls separating 
adjacent pores are destructed causing a widening in the micropores. Moreover, high 
pyrolysis temperature decreases the amount of volatile matter in the biochar and 
also its particle size. This results in a higher amount of graphene layers, which leads 
to an increase in the solid density. Overall, biochar properties depend on parameters 
such as heating rate, pyrolysis temperature, furnace residence time, and type of 
pyrolytic reactor of feedstock. Biochar derived from animal manure has more N 
than plant-derived biochar. On the other hand, plant-derived biochar has a more 
organized pore structure and was tested as a good-quality fertilizer and good heavy 
metal adsorbent [50]. The biochar efficiency is impacted when fungi, bacteria, or 
others enter the pores. The pores get clogged and the biochar adsorption capacity 
decreases leading to the deactivation of biochar [47].
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cross section appears as graphene sheets. The graphene is described as a polyaro-
matic, monolayer carbon atom structure produced at temperature 250–550°C, 
with high breakage resistance, stability index, and electrical conductivity [49]. 
Aromatic C-containing groups are dominant in biochars produced at temperatures 
350°C and above; these are efficient adsorbents for hazardous molecules and heavy 
metals. P, S, H, N, and O related to the aromatic rings control the biochar elec-
tronegativity, which has a big influence on cation exchange capacity. The biochar 
surface charge contributes to the biochar interaction with its environment (soil, 
water, organic matter) [47].

At pyrolysis above 900°C, biochar surface is deformed as walls separating 
adjacent pores are destructed causing a widening in the micropores. Moreover, high 
pyrolysis temperature decreases the amount of volatile matter in the biochar and 
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such as heating rate, pyrolysis temperature, furnace residence time, and type of 
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than plant-derived biochar. On the other hand, plant-derived biochar has a more 
organized pore structure and was tested as a good-quality fertilizer and good heavy 
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others enter the pores. The pores get clogged and the biochar adsorption capacity 
decreases leading to the deactivation of biochar [47].
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6. Adsorption kinetic, isotherm, and thermodynamics

6.1 Adsorption kinetics

Researchers use adsorption kinetics to study phosphate adsorption over time, 
in terms of solute uptake rate, considered an important characteristic defining 
adsorption efficiency. Solute uptake by biochar can be calculated by the difference 
between the initial and final quantities of the solute (phosphate) concentration in 
the solution (mg/L) using

  Q = V  ( C  0   −  C  f  )  / M  (4)

where M is the mass of the biosorbent (biochar) in g, V is the solution volume 
(mg/L), and C0-Cf represents the difference between the initial and equilibrium 
solute concentrations (mg/L) [40, 46, 51–53].

The behavior of biochar can be examined by studying phosphate adsorption 
kinetics. For that, experimental kinetics are calculated using mathematical models 
which are listed below; all these models were tested by [54]

     dq  t   _ dt   =  k  1   ( q  e   −  q  t  ) , first − order  (5)

     dq  t   _ dt   =  k  2     ( q  e   −  q  t  )    2 , second − order  (6)

     dq  t   _ dt   =  k  n     ( q  e   −  q  t  )    N , N _ th − order  (7)

     dq  t   _ dt   = α exp  (−  𝛽𝛽q  t  ) , Elevich  (8)

where k1 represents the first-order, k2 is the second-order, and kn is Nth-order 
apparent adsorption rate constants in (h−1, kg/mg h, and kgNmg−Nh−1). For the 
Elevich model, α represents the initial adsorption rate (mg/kg), and β denotes the 
desorption constant (mg/kg). qe characterizes the amount of phosphate adsorbed at 
equilibrium, and qt is the phosphate adsorbed at time t, in (mg/kg). First-order, sec-
ond-order, and Nth-order characterize the solid solution kinetics system based on 
mononuclear, binuclear, and N nuclear adsorption, respectively. The Elevich model 
is used if the researchers would like to consider desorption in their calculations.

Krishnan et al. [11] used pseudo-second order to study phosphate adsorption on 
modified coir pith at different initial phosphate solution concentrations over time. 
Figure 7 shows that the initial phosphate adsorption rate increases with an increase 
in phosphate concentration. This can be explained by the increase in covalent inter-
actions of the adsorbent with phosphate H2PO4

−. Similar conclusions are also drawn 
by [55]. Zhang et al. performed kinetic studies using all the described models above 
and found the best fit to be the first-order model as shown in Figure 8 [40].

6.2 Adsorption isotherms

The following isotherms are used to simulate biochar phosphate adsorption 
[1, 40, 46, 52, 53]:

   q  e   =   KQ  C  e   _ 1 + K  C  e  
  , Langmuir  (9)
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   q  e   =  K  f    C  e  n  Freundlich  (10)

   q  e   =   KQ  C  e  n  _ 
1 +   KC  e     n 

   Langmuir − Freundlich  (11)

where K represents the Langmuir bonding term for energy interactions (L/mg) 
and Kf represents the Freundlich affinity coefficient in mg(1−n)Lnkg−1. Ce symbol-
izes the equilibrium solution concentration of sorbate (mg L−1). Q represents the 
Langmuir maximum capacity (mg kg−1). The Langmuir model assumes homog-
enous surface and monolayer adsorption on its surface without molecule interac-
tions, while Freundlich and Langmuir-Freundlich models are empirical equations 
which describe the adsorption on heterogeneous equations.

Figure 7. 
Pseudo-second-order kinetic plots for phosphate adsorption on coir pith iron-modified biochar at different 
initial concentrations [11].

Figure 8. 
Adsorption kinetic for phosphate on biochar/AlOOH nanocomposite [40].
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Figure 10. 
Adsorption isotherm for phosphate adsorption onto biochar AlOOH nanocomposite [40].

Yao et al. [1] used these models to draw adsorption isotherm for phosphate on 
anaerobically digested sugar beet tailings. Figure 9 shows that all models repro-
duced isotherm data correctly with correlation coefficients of 0.95. The highest 
adsorption capacity is presented by the Langmuir model at 133,085 mg/kg, while 
Freundlich and Langmuir-Freundlich models gave a better fit to the experimental 
data. It indicates that phosphate adsorption onto the biochar was determined by 
heterogeneous processes.

Zhang et al. [40] ran isotherm models of phosphate adsorption on biochar and 
found that both Freundlich model and Langmuir model described the isotherm 
data well, while the Freundlich model had a better fit for the data as shown in 
Figure 10. The maximum adsorption capacity was 135,000 mg/kg according to the 
Langmuir model.

Figure 9. 
Adsorption isotherm for phosphate on biochar [1].
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7. Conclusion

Biomass conversion into pyrochar and hydrochar has seen a growing interest 
in the last years because of its use in different applications including phosphate 
adsorption from wastewater. Biochar has economic and sustainability benefits. 
In this chapter, an overview of hydrochar and pyrochar production techniques in 
addition to the application of biochar for phosphate adsorption from wastewater is 
discussed. Biochar needs to have adequate properties to be applied for phosphate 
adsorption from wastewater. Several factors influence the biochar properties 
including feedstock, pyrolysis temperature, solution pH, modification techniques, 
and treatment conditions. Studies have suggested that magnetic biochar has better 
adsorption properties than non-magnetic biochar. The biochar adsorption mecha-
nisms are explained including ion exchange, electrostatic attraction, and chemical 
precipitation. Overall, biochar was proven to offer good phosphate adsorption rate 
along with environmental advantages such as low carbon emissions and renew-
ability. However, further life cycle assessment studies of biochar with an evaluation 
of its economic benefits and environmental impacts are necessary for long-term 
applications.
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Chapter 6

Biochar Application for Improved 
Resource Use and Environmental 
Quality
Stephen Yeboah, Patricia Oteng-Darko, Joseph Adomako  
and Abdul Rauf Alhassan Malimanga

Abstract

Agroecosystems have become very important not only for their role in achieving 
food security but also in mitigation of greenhouse gas emissions. This agro-ecologi-
cal function has become very important since society expects agriculture to be more 
sustainable, by decreasing fertilizer inputs while reducing greenhouse gas emission. 
Mitigation measures to reduce net GHG emissions include increasing soil C seques-
tration by reduced tillage, biochar and straw application, and increased crop-use 
efficiency of fertilizer-N. An adequate management of soils and crops could result 
in a reduction of GHG emissions through complex interactive factors. However, 
which factors are mainly responsible for the differences in emissions across soil and 
environment type remain unclear and the mechanism underlying GHG emissions 
are complex. It is therefore imperative to determine how biochar could mitigate 
greenhouse gas emissions without adverse effect on crop yield. This chapter will 
predominantly review biochar application for improved resource use and reduce 
greenhouse gas emission in sub-Saharan Africa, except in some cases where specific 
mechanisms have been elucidated in other regions. We consider future perspec-
tives on whether biochar application offers economic opportunities for smallholder 
farmers in developing countries, with a particular focus on Ghana. These issues 
provided the motivation for this chapter.

Keywords: biochar, greenhouse gas, resource use, crop productivity, soil quality

1. Introduction

Global demand for food will increase during the coming decades, yet agricul-
tural systems are already strained across the globe. The agricultural systems are 
either too extensive or intensive, which is a threat to sustainable food production. 
Agriculture is also both a major contributor to greenhouse gas emission (GHG) 
and very susceptible to climate change. This increases the urgency for making 
agriculture climate smart, both through adaptation and mitigation by reducing 
GHG emissions. At the same time, arable land and other production resources are 
limited, and area expansion for food production is not desirable. Increasing the 
overall production of agricultural productivity without further increase of the area 
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used for food production or its environmental footprint in a climate smart way is 
therefore essential. This means that food production and the type of food produced 
has to change to conform to good practices.

Sustainably producing sufficient, safe, and nutritious food implies that we 
should focus on increasing the efficiency along the production chain and across 
multiple resources (including land, water, nutrients, energy, labor) and recapturing 
waste into useful resource such as fertilizer and pesticides. This requires a radical 
change from the traditional linear “take-make-use-waste-recycle production model 
toward a sustainable production system with optimal use of resources and full reuse 
of wastes as shown in Figure 1.

Biochar is a carbon-rich residue that is important for an optimal use of resources 
with a focus on the lowest footprint per unit of quality food. Biochar is a recalcitrant 
source of C, which when applied to the soil slows down the turnover of native SOC, 
enhances the use efficiency of applied fertilizer-N, and therefore, reduces fertilizer-
induced GHG emissions [1]. The soil incorporation of crop residues, particularly 
with high C/N ratio, improves soil organic C levels, enhances biological activity, 
and increases nutrient availability [2]. Recalcitrant C-rich biochar is a suitable 
means to mitigate climate change and improve soil fertility [3] and crop productiv-
ity [4]. These functions of biochar are collaborated by Yeboah et al., who reported 
improved soil organic carbon and moisture when biochar was applied in semi-arid 
Loess plateau of China. However, the effects have been shown to vary depending 
upon the type of biochar used and the environmental and soil conditions under 
which the material is applied.

These responses have limited widespread use of such management practices 
on cropping lands. Varied results have been obtained depending on soil and envi-
ronmental conditions under which the technology is applied. The research results 
achieved are very diverse, and it is credible that the application of sustainable soil 
management technologies such as biochar, residue, and farmyard manure could 
imply higher yields of crops and lower greenhouse gas emissions compared to 
conventional agricultural practices. In addition, application of these technologies as 
a GHG mitigation strategy requires the understanding of the mechanism underly-
ing the production of the greenhouse gas emission and developing the necessary 

Figure 1. 
Production system with recycling. Authors’ personal communication.
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component technologies to reduce the emissions without confounding effect on the 
agricultural yields. We consider future perspectives on whether biochar application 
offers economic opportunities for smallholder farmers in developing countries 
by considering the case study of Ghana. These issues provided motivation for 
this chapter.

2. Biochar for C-use efficiency

It is well known that the global atmospheric concentrations of the major green-
house gases (GHGs) have been increasing [5], the largest coming from agriculture 
and land-use changes like urbanization and industrialization. This is an impor-
tant issue in agriculture, both because of the impacts on agricultural production 
and agriculture being a major contributor to buildup of greenhouse gases in the 
atmosphere [4]. But net GHG emissions from farming-related activities can be 
reduced by increasing carbon (C) sequestration in soil and crop biomass. Current 
increases in atmospheric GHG levels require that novel approaches are undertaken 
to mitigate impacts of climate change, such as management practices conducive to 
improved soil C sequestration [6]. Recently, different means have been proposed to 
increase soil C in soil and thus decrease CO2 emission. One such mitigation strategy 
is to sequester atmospheric CO2 captured through photosynthesis in biomass and 
convert into a more stable form of carbon called biochar.

The sequestration of C and N in soils could be achieved through the adoption of 
crop residue retention. In drylands, the application of crop residues, among other 
measures, is recommended for the management of soil organic matter [7]. The 
application of biochar plays a dual role of sequestrating organic C and enhancing 
soil productivity [8], mainly because biochar contains high C content and could 
protect organic C from utilization. A similar result was found by Yeboah et al. [4] as 
shown below (Figure 2).

The significance of retaining crop residues was emphasized in the study by the 
difference of organic C between the organic amended soils. The authors attributed 
the increased C content in soil to its high C content and the fact that biochar could 
slow down organic C utilization by microbes. The higher organic C produced by 
the biochar-treated soils could be related to its ability to stabilize the native carbon 

Figure 2. 
Soil C balance under different treatments. Data replotted from [4] thesis, unpublished.
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induced GHG emissions [1]. The soil incorporation of crop residues, particularly 
with high C/N ratio, improves soil organic C levels, enhances biological activity, 
and increases nutrient availability [2]. Recalcitrant C-rich biochar is a suitable 
means to mitigate climate change and improve soil fertility [3] and crop productiv-
ity [4]. These functions of biochar are collaborated by Yeboah et al., who reported 
improved soil organic carbon and moisture when biochar was applied in semi-arid 
Loess plateau of China. However, the effects have been shown to vary depending 
upon the type of biochar used and the environmental and soil conditions under 
which the material is applied.

These responses have limited widespread use of such management practices 
on cropping lands. Varied results have been obtained depending on soil and envi-
ronmental conditions under which the technology is applied. The research results 
achieved are very diverse, and it is credible that the application of sustainable soil 
management technologies such as biochar, residue, and farmyard manure could 
imply higher yields of crops and lower greenhouse gas emissions compared to 
conventional agricultural practices. In addition, application of these technologies as 
a GHG mitigation strategy requires the understanding of the mechanism underly-
ing the production of the greenhouse gas emission and developing the necessary 

Figure 1. 
Production system with recycling. Authors’ personal communication.
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component technologies to reduce the emissions without confounding effect on the 
agricultural yields. We consider future perspectives on whether biochar application 
offers economic opportunities for smallholder farmers in developing countries 
by considering the case study of Ghana. These issues provided motivation for 
this chapter.

2. Biochar for C-use efficiency

It is well known that the global atmospheric concentrations of the major green-
house gases (GHGs) have been increasing [5], the largest coming from agriculture 
and land-use changes like urbanization and industrialization. This is an impor-
tant issue in agriculture, both because of the impacts on agricultural production 
and agriculture being a major contributor to buildup of greenhouse gases in the 
atmosphere [4]. But net GHG emissions from farming-related activities can be 
reduced by increasing carbon (C) sequestration in soil and crop biomass. Current 
increases in atmospheric GHG levels require that novel approaches are undertaken 
to mitigate impacts of climate change, such as management practices conducive to 
improved soil C sequestration [6]. Recently, different means have been proposed to 
increase soil C in soil and thus decrease CO2 emission. One such mitigation strategy 
is to sequester atmospheric CO2 captured through photosynthesis in biomass and 
convert into a more stable form of carbon called biochar.

The sequestration of C and N in soils could be achieved through the adoption of 
crop residue retention. In drylands, the application of crop residues, among other 
measures, is recommended for the management of soil organic matter [7]. The 
application of biochar plays a dual role of sequestrating organic C and enhancing 
soil productivity [8], mainly because biochar contains high C content and could 
protect organic C from utilization. A similar result was found by Yeboah et al. [4] as 
shown below (Figure 2).

The significance of retaining crop residues was emphasized in the study by the 
difference of organic C between the organic amended soils. The authors attributed 
the increased C content in soil to its high C content and the fact that biochar could 
slow down organic C utilization by microbes. The higher organic C produced by 
the biochar-treated soils could be related to its ability to stabilize the native carbon 

Figure 2. 
Soil C balance under different treatments. Data replotted from [4] thesis, unpublished.
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and recalcitrant to microbial decomposition. The resistance of biochar to microbial 
decomposition is dependent on its chemical composition resulting from the heat 
treatment and properties of the initial biomass [8]. There is consensus that biochars 
produced at higher temperatures contain more aromatic structures, which confer 
intrinsic recalcitrance. Due to its high surface area and porosity, biochar may also 
stabilize native SOC by reducing microbial activity as reported by several other 
researchers [7, 8].

Biochar amendment could exert high carbon recalcitrance against microbial 
decay, which in turn may reduce emission of GHGs. However, the effect of biochar 
on carbon emissions in soils are very complex and changes in emissions can be a 
response of diverse mechanisms. It is believed that biochar amendment affects CO2 
emissions by changing the characteristics of the soil and of the microbial diversity 
[8]. The increase in soil microbial biomass could be due to the increased C-use 
efficiency following the accumulation of soil organic C and microbes on the biochar 
surface. This is possible since crop residues serve as a precursor of the soil organic C 
pool, and returning more crop residues to the soil in the form of biochar is associ-
ated with increases in organic C concentration [2]. This function is particularly 
important in the stressful environment like water- and nutrient-limited conditions 
where the factors that limit yields of global agriculture production are many.

3. Biochar increases crop productivity

The challenge of meeting the demand for food has received great attention 
worldwide. The current increases in food production in the last four decades may 
be due to increased N fertilization and area of cultivation. However, the increased 
utilization of agricultural lands including the indiscriminate use of N fertilizer has 
resulted in negative effects on agriculture, socio-economic and environmental qual-
ity such as global warming [9]. Agricultural and environmental sustainability issues 
have stimulated attempts to increased crop yields while decreasing N fertilization. 
The potential to increase C inputs to soils is associated with high yield agriculture. 
It is within this framework that the ability to develop and implement innovative soil 
management practices becomes a key to improving the productive capacity of soils. 
This will enhance the resilience of the agroecosystem which is a key priority to crop 
production.

Aside the carbon sequestration potential of biochar amendment to agricultural 
soils, the production of biochar and its application to soil will deliver immediate 
benefits through increased crop production [10]. Biochar additions to agricultural 
fields are expected to increase yields [11] and reduce loss of nutrients [10]. A 
reduced number of studies have examined application of different carbon sources 
and patterns on crop productivity of loess soils.

In a study by Yeboah et al. [4], the greatest grain yield of spring wheat was 
recorded on biochar-treated soils and the lowest on soils without carbon amend-
ment (Figure 3).

Yield increases with biochar application have been documented in controlled 
environments as well as in the field [7, 11], and several underlying mechanism have 
been attributed to this phenomenon. Bruun et al. [12] noted that improvements to 
the habitat for beneficial soil microbes are the most likely causes of productivity 
improvements associated with the application of biochar. However, other authors 
[9, 13] have reported that when biochar and inorganic fertilizers are applied 
together, an increased nutrient supply to plants may be the most important factor 
in increasing crop yields. The mechanism may be complex but the effect of biochar 
on soil quality could be prominent in influencing yield. It is therefore opined that 
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improved crop yields in biochar amended study could be attributed to increased 
nutrient availability through enhanced soil quality. Our study evidenced a positive 
effect of biochar amendment on soil quality and spring wheat yield consistent 
over 3 years.

Such sustainable increasing effect could also be supported by other field experi-
ments on dry croplands. Steiner et al. [14] reported cumulative yield increases 
of rice and sorghum in Brazil after four cropping seasons when 11 t ha−1 biochar 
made from rice straw was applied. Steiner et al. [14] found increased maize yield 
after three repeated maize stubble biochar applications of 7 t ha−1 of over 2 years. 
However, Asai et al. [15] reported a decreased grain yield following the application 
of biochar amendment without N fertilization in a soil that had poor N availability.

4. Biochar for mitigating greenhouse gas emissions

In an effort to reduce the concentrations of greenhouse gases (GHGs) in the 
atmosphere in order to reduce the potential effects, considerable attention has 
been paid to soil management practices. According to Snyder et al. [16], improv-
ing cropland management practices such as reduced tillage and residue retention 
has the potential to reduce agricultural greenhouse gas emission irrespective of 
type of cultivation. Recent increases in atmospheric GHG levels require that novel 
approaches are undertaken to mitigate impacts of climate change, such as manage-
ment practices conducive to improved soil C sequestration [17]. Nitrogen fertiliza-
tion and crop residue retention play a major role in GHG emission. Soil carbon 
sequestration through the application of recalcitrant C-rich biochar is mentioned as 
a suitable means to mitigate climate change.

A number of mechanisms have been proposed in the literature to explain the 
effect of biochar amendment on soil N2O emissions, with limited amounts of 
evidence to support them. Since biochar has significant impact on soil environment 
and affects many soil parameters, such as pH or the availability of soil miner-
als, it is very likely that biochar will have significant effects on the production of 
N2O. Diverse studies confirm this—most of them reporting reduced N2O emissions 
from soil following biochar application [18], similar effect in the field [19], and no 
suppression of soil N2O emissions [20]. Biochar amendment has been observed to 
modify soil physical properties such as reduced soil bulk density or increased water 
holding capacity, therefore increasing soil aeration. This may lead to lower soil 
N2O emissions as soil aeration influenced both nitrifier and denitrifier activity. By 
changing the physical properties of the soil, biochar may suppress N2O production 

Figure 3. 
Effect of different carbon sources on grain yield of spring wheat. Data replotted from [4].
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and recalcitrant to microbial decomposition. The resistance of biochar to microbial 
decomposition is dependent on its chemical composition resulting from the heat 
treatment and properties of the initial biomass [8]. There is consensus that biochars 
produced at higher temperatures contain more aromatic structures, which confer 
intrinsic recalcitrance. Due to its high surface area and porosity, biochar may also 
stabilize native SOC by reducing microbial activity as reported by several other 
researchers [7, 8].

Biochar amendment could exert high carbon recalcitrance against microbial 
decay, which in turn may reduce emission of GHGs. However, the effect of biochar 
on carbon emissions in soils are very complex and changes in emissions can be a 
response of diverse mechanisms. It is believed that biochar amendment affects CO2 
emissions by changing the characteristics of the soil and of the microbial diversity 
[8]. The increase in soil microbial biomass could be due to the increased C-use 
efficiency following the accumulation of soil organic C and microbes on the biochar 
surface. This is possible since crop residues serve as a precursor of the soil organic C 
pool, and returning more crop residues to the soil in the form of biochar is associ-
ated with increases in organic C concentration [2]. This function is particularly 
important in the stressful environment like water- and nutrient-limited conditions 
where the factors that limit yields of global agriculture production are many.

3. Biochar increases crop productivity

The challenge of meeting the demand for food has received great attention 
worldwide. The current increases in food production in the last four decades may 
be due to increased N fertilization and area of cultivation. However, the increased 
utilization of agricultural lands including the indiscriminate use of N fertilizer has 
resulted in negative effects on agriculture, socio-economic and environmental qual-
ity such as global warming [9]. Agricultural and environmental sustainability issues 
have stimulated attempts to increased crop yields while decreasing N fertilization. 
The potential to increase C inputs to soils is associated with high yield agriculture. 
It is within this framework that the ability to develop and implement innovative soil 
management practices becomes a key to improving the productive capacity of soils. 
This will enhance the resilience of the agroecosystem which is a key priority to crop 
production.

Aside the carbon sequestration potential of biochar amendment to agricultural 
soils, the production of biochar and its application to soil will deliver immediate 
benefits through increased crop production [10]. Biochar additions to agricultural 
fields are expected to increase yields [11] and reduce loss of nutrients [10]. A 
reduced number of studies have examined application of different carbon sources 
and patterns on crop productivity of loess soils.

In a study by Yeboah et al. [4], the greatest grain yield of spring wheat was 
recorded on biochar-treated soils and the lowest on soils without carbon amend-
ment (Figure 3).

Yield increases with biochar application have been documented in controlled 
environments as well as in the field [7, 11], and several underlying mechanism have 
been attributed to this phenomenon. Bruun et al. [12] noted that improvements to 
the habitat for beneficial soil microbes are the most likely causes of productivity 
improvements associated with the application of biochar. However, other authors 
[9, 13] have reported that when biochar and inorganic fertilizers are applied 
together, an increased nutrient supply to plants may be the most important factor 
in increasing crop yields. The mechanism may be complex but the effect of biochar 
on soil quality could be prominent in influencing yield. It is therefore opined that 
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improved crop yields in biochar amended study could be attributed to increased 
nutrient availability through enhanced soil quality. Our study evidenced a positive 
effect of biochar amendment on soil quality and spring wheat yield consistent 
over 3 years.

Such sustainable increasing effect could also be supported by other field experi-
ments on dry croplands. Steiner et al. [14] reported cumulative yield increases 
of rice and sorghum in Brazil after four cropping seasons when 11 t ha−1 biochar 
made from rice straw was applied. Steiner et al. [14] found increased maize yield 
after three repeated maize stubble biochar applications of 7 t ha−1 of over 2 years. 
However, Asai et al. [15] reported a decreased grain yield following the application 
of biochar amendment without N fertilization in a soil that had poor N availability.

4. Biochar for mitigating greenhouse gas emissions

In an effort to reduce the concentrations of greenhouse gases (GHGs) in the 
atmosphere in order to reduce the potential effects, considerable attention has 
been paid to soil management practices. According to Snyder et al. [16], improv-
ing cropland management practices such as reduced tillage and residue retention 
has the potential to reduce agricultural greenhouse gas emission irrespective of 
type of cultivation. Recent increases in atmospheric GHG levels require that novel 
approaches are undertaken to mitigate impacts of climate change, such as manage-
ment practices conducive to improved soil C sequestration [17]. Nitrogen fertiliza-
tion and crop residue retention play a major role in GHG emission. Soil carbon 
sequestration through the application of recalcitrant C-rich biochar is mentioned as 
a suitable means to mitigate climate change.

A number of mechanisms have been proposed in the literature to explain the 
effect of biochar amendment on soil N2O emissions, with limited amounts of 
evidence to support them. Since biochar has significant impact on soil environment 
and affects many soil parameters, such as pH or the availability of soil miner-
als, it is very likely that biochar will have significant effects on the production of 
N2O. Diverse studies confirm this—most of them reporting reduced N2O emissions 
from soil following biochar application [18], similar effect in the field [19], and no 
suppression of soil N2O emissions [20]. Biochar amendment has been observed to 
modify soil physical properties such as reduced soil bulk density or increased water 
holding capacity, therefore increasing soil aeration. This may lead to lower soil 
N2O emissions as soil aeration influenced both nitrifier and denitrifier activity. By 
changing the physical properties of the soil, biochar may suppress N2O production 

Figure 3. 
Effect of different carbon sources on grain yield of spring wheat. Data replotted from [4].
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from denitrification by increasing the air content of the soil or by absorbing water 
from the soil, thus improving aeration of the soil [18]. Biochar amendment may 
increase soil pH (Figure 4) when applied to soil [11]. Changes in soil pH may result 
in changes in nitrifier or denitrifier enzymatic activity and therefore soil N2O 
emissions.

There is limited evidence, mostly from studies in rice paddies to suggest that 
biochar amendment affects soil CH4 emissions [20]. The greater uptake of methane 
may be attributed to the protected environment created for the CH4 oxidizers and 
improved soil porosity. The aerobic, well-drained soils can be a sink for CH4 due to 
the possible high rate of CH4 diffusion and ensuing oxidation by methanotrophs. 
Improved soil physical properties such as low bulk density and the associated 
increase in total porosity, mostly due to the relative increase in macroporosity 
[21], may significantly decrease CH4 emissions. Increased availability of labile C 
substrates following biochar addition stimulates the activities of methanogenic 
bacteria that may account for increased CH4 emissions [22]. However, this could 
be a short-term effect since labile carbon fraction in biochar could be mineralized 
rapidly. Karhu et al. [23] observed increased soil CH4 consumption in arable soil 
due to increased soil aeration following biochar application. Biochar addition to soil 
has been assumed to increase soil temperature and soil pH. However, the effect of 
biochar on soil temperature and soil pH has not been suggested as mechanisms to 
explain differences in overall soil CH4 [10].

Carbon dioxide is produced mainly from the decomposition of plant residues 
and organic matter by soil microbes and respiration from microbes and roots. 
Carbon dioxide can be divided into autotrophic and heterotrophic respiration 
based on different biological sources [10]. The effect of biochar on carbon emis-
sions in soil are very complex and changes in CO2 emissions can be a response of 
diverse mechanisms. Biochar amendment affects CO2 emissions by changing the 
physical and chemical characteristics of the soil and of the microbial diversity 
[10]. CO2 emission could be reduced through the effect of biochar application on 
C-mineralizing enzymes [25]. Some studies have shown that biochar addition could 
stimulate the mineralization of soil organic carbon (SOC) [11, 12] and correspond-
ingly increase emissions of CO2. However, conversely, the suppression of SOC min-
eralization has also been reported [25], thereby causing a decrease in CO2 emissions. 
Biochar application could also stimulate CO2 emission by enhancing soil properties 
[10]. As indicated in Refs. [16, 22], transforming carbon in plant residues into stable 

Figure 4. 
Soil pH of different treatments. Data replotted from [24].
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C form is the main role for decreasing CO2 emission compared to the natural plant 
residues. Therefore, the mechanism underlying biochar effect on CO2 emission is 
unclear, because it could have occurred because of several interactive factors.

5. Biochar for soil fertility

The decline of soil fertility is a major problem confronting crop production and 
environmental sustainability. The functions of soil depend on three main proper-
ties, physical, chemical, and biological, which influence global cycles of organic C 
and N [26]. The adoption of sound soil management strategies such as appropri-
ate tillage methods, crop residues practices, biochar application, and efficient N 
fertilization has been suggested to improve soil properties [27]. These strategies can 
be achieved by increased input of crop residues while minimizing C loses by ero-
sion, decomposition, and carbon emission. While conservation agriculture systems 
have been noted to improve soil organic C [27], conventional plow-based farming 
systems could accelerate carbon mineralization and thus reduce soil C content, 
which are attributed to soil aggregates disruption and increased oxidization through 
soil disturbances [28]. The incorporation of biochar into soil varies soil structure, 
porosity, and bulk density. According to Oguntunde et al. [29], this may in turn 
have consequences for important soil functions such as soil aeration and plant 
growth. In Ref. [30], it is postulated that biochar application results in an increase 
in soil C.

The expectation of increased soil fertility attributed to biochar application 
emanated from the studies of the terra preta that contains high proportions of black 
carbon [29]. The high soil organic matter content of the terra preta provides the 
evidence of the enhancement due to biochar application. In contrast to mainstream 
chemical fertilizer, biochar also contains bioavailable elements such as selenium 
that has potential to assist in enhancing crop growth. It is not clear concerning the 
potential effects of biochar on microbial activity in soil. Assuming that plant inputs 
and hence microbial substrate remain unchanged, enhanced microbial activity 
alone would diminish soil organic matter. However, this is contrary to the observa-
tion in terra preta, where soil organic matter is generally higher than in similar sur-
rounding soil [26]. However, a change in the balance of microbial activity between 
different functional groups could benefit crop nutrition, specifically enhancement 
of mycorrhizal fungi [11], and this could feedback into higher net primary produc-
tivity and carbon input.

There are several reasons why biochar might be expected to decrease the poten-
tial for nutrient leaching in soils, and thus enhance nutrient cycling and also protect 
against leaching loss. In field studies where positive yield response to biochar 
application has been observed [7, 13], enhanced nutrient dynamics could be the 
reason for the observed results.

6. Biochar improves nitrogen use efficiency

Biochar is a recalcitrant source of C, which when applied to the soil slows down 
the turnover of native SOC, enhances the use efficiency of applied fertilizer-N, 
and, therefore, reduces fertilizer-induced GHG emissions [1]. Biochar improves N 
use efficiency through indirect processes including the improvement of soil condi-
tions to maximize nitrogen uptake. This means through the application of biochar, 
nitrogen in the soil is conserved or the nitrogen that is applied through fertilization 
(added nitrogen) is conserved. Calys-Tagoe et al. [24] found higher N conserved 
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from denitrification by increasing the air content of the soil or by absorbing water 
from the soil, thus improving aeration of the soil [18]. Biochar amendment may 
increase soil pH (Figure 4) when applied to soil [11]. Changes in soil pH may result 
in changes in nitrifier or denitrifier enzymatic activity and therefore soil N2O 
emissions.

There is limited evidence, mostly from studies in rice paddies to suggest that 
biochar amendment affects soil CH4 emissions [20]. The greater uptake of methane 
may be attributed to the protected environment created for the CH4 oxidizers and 
improved soil porosity. The aerobic, well-drained soils can be a sink for CH4 due to 
the possible high rate of CH4 diffusion and ensuing oxidation by methanotrophs. 
Improved soil physical properties such as low bulk density and the associated 
increase in total porosity, mostly due to the relative increase in macroporosity 
[21], may significantly decrease CH4 emissions. Increased availability of labile C 
substrates following biochar addition stimulates the activities of methanogenic 
bacteria that may account for increased CH4 emissions [22]. However, this could 
be a short-term effect since labile carbon fraction in biochar could be mineralized 
rapidly. Karhu et al. [23] observed increased soil CH4 consumption in arable soil 
due to increased soil aeration following biochar application. Biochar addition to soil 
has been assumed to increase soil temperature and soil pH. However, the effect of 
biochar on soil temperature and soil pH has not been suggested as mechanisms to 
explain differences in overall soil CH4 [10].

Carbon dioxide is produced mainly from the decomposition of plant residues 
and organic matter by soil microbes and respiration from microbes and roots. 
Carbon dioxide can be divided into autotrophic and heterotrophic respiration 
based on different biological sources [10]. The effect of biochar on carbon emis-
sions in soil are very complex and changes in CO2 emissions can be a response of 
diverse mechanisms. Biochar amendment affects CO2 emissions by changing the 
physical and chemical characteristics of the soil and of the microbial diversity 
[10]. CO2 emission could be reduced through the effect of biochar application on 
C-mineralizing enzymes [25]. Some studies have shown that biochar addition could 
stimulate the mineralization of soil organic carbon (SOC) [11, 12] and correspond-
ingly increase emissions of CO2. However, conversely, the suppression of SOC min-
eralization has also been reported [25], thereby causing a decrease in CO2 emissions. 
Biochar application could also stimulate CO2 emission by enhancing soil properties 
[10]. As indicated in Refs. [16, 22], transforming carbon in plant residues into stable 

Figure 4. 
Soil pH of different treatments. Data replotted from [24].
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C form is the main role for decreasing CO2 emission compared to the natural plant 
residues. Therefore, the mechanism underlying biochar effect on CO2 emission is 
unclear, because it could have occurred because of several interactive factors.

5. Biochar for soil fertility

The decline of soil fertility is a major problem confronting crop production and 
environmental sustainability. The functions of soil depend on three main proper-
ties, physical, chemical, and biological, which influence global cycles of organic C 
and N [26]. The adoption of sound soil management strategies such as appropri-
ate tillage methods, crop residues practices, biochar application, and efficient N 
fertilization has been suggested to improve soil properties [27]. These strategies can 
be achieved by increased input of crop residues while minimizing C loses by ero-
sion, decomposition, and carbon emission. While conservation agriculture systems 
have been noted to improve soil organic C [27], conventional plow-based farming 
systems could accelerate carbon mineralization and thus reduce soil C content, 
which are attributed to soil aggregates disruption and increased oxidization through 
soil disturbances [28]. The incorporation of biochar into soil varies soil structure, 
porosity, and bulk density. According to Oguntunde et al. [29], this may in turn 
have consequences for important soil functions such as soil aeration and plant 
growth. In Ref. [30], it is postulated that biochar application results in an increase 
in soil C.

The expectation of increased soil fertility attributed to biochar application 
emanated from the studies of the terra preta that contains high proportions of black 
carbon [29]. The high soil organic matter content of the terra preta provides the 
evidence of the enhancement due to biochar application. In contrast to mainstream 
chemical fertilizer, biochar also contains bioavailable elements such as selenium 
that has potential to assist in enhancing crop growth. It is not clear concerning the 
potential effects of biochar on microbial activity in soil. Assuming that plant inputs 
and hence microbial substrate remain unchanged, enhanced microbial activity 
alone would diminish soil organic matter. However, this is contrary to the observa-
tion in terra preta, where soil organic matter is generally higher than in similar sur-
rounding soil [26]. However, a change in the balance of microbial activity between 
different functional groups could benefit crop nutrition, specifically enhancement 
of mycorrhizal fungi [11], and this could feedback into higher net primary produc-
tivity and carbon input.

There are several reasons why biochar might be expected to decrease the poten-
tial for nutrient leaching in soils, and thus enhance nutrient cycling and also protect 
against leaching loss. In field studies where positive yield response to biochar 
application has been observed [7, 13], enhanced nutrient dynamics could be the 
reason for the observed results.

6. Biochar improves nitrogen use efficiency

Biochar is a recalcitrant source of C, which when applied to the soil slows down 
the turnover of native SOC, enhances the use efficiency of applied fertilizer-N, 
and, therefore, reduces fertilizer-induced GHG emissions [1]. Biochar improves N 
use efficiency through indirect processes including the improvement of soil condi-
tions to maximize nitrogen uptake. This means through the application of biochar, 
nitrogen in the soil is conserved or the nitrogen that is applied through fertilization 
(added nitrogen) is conserved. Calys-Tagoe et al. [24] found higher N conserved 



Applications of Biochar for Environmental Safety

100

in the soil when biochar was applied in combination with nitrogen fertilizer 
(Figure 5). Biochar amendment is said to conserve N in the soil and improve soil 
biological and physicochemical properties, which increases the ability of the soil to 
utilize nitrogen and other essential nutrients in the soil.

There are several reasons to expect that biochar might improve nitrogen use 
efficiency. It is believed that biochar improves nitrogen uptake by plants through 
the following ways: (1) retaining N in soil through adsorption of ammonia (NH3) 
and ammonium (  NH  4  +   ), (2) reducing nitrous oxide (N2O) emissions, (3) reducing 
nitrate (  NO  3  −  ) leaching, and (4) enhancing biological fixation of N in the soil [19]. 
These functions of biochar in soils have shown to increase nitrogen uptake by plants 
[37] and improve nitrogen use efficiency [19], either through the action of biochar 
as fertilizer and/or the improvement of soil condition for enhanced nitrogen uptake. 
Biochar application resulted in increased N uptake by plants, which was attributed 
to the ability of biochar to supply more N.

The improved N use efficiency function of biochar is very significant as it can 
impact the overall carbon balance of agricultural activities. A low ratio of fertilizer 
nitrogen application to crop nitrogen uptake can, therefore, influence the overall 
C balance. Higher fertilizer use efficiency may lead to a lower fertilizer require-
ment per unit yield and usually lower nitrous oxide emission resulting in improved 
environmental quality.

7. Biochar for pests and disease suppression

Crop pests and diseases constitute important threat to food security and 
reduce income levels along the value chain of both producers and consumers 
worldwide. With the increasing global population, the need to maximize food 
production to feed the world is of utmost importance. To achieve this, there is the 
need to minimize losses caused by pests and diseases to mitigate the possibility 
of global food insecurity. Controlling biotic stresses to maximize crop produc-
tion must, however, be sustainable and environmentally friendly. In view of this, 
sustainable crop production through integrated pest and disease management 
(IP&DM) strategies has gained worldwide recognition and the use of organic 
soil amendments (OSA) such as biochar is an integral tool for the success of 
this strategy. Apart from managing pest and disease pathogens, OSA have the 
potential of improving soil tilth, nutrient availability, water-holding capacity, 
soil microbial diversity, and population dynamics, and reduces nutrient-leaching 
loss [31].

Figure 5. 
Total N content of different treatments. Data replotted from [24].
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The desire to effectively control plant diseases without compromising envi-
ronmental quality and safety has increased the demand for research into finding 
sustainable ways of managing pests and diseases. In the context of sustainability, 
research into the use of organic substances such as animal manure, green manure, 
organic agro wastes, and compost management have gained tremendous interest 
among researchers and various stakeholders. OSA do not only have the advantage 
of improving soil structure and quality but also found to increase the suppressive 
potential of treated soils thereby inhibiting diseases caused by plant pathogens [32]. 
OSA have successfully been used to reduce the activities of several plant pathogens 
such as plant parasitic nematodes, Fusarium spp., Phytophthora spp., Pythium spp., 
Rhizoctonia solani, Sclerotinia spp., Sclerotium spp., and Verticillium dahlia [32]. 
The use of untreated OSAs have, however, been found to exacerbate activities of 
disease pathogens and can increase their incidence and severity. Also, the release 
of certain phytotoxic compounds such as xanthatin and 4-epiisoxanthanol during 
the decomposition process can damage the roots of plants [32] and make them 
vulnerable to pathogen attack [33]. The benefits of OSA however, outweigh the 
constraints and the search for numerous agents for use as OSA is continuous with 
reports emanating from several research works globally. One such OSA agent that 
has received global attention and interest is the biochar. This is obtained from the 
slow pyrolysis of biomass in the absence of air. It is a by-product from the biofuel 
industry and a high-carbon material [34]. As an OSA, there has been an increased 
interest in its importance as soil health and disease management agent. Current 
studies have proven its role in carbon sequestration leading to the removal of desir-
able carbon from the atmosphere. In addition to this, current studies have pointed 
to the fact that apart from increasing the cation exchange capacity in organic matter 
deficient soils, improving the pH status of acidic soils, and increasing nutrition and 
water holding capacities of soils, it also enriching microorganisms in the soil that 
improve soil suppression potential against pathogens. Suppressive soils are able to 
inhibit disease development by stimulating biota activity, increasing and favoring 
populations of biocontrol agents, and reduce the inoculum potential of both foliar 
and soilborne pathogens [35]. With regard to soilborne pathogens, biochar has suc-
cessfully been used to suppress the activities and infection capabilities of pathogens. 
Data available shows that the application of biochar reduced the infection potential 
of Meloidogyne graminicola in rice [36] and other plant-parasitic nematodes, while 
it increased the population of free-living nematodes that may be beneficial to the 
improvement of soil health. Bonanomi et al. [37] reported that the application of 
biochar was found to be effective in suppressing foliar pathogens such as Rhizoctonia 
solani, Fusarium, and Phytophthora species. Similarly, the application of biochar was 
reported to reduce the severity of gray mold disease on both Lycopersicon esculentum 
and Capsicum annuum [38]. Also, Fusarium root rot disease incidence in asparagus 
reduced following the application of biochar inoculated with mycorrhizal fungi [39]. 
Nerome et al. [40] reported that the application of biochar obtained from municipal 
organic waste inhibited the infection capacity of Ralstonia solanacearum to cause 
disease, increasing the advocacy to use biochar and its amended composts to control 
fungi and bacterial disease in crop production. The disease suppression potential 
of biochar is influenced by several mechanisms. According to Rawat et al. [41], the 
effectiveness of biochar to inhibit disease is linked to the presence of calcium com-
pounds as well as improving the physical, chemical, and biological characteristics of 
the soil. Similarly, Noble and Coventry [42] hypothesized the induction of systemic 
resistance in the host plants, enhanced abundance and activities of beneficial 
microbes, modification of soil quality in terms of nutrient availability, and abiotic 
conditions; direct fungitoxic effect and sorption of allelopathic and phytotoxic 
compounds as mechanisms by which biochar suppresses plant diseases.
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in the soil when biochar was applied in combination with nitrogen fertilizer 
(Figure 5). Biochar amendment is said to conserve N in the soil and improve soil 
biological and physicochemical properties, which increases the ability of the soil to 
utilize nitrogen and other essential nutrients in the soil.

There are several reasons to expect that biochar might improve nitrogen use 
efficiency. It is believed that biochar improves nitrogen uptake by plants through 
the following ways: (1) retaining N in soil through adsorption of ammonia (NH3) 
and ammonium (  NH  4  +   ), (2) reducing nitrous oxide (N2O) emissions, (3) reducing 
nitrate (  NO  3  −  ) leaching, and (4) enhancing biological fixation of N in the soil [19]. 
These functions of biochar in soils have shown to increase nitrogen uptake by plants 
[37] and improve nitrogen use efficiency [19], either through the action of biochar 
as fertilizer and/or the improvement of soil condition for enhanced nitrogen uptake. 
Biochar application resulted in increased N uptake by plants, which was attributed 
to the ability of biochar to supply more N.

The improved N use efficiency function of biochar is very significant as it can 
impact the overall carbon balance of agricultural activities. A low ratio of fertilizer 
nitrogen application to crop nitrogen uptake can, therefore, influence the overall 
C balance. Higher fertilizer use efficiency may lead to a lower fertilizer require-
ment per unit yield and usually lower nitrous oxide emission resulting in improved 
environmental quality.

7. Biochar for pests and disease suppression

Crop pests and diseases constitute important threat to food security and 
reduce income levels along the value chain of both producers and consumers 
worldwide. With the increasing global population, the need to maximize food 
production to feed the world is of utmost importance. To achieve this, there is the 
need to minimize losses caused by pests and diseases to mitigate the possibility 
of global food insecurity. Controlling biotic stresses to maximize crop produc-
tion must, however, be sustainable and environmentally friendly. In view of this, 
sustainable crop production through integrated pest and disease management 
(IP&DM) strategies has gained worldwide recognition and the use of organic 
soil amendments (OSA) such as biochar is an integral tool for the success of 
this strategy. Apart from managing pest and disease pathogens, OSA have the 
potential of improving soil tilth, nutrient availability, water-holding capacity, 
soil microbial diversity, and population dynamics, and reduces nutrient-leaching 
loss [31].

Figure 5. 
Total N content of different treatments. Data replotted from [24].
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Different pesticides are used in crop production to reduce the impact of targeted 
agent. In addition to its disease suppressive potential, biochar also reduces the 
impact of pesticides on the environment through the absorption and adsorption of 
different pesticides [43] to reduce the bioavailability of pesticides due to its large 
surface area and high porosity. The sorption capacity of biochar amendment is 
however dependent on age as Martin et al. [44] reported that the herbicide, atrazine 
adsorption in biochar amended soil decreased with the age of biochar an indication 
that aging has influence on its usefulness in pesticide sorption. Biochar can again 
protect roots of plants from phytotoxic compounds in the soil released by roots of 
other plants, through the decomposition of plant residues and soil amendment as 
well as agro-waste products and immature compost [45]. The high sorption rate of 
biochar, on the other hand, can negatively affect the efficacy of agrochemicals and 
increase the application rates of pesticides.

8. Biochar application: a case study in Ghana

In recent years, agricultural growth in Ghana has seen accelerated growth, but 
most of this growth is driven by the expansion of the cultivated area rather than by 
increased yield per unit area. It has been suggested that yield should be increased 
by at least 20% annually across the staple crops to meet the food needs of the people 
[46]. This is envisaged to be difficult with the current impact of climate change 
(evident by the rising temperatures and increased mid-season drought), resource 
scarcity, and environmental degradation. In sub-Saharan African (SSA), soil fertil-
ity decline, mainly through continuous cropping and rapid organic matter mineral-
ization, is the main cause of food insecurity and poverty. Smallholder agricultural 
production systems in most SSA countries including Ghana are characterized by 
low productivity due to low and erratic rainfall patterns, outdated agricultural 
practices, and low application of nutrient inputs. To intensify agriculture, chemical 
fertilizer is highly utilized.

To pursue the fastest and most practical route to sustainable food production, 
substantial improvement in crop and soil management practices, which are cur-
rently suboptimal, is required. The deployment of soil management technologies 
such as biochar application is a surest means to reversing the rapid decline in soil 
fertility in sub-Saharan Africa, particularly Ghana. The large availability of biomass 
resources in Ghana gives a great potential for biochar production and utilization 
in the country. This is very important in the tropics since turnover rates of organic 
matter are much faster. Waste management as a social problem has spared neither 
the developed nor developing nations as statistics have proven that some developed 
nations are seriously grappling with this bane. Ghana produces 1.7 billion tons of 
waste annually (source: ghananewsagency.org).

Biochar research is a recent development in Ghana and so there is a paucity 
of information regarding its effects on soil properties, crop growth, and yield in 
Ghanaian soils. The effect of biochar and/or compost applications on the soil pH 
of the Aiyinase and Cape Coast soils in Ghana after the 14-day incubation period 
is shown in Figure 6. The results revealed a significant increase in the soil pH, 
following sole and combined applications of compost and biochar in both soils. 
Also, the application of biochar and compost, alone or in combination, increased 
soil total organic carbon (TOC) contents in both the Aiyinase and Cape Coast soils 
(Figure 6). The application of biochar significantly improved soil chemical proper-
ties with reference to the control.

A case study in Ghana illustrates the significance of biochar application in 
augmenting water retention in a dryland crop (Figure 7). A farmer reports 100% 
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increase in yields. “Her perception is that the underlying mechanism for the effects 
she sees is entirely physical, citing two factors: enhanced rainwater infiltration and 
enhanced soil moisture retention” [10]. Given the fact that drought-susceptible 
sandy soils are prevalent in Ghana, crop performance is much influenced by rainfall 
(timing and intensity).

The results of studies in Ghana indicate the potential exist for farmers to produce 
their own biochar on-farm, although various factors must be considered in deciding 
whether this methodology is appropriate in a particular context. Factors such as 
capacity of farmers determine the pyrolysis conditions and activation methods.

9. Conclusion

Rainfed agricultural ecosystem in Ghana is extremely fragile, improving soil 
fertility and crop productivity, and reducing greenhouse gas emission (GHG) is 
a key factor for developing sustainable agriculture. The review provides insights 
into the potential of biochar in improving the agroecological system with reference 
to Ghana. Given the fact that yield gaps are greater in many developing countries, 
there is considerable need for better soil management technologies to ensure higher 
yields for improved food security. Biochar application offers a great potential in 
improving tropical soils and crop productivity.

Figure 6. 
Total organic carbon as affected by different treatments. Data replotted from [24].

Figure 7. 
Total organic carbon as affected by different treatments. Data replotted from [4].
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Abstract

Climate change is affecting all four dimensions of food security: food availability, 
food accessibility, food utilization, and food systems stability. It is also affecting 
human health, livelihood assets, food production, and distribution channels, as 
well as changing purchasing power and market flows. Keeping in view, the present 
chapter is focusing mostly on biochar. Biochar is usually produced by pyrolysis of 
biomass at around temperature range of 300–600°C. It is under investigation as an 
approach to carbon sequestration to produce negative carbon emissions. Present 
agriculture is leading mining of nutrients and reduction in soil organic matter 
levels through repetitive harvesting of crops. The most widespread solution to this 
depletion is the application of soil amendments in the form of fertilizers containing 
the three major nutrients. The nitrogen is considered the most limiting nutrient for 
plant growth useful for protein builds, structures, hormones, chlorophyll, vitamins, 
and enzymes. Biochar may be added to soils to improve soil health, improve soil 
fertility, and sequester carbon. However, the variable application rates, uncertain 
feedstock effects, and initial soil state provide a wide range of cost for marginally 
improved yield from biochar additions, which is often economically impracticable. 
There is a need for further research on optimizing biochar application to improve 
crop yields.

Keywords: soil health, soil fertility, nutrients, carbon, biochar, soil properties

1. Introduction

Natural organic biomass burning creates black carbon which forms a con-
siderable proportion of the soil’s organic carbon. Due to black carbon’s aromatic 
structure, it is recalcitrant and has the potential for long-term carbon sequestra-
tion in soil. Soils within the Amazon-basin contain numerous sites where the 
“dark earth of the Indians” (Terra preta deIndio, or Amazonian Dark Earths 
[ADE]) exist and are composed of variable quantities of highly stable organic 
black carbon waste (“biochar”) [1]. The intensification of agricultural produc-
tion on a global scale is necessary to secure the food supply for an increasing 
world population. As a result, fallow periods are often reduced in shifting culti-
vation in the humid tropics leading to irreversible soil degradation and increased 
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1. Introduction

Natural organic biomass burning creates black carbon which forms a con-
siderable proportion of the soil’s organic carbon. Due to black carbon’s aromatic 
structure, it is recalcitrant and has the potential for long-term carbon sequestra-
tion in soil. Soils within the Amazon-basin contain numerous sites where the 
“dark earth of the Indians” (Terra preta deIndio, or Amazonian Dark Earths 
[ADE]) exist and are composed of variable quantities of highly stable organic 
black carbon waste (“biochar”) [1]. The intensification of agricultural produc-
tion on a global scale is necessary to secure the food supply for an increasing 
world population. As a result, fallow periods are often reduced in shifting culti-
vation in the humid tropics leading to irreversible soil degradation and increased 
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destruction of remaining natural forests due to the cultivation of new areas after 
slash and burn [2].

The incorporation in soils influences soil structure, texture, porosity, particle 
size distribution and density. The molecular structure of biochar shows a high 
degree of chemical and microbial stability [3]. A key physical feature of most 
biochar is its highly porous structure and large surface area [4]. This structure 
can provide refugia for beneficial soil micro-organisms such as mycorrhizae 
and bacteria and influences the binding of important nutritive cations and 
anions. This binding can enhance the availability of macro-nutrients such as N 
and P. Other changes in soil by biochar applications include alkalization of soil 
pH and increases in electrical conductivity (EC) and cation exchange capacity 
(CEC) [5–7]. Ammonium leaching is reduced, along with N2O soil emissions. 
There may also be reductions in soil mechanical impedance. Terra preta soils 
contain a higher number of “operational taxonomic units” and have highly 
distinctive microbial communities relative to neighboring soils [8]. The apparent 
high agronomic fertility of these sites, relative to tropical soils in general, has 
attracted interest. Biochar can be produced by “burning” organic matter under 
low oxygen (pyrolysis). Principally biochar is produced through various thermo-
chemical conversion methods such as low pyrolysis, fast pyrolysis, gasification, 
and torrefaction, under different process parameters [9]. The quantities of key 
mineral elements within this biochar can be directly related to the levels of these 
components in the feedstock before burning [10]. The potential importance of 
biochar soil incorporation on mycorrhizal fungi has also been noted with biochar 
providing a physical niche devoid of fungal grazers. Improvements in soil field 
capacity have been recorded upon biochar additions [4].

2. Applications of biochar and their effect on soil properties

Evidence shows that bioavailability and plant uptake of key nutrients increases 
in response to biochar application, particularly when in the presence of added 
nutrients. A systematic representation of the potential of biochar in soil and plant 
system is presented in Figure 1.

Depending on the quantity of biochar added to soil significant improvements 
in plant productivity have been achieved, but these reports derive predominantly 
from studies in the tropics [11, 12]. As yet there is limited critical analysis of 
possible agricultural impacts of biochar application in temperate regions, nor on 
the likelihood of utilizing such soils as long-term sites for carbon. On the other 
hand, soil application of biochar can permanently appropriate C in the soil and 
reduce net emissions of carbon dioxide gas improve crop productivity through 
enhanced physio-chemical and biological properties, nutrient release pattern, 
reduce denitrification and soil pollutants [10]. Biochar application can be a means 
of not only sequestering carbon in the soil but also returning essential organic 
matters lost with biomass removal from agro- and/or forestry systems for energy 
production. Thus, biochar can potentially provide two simultaneous economic 
benefits. One, it may improve the agronomic and environmental sustainability of 
biomass production systems. Two, it may improve the economic sustainability of 
bioenergy enterprises by offsetting feedstock purchases with revenue from biochar 
sales [9]. Biochar has the capacity to produce revenue and boost the sustainability 
of agriculture and environment. The agricultural and bioenergy industries will 
be reluctant to pay for biochar until its precise effects on soil properties and crop 
production are shown. Complete development of biochar as a commercial product 
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must establish concrete benefits of the product to soil properties and crop produc-
tion and link all these benefits to biochar properties and its appropriate use and 
economic value. One of the most important factors to make this a reality is the 
understanding of how this product is made and how the production process affects 
its performance. Its benefits on crop production, environment, and soil will be 
a moot point if it is not reproducible and consistent. Biochar and its beneficial 
component are presented in Table 1.

2.1 Physical properties

Biochar itself is a porous material thus it can be adsorbed and retain a huge 
amount of water. Dugan et al. also reported that the maize stover biochar and 
sawdust biochar increased the water holding capacity (WHC) of loamy sand in 
Ghana when it was applied at the rate 5, 10, and 15 ton ha−1. The WHC increased 
because small pores in biochar retain moisture and there are largely absent in coarse 
texture soils. The increased moisture retention depends on the higher porosity of 
biochar. Soils amendment with biochar is more ineffective improving WHC in 
sandy soils than in loamy and clay soils by improved water holding capacity [18, 19]. 
Pietikäinen et al. reported that two biochars, one prepared from humus and one 
from wood, had a similar water-holding capacity (WHC) (2.9 mL g−1 dry matter) 
than activated carbon (1.5 mL g−1 dry matter). Smaller pores will attract and retain 
capillary soil water much longer than larger pores (larger than 10–20 μm) in both 
the biochar and the soil. During thermal conversion, the mineral and carbon skel-
eton formed retains the rudimentary porosity and structure of the original material. 
Microscopy analysis proves the presence of aligned honeycomb-like groups of pores 
on the order of 10 μm in diameter, most likely the carbonaceous skeleton from the 
biological capillary structure of the raw material [20]. Brunauer-Emmett-Teller 

Figure 1. 
Systemic potential mechanism of biochar in soil and plant system.
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destruction of remaining natural forests due to the cultivation of new areas after 
slash and burn [2].

The incorporation in soils influences soil structure, texture, porosity, particle 
size distribution and density. The molecular structure of biochar shows a high 
degree of chemical and microbial stability [3]. A key physical feature of most 
biochar is its highly porous structure and large surface area [4]. This structure 
can provide refugia for beneficial soil micro-organisms such as mycorrhizae 
and bacteria and influences the binding of important nutritive cations and 
anions. This binding can enhance the availability of macro-nutrients such as N 
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must establish concrete benefits of the product to soil properties and crop produc-
tion and link all these benefits to biochar properties and its appropriate use and 
economic value. One of the most important factors to make this a reality is the 
understanding of how this product is made and how the production process affects 
its performance. Its benefits on crop production, environment, and soil will be 
a moot point if it is not reproducible and consistent. Biochar and its beneficial 
component are presented in Table 1.

2.1 Physical properties

Biochar itself is a porous material thus it can be adsorbed and retain a huge 
amount of water. Dugan et al. also reported that the maize stover biochar and 
sawdust biochar increased the water holding capacity (WHC) of loamy sand in 
Ghana when it was applied at the rate 5, 10, and 15 ton ha−1. The WHC increased 
because small pores in biochar retain moisture and there are largely absent in coarse 
texture soils. The increased moisture retention depends on the higher porosity of 
biochar. Soils amendment with biochar is more ineffective improving WHC in 
sandy soils than in loamy and clay soils by improved water holding capacity [18, 19]. 
Pietikäinen et al. reported that two biochars, one prepared from humus and one 
from wood, had a similar water-holding capacity (WHC) (2.9 mL g−1 dry matter) 
than activated carbon (1.5 mL g−1 dry matter). Smaller pores will attract and retain 
capillary soil water much longer than larger pores (larger than 10–20 μm) in both 
the biochar and the soil. During thermal conversion, the mineral and carbon skel-
eton formed retains the rudimentary porosity and structure of the original material. 
Microscopy analysis proves the presence of aligned honeycomb-like groups of pores 
on the order of 10 μm in diameter, most likely the carbonaceous skeleton from the 
biological capillary structure of the raw material [20]. Brunauer-Emmett-Teller 

Figure 1. 
Systemic potential mechanism of biochar in soil and plant system.
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(BET) surface areas of olive kernel biochars increased with increasing mass loss 
(burn-off) regardless of the activation temperature [21]. Micropores (<2 nm in 
diameter) are responsible for adsorption and high surface area the total pore volume 
of the biochar will be divided as microspores (pores of internal diameter less than 
2 nm), mesopores (pores of internal width between 2 and 50 nm) and macropores 
(pores of internal width greater than 50 nm) [22].

2.2 Chemical properties

Soil application of biochar resulted in a significant increase in soil pH. Van 
et al. suggested that biochar derived from poultry litter facilitates liming in soil 
resulting in the rise of pH of acidic or neutral soils. Hoshi et al. in his experi-
ment suggested that the 20% increase in height and 40% increase in the volume 
of tea trees were partly due to the ability of the biochar to maintain the neutral 
pH of the soil. Such ability is related to the liming value of the biochar. Van et al. 
reported a nearly 30–40% increase in wheat height when biochar produced 
from paper mill sludge was applied at a rate of 10 t ha−1 to an acidic soil but 
not to neutral soil. The increase in soil organic carbon with the application of 
biochar might have resulted from the recalcitrant nature of carbon found in 
biochar which is largely resistant to decomposition [1, 23–25] also reported that 
soil carbon increased significantly over control. Available N, P and K apply-
ing biochar to forest soils along with natural or synthetic fertilizers have been 
found to increase the bioavailability and plant uptake of P, alkaline metals and 
some trace metals [2, 19, 25] but the mechanisms for these increases are still a 
matter of speculation. Lehmann et al. demonstrated the ability of biochar to 

Properties Effect of biochar application on various 
factors

References

Soil fertility Biochar can improve soil fertility, 
stimulating plant growth, which then 
consumes more CO2 in a positive feedback 
effect.

[13]

Reduced fertilizer 
inputs

Biochar can reduce the need for chemical 
fertilizers, resulting in reduced emissions 
of greenhouse gases from fertilizer 
manufacture.

[14]

Reduced N2O and 
CH4 emissions

Biochar can reduce emissions of nitrous 
oxide (N2O) and methane (CH4), two potent 
greenhouse gases from agricultural soils.

[15]

Enhanced soil 
microbial life

Biochar can increase soil microbial life, 
resulting in more carbon storage in soil.

[16]

Reduced emissions 
from feed stocks

Converting agricultural and forestry 
waste into biochar can avoid CO2 and CH4 
emissions otherwise generated by the 
natural decomposition or burning of the 
waste.

[15]

Energy generation The heat energy and also the bio oils and 
synthesis gases generated during biochar 
production can be used to displace carbon 
positive energy from fossil fuels.

[17]

Table 1. 
Biochar and its beneficial component in the environment.
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retain applied fertilizer against leaching with resulting increase in fertilizer use 
efficiency. In the manufacture of the N-enriched biochar Day et al. suggested 
that biochar produced at a lower temperature of 400–500°C is more effective in 
adsorbing ammonia than that produced at higher temperatures (700–1000°C). 
Total N content depends on pyrolysis temperature initially at low pyrolysis tem-
perature N content increases which further decreases with higher temperature 
due to volatilization of N whereas C/N ratio of biochar (63–80) varies less with 
pyrolysis temperature but varies significantly with the type of feedstock mate-
rial [26]. Biochar influence the dynamics of different nutrients indirectly by its 
high surface area and high cation exchange capacity. Changes in the dynamics 
of N with the application of biochar are not fully understood [27]. Weathering 
of biochar in soil fastens immobilization of nitrogen on its surface, studies have 
shown that high application rate of biochar (10% or 20%, w/w) significantly 
decreased NH4 volatilization due to its high cation exchange capacity [25] but in 
case of NO3

− the leaching increased especially if the initial N content of biochar 
is high [28]. Biochar itself is a very good source of several essential plant nutri-
ents. Chemical, physical properties, and nutrient content status of biochar are 
shown in Table 2.

2.3 Biological activity

Ameloot et al. showed that the type of biochar alone has a significant effect 
on soil enzymatic activity. The quoted authors proved that poultry litter biochar 
produced at 400°C and amended to soil 20 t ha−1 caused a significant increase 
in the activity of dehydrogenases. Biochar has a positive effect on mycorrhizal 

Parameter Value References

Minimum Maximum

pH 4.5 12.9 [29]

Electrical conductivity(mS cm−1) 20 10,260 [30]

Cation exchange capacity (cmolþ kg−1) 3.8 272 [31]

Surface area (m2 g−1) 0.1 410 [32]

Bulk density (g cm−3) 0.05 0.7 [33]

Volatile matter (%) 0.6 85.7 [30]

N (g kg−1) 0.1 6.4 [17]

K (g kg−1) 0.3 74.0 [34]

P (g kg−1) 0.005 59 [34]

Ca (g kg−1) 0.04 92 [34]

Mg (g kg−1) 0.009 37 [34]

Carbon (%) 17.7 92.7 [35]

Hydrogen (%) 0.05 5.30 [35]

Oxygen (%) 0.01 39.2 [36]

H/C <0.01 1.14 [30]

O/C 0.02 1.11 [36]

Table 2. 
Various physico biochemical properties of biochar.
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retain applied fertilizer against leaching with resulting increase in fertilizer use 
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that biochar produced at a lower temperature of 400–500°C is more effective in 
adsorbing ammonia than that produced at higher temperatures (700–1000°C). 
Total N content depends on pyrolysis temperature initially at low pyrolysis tem-
perature N content increases which further decreases with higher temperature 
due to volatilization of N whereas C/N ratio of biochar (63–80) varies less with 
pyrolysis temperature but varies significantly with the type of feedstock mate-
rial [26]. Biochar influence the dynamics of different nutrients indirectly by its 
high surface area and high cation exchange capacity. Changes in the dynamics 
of N with the application of biochar are not fully understood [27]. Weathering 
of biochar in soil fastens immobilization of nitrogen on its surface, studies have 
shown that high application rate of biochar (10% or 20%, w/w) significantly 
decreased NH4 volatilization due to its high cation exchange capacity [25] but in 
case of NO3

− the leaching increased especially if the initial N content of biochar 
is high [28]. Biochar itself is a very good source of several essential plant nutri-
ents. Chemical, physical properties, and nutrient content status of biochar are 
shown in Table 2.

2.3 Biological activity

Ameloot et al. showed that the type of biochar alone has a significant effect 
on soil enzymatic activity. The quoted authors proved that poultry litter biochar 
produced at 400°C and amended to soil 20 t ha−1 caused a significant increase 
in the activity of dehydrogenases. Biochar has a positive effect on mycorrhizal 
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association when applied to soil [37–39] evaluated the increase in microbial 
biomass when biochar is applied to the soil and its efficacy as a measure of CO2 
released per.

Microbial biomass carbon in the soil increase in basal respiration due to 
addition of the carbon in soil. Biochar does not contribute directly to the micro-
bial population in the soil. Hence higher porosity of biochar creates a favorable 
environment for microbes to make a habitat in soil [40] researchers have sug-
gested that biochar benefits microbial communities by providing suitable habitats 
for microorganisms that protect them from predation [41–43]. Microbial cells 
typically range in size from 0.5 to 5 μm and consist predominantly of bacteria, 
fungi, actinomycetes, lichens, and algae species are from 2 to 20 μm [44]. The 
microscopic studies indicate that biochar in soil serve as habitat for microorgan-
isms [3]. The loss of volatile and condensable compounds from biochars and the 
concomitant relative increase in the organized phase formed by graphite-like 
crystallites leads to the increase in solid density (or true density) of the round 
1.5–1.7 g cm−3. Increasing anthropogenic activities have mainly resulted into 
buildup of non-essential heavy metals in agricultural soils. Recently chromium 
(Cr) contamination in water and soil is a serious concern [44].

3.  Application of biochar in decontamination/removal of organic 
pollutants from soil and water

In this era of high population and modernization, the contamination of soil 
and water resources due to organic contaminants is a major concern. Biochar from 
different sources has a porous carbons, the pore network of biochar is typically 
composed of micropores <2 nm, mesopores 2–50 nm, and macropores >50 nm. 
But, micropores and small mesopores (2–20 nm) are suggested to contribute the 
majority to the surface area and excellent adsorption capacity of biochar. Because 
of such excellent properties, it can be a good tool to remove organic pollutants from 
contaminated soil and water resources. There are several evidences available in 
the literature about the use of biochar for the removal of organic pollutants from 
contaminated soil and water in Table 3 [54].

Organic contaminants Biochar type Mechanisms References

Carbamazepine Loblolly pine 
chips

Hydrophobic adsorption [45]

Ethinylestradiol poultry litter Pore-filling [46]

2,4-Dichlorophenoxyacetic acid Wood chips Surface adsorption [47]

Diazinon Rice straw Hydrogen bonding with polar 
groups

[48]

Atrazine Dairy manure Partitioning [49]

Nitrobenzene Pine needles Pore-filling [50]

Humic acid Grass Hydrophobic interactions [51]

Perfluorooctane sulfonate Maize Hydrophobic adsorption [52]

p-Coumaric acid Hardwood litter Hydrogen bonding [53]

Table 3. 
Organic contaminants sorbet by different biochars and their abstraction mechanisms.
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4.  Application of biochar for soil carbon sequestration and mitigate 
GHGs emission

The current availability of biomass in India (2010–2011) is estimated at 500 
Mtpa. Annual bio-manure production (in tons) is 32,582. A potential 61.1 MMT 
of fuel crop residue and 241.7 MMT of fodder crop residue are being consumed 
by farmers themselves. In India total biomass power generation capacity is 
17,500 MW. At present power being generated is 2665 MW which include 1666 MW 
by cogeneration. Studies sponsored by the Ministry of New and Renewable Energy, 
Govt. of India have estimated surplus biomass availability at about 120–150 Mtpa. 
Of this, about 93 Mt. of crop residues are burnt each year. The generation of crop 
residues is highest in Uttar Pradesh (60 Mt) followed by Punjab (50 Mt). Efficient 
utilization of this biomass by converting it as a valuable source of soil amendment 
is one approach to manage soil quality, fertility, mitigate GHGs emissions and 
increase carbon sequestration [55]. Biochar has a condensed aromatic structure that 
makes it a stable solid rich in carbon content which is known to be highly resistant 
to microbial decomposition, thus it can be used to lock carbon in the soil. Biochar 
application has received a growing interest as a sustainable technology to improve 
highly weathered or degraded tropical soils [10]. Biochar can reduce N2O emission 
from the soil which might be due to inhibition of either stage of nitrification and/
or inhibition of denitrification, or encouragement of the decrease of N2O and these 
impacts could occur simultaneously in a soil. Several workers have reported that 
applications of biochar to soils have shown positive responses for the yield of several 
crops. Similarly, biochar has also been found to have significant positive interaction 
with plant growth-promoting rhizobacteria for improving total dry matter yield of 
rice. Biochar from different sources has several other important roles other than the 
above mentioned depending on its source such as the role in plant growth enhance-
ment, quality and quantity improvement of several crop species, improvement of 
water holding capacity, soil porosity, etc.

5. Biochar prospects and essential research

The global potential of biochar reaches far beyond slash and char. Inspired by 
the recreation of Terra Preta, most biochar research was restricted to the humid 
tropics. More information is needed on the agronomic potential of biochar, the 
potential to use alternative biomass sources (crop residues) and the production of 
by-products to evaluate the opportunities for adopting a biochar system on a global 
scale. Biochar as soil amendment needs to be studied in different climate and soil 
types. Today, crop residue biomass represents a considerable problem as well as new 
challenges and opportunities. A system converting biomass into energy (hydrogen-
rich gas) and producing biochar as a by-product might offer an opportunity to 
address these problems. Biochar can be produced by incomplete combustion from 
any biomass, and it is a by-product of the pyrolysis technology used for biofuel and 
ammonia production [56]. The acknowledgment of biochar as a carbon sink would 
facilitate C-trading mechanisms. Although most scientists agree that the half-life of 
biochar is in the range of centuries or millennia, a better knowledge of the biochar’s 
durability in different ecosystems is important to achieve this goal. The systematic 
recycling of biochar in the environment has been depicted in Figure 2.

Access to the C trade market holds out the prospect to reduce or eliminate the 
deforestation of the primary forest because using intact primary forest would 
reduce the farmer’s C credits. It is estimated the above-ground biomass of unlogged 
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Mtpa. Annual bio-manure production (in tons) is 32,582. A potential 61.1 MMT 
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by farmers themselves. In India total biomass power generation capacity is 
17,500 MW. At present power being generated is 2665 MW which include 1666 MW 
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Govt. of India have estimated surplus biomass availability at about 120–150 Mtpa. 
Of this, about 93 Mt. of crop residues are burnt each year. The generation of crop 
residues is highest in Uttar Pradesh (60 Mt) followed by Punjab (50 Mt). Efficient 
utilization of this biomass by converting it as a valuable source of soil amendment 
is one approach to manage soil quality, fertility, mitigate GHGs emissions and 
increase carbon sequestration [55]. Biochar has a condensed aromatic structure that 
makes it a stable solid rich in carbon content which is known to be highly resistant 
to microbial decomposition, thus it can be used to lock carbon in the soil. Biochar 
application has received a growing interest as a sustainable technology to improve 
highly weathered or degraded tropical soils [10]. Biochar can reduce N2O emission 
from the soil which might be due to inhibition of either stage of nitrification and/
or inhibition of denitrification, or encouragement of the decrease of N2O and these 
impacts could occur simultaneously in a soil. Several workers have reported that 
applications of biochar to soils have shown positive responses for the yield of several 
crops. Similarly, biochar has also been found to have significant positive interaction 
with plant growth-promoting rhizobacteria for improving total dry matter yield of 
rice. Biochar from different sources has several other important roles other than the 
above mentioned depending on its source such as the role in plant growth enhance-
ment, quality and quantity improvement of several crop species, improvement of 
water holding capacity, soil porosity, etc.

5. Biochar prospects and essential research

The global potential of biochar reaches far beyond slash and char. Inspired by 
the recreation of Terra Preta, most biochar research was restricted to the humid 
tropics. More information is needed on the agronomic potential of biochar, the 
potential to use alternative biomass sources (crop residues) and the production of 
by-products to evaluate the opportunities for adopting a biochar system on a global 
scale. Biochar as soil amendment needs to be studied in different climate and soil 
types. Today, crop residue biomass represents a considerable problem as well as new 
challenges and opportunities. A system converting biomass into energy (hydrogen-
rich gas) and producing biochar as a by-product might offer an opportunity to 
address these problems. Biochar can be produced by incomplete combustion from 
any biomass, and it is a by-product of the pyrolysis technology used for biofuel and 
ammonia production [56]. The acknowledgment of biochar as a carbon sink would 
facilitate C-trading mechanisms. Although most scientists agree that the half-life of 
biochar is in the range of centuries or millennia, a better knowledge of the biochar’s 
durability in different ecosystems is important to achieve this goal. The systematic 
recycling of biochar in the environment has been depicted in Figure 2.

Access to the C trade market holds out the prospect to reduce or eliminate the 
deforestation of the primary forest because using intact primary forest would 
reduce the farmer’s C credits. It is estimated the above-ground biomass of unlogged 
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forests to be 434 Mg ha−1, about half of which is C. This C is lost if burned in 
the slash-and-burn scenario and lost at a high percentage if used for biochar 
production. The Trade could provide an to cease further deforestation; instead, 
reforestation and recuperation of degraded land for fuel and food crops would 
gain magnitude. As tropical forests account for between 20 and 25% of the world 
terrestrial C reservoir [57] this consequently reduces emissions from tropical forest 
conversion, which is estimated to contribute globally as much as 25% of the net 
CO2 emissions [58]. Today most biomass gasification systems tend to suppress the 
creation of residuals, like total organic carbon (TOC) and ashes. The C-emission 
trading options and a better knowledge of biochar as soil additive would add value 
to these residues. Further, this would facilitate the use of alternative biomass, those 
which are currently avoided due to their higher TOC residuals. The tarry vapors 
constitute a significant loss of carbon during carbonization [59] although repre-
senting another valuable product. Japanese researchers attempt to produce biochar 
with a specific pore size distribution to favor desired microorganisms. Pore struc-
ture, surface area, and adsorption properties are strongly influenced by the peak 
temperature during biochar production [59]. Increasing porosity is achieved with 
increasing temperature but the functional groups are gradually lost. In this context, 
it is also important to discern the mechanisms of nutrient retention (mainly N) 
due to biochar applications. The biochar’s low biodegradability [60], low nutrient 
content [59], and high porosity and specific surface area [61] make biochar a rather 
exceptional SOM constituent. Terra Preta’s research has shown that oxidation on the 
edges of the aromatic backbone and adsorption of other organic matter to biochar 
is responsible for the increased CEC, though the relative importance of these two 
processes remains unclear [21].
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emissions, and become a completely new income source for farmers and rural 
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emissions by land-use change (0.21 Pg C) can be off-set annually in the soil if slash 
and burn are replaced by slash and char. Agricultural and forestry wastes add a 
conservatively estimated 0.16 Pg C yr.−1. If the demand for renewable fuels by the 
year 2100 was met through pyrolysis, biochar sequestration could exceed current 
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Chapter 8

Biochar Potential in Improving 
Agricultural Production in East 
Africa
Godfrey Omulo

Abstract

Biochar is among the environmentally friendly bio-products possible of enhanc-
ing agricultural productivity due to inherent properties. Despite the increased bio-
char research output, the sustainability of biochar production and its applicability 
in developing countries is mostly uncertain. This chapter underscores the biochar 
production process, its environmental usefulness, and the prediction of its potential 
impact on agricultural productivity in East African countries. Currently, pyrolysis 
technology is the most effective means of biochar production. Predominantly, bio-
char is useful in carbon sequestration, soil amendment, and as a solid fuel source. 
In-depth analysis of crop residues production in East African countries vis-à-vis the 
potential for biochar production and the total planted areas strongly indicate that 
biochar could be sustainably produced and applied in agriculture without compro-
mising the forests and the environment. This knowledge is vital in guarantying the 
feasibility of biochar technology among policymakers as a sustainable alternative to 
the exorbitant mineral fertilizers.

Keywords: biochar, agricultural productivity, East Africa, carbon sequestration, 
fertilizer, sustainable, climate-friendly

1. Introduction

One of the most significant bottlenecks to increased agricultural productivity 
in developing economies is continuous soil degradation due to land use change 
and erosion [1, 2]. Human activities have primarily destabilized the distribution of 
carbon in the universe that has released too much carbon to the atmosphere than 
what plants can utilize via the photosynthesis process (Figure 1). As a consequence, 
climate-change-related risks such as erratic rainfalls, floods, and fluctuating 
temperatures have ensued, causing soils to lose their nutrients through erosion and 
leaching. This has further led to the depletion of soil productivity, increased soil 
acidity, and a heightened need for mineral fertilizer application [4]. Acidity in soils 
is caused by factors ranging from nature of the soil, agroecological condition, and 
fertilization systems. For instance, the non-calcareous parent materials that are 
intrinsically acidic naturally undergo bleaching, especially in humid climates like 
East Africa and in high rainfall conditions. Further, reclaimed swampy soils (peats) 
and soils that have been highly treated with nitrogenous fertilizers tend to be acidic 
over time [5, 6].
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As a consequence, the production of biochar from various biomass sources has 
attracted immense attention among scientists and agricultural practitioners. This 
is because of its potential in revitalizing the fertility of degraded soils by sequester-
ing carbon and reducing greenhouse gas emissions, thereby mitigating climate 
change [7].

Biochar is a black carbonaceous solid product that results from thermochemi-
cal decompositions of various biomass feedstocks at elevated temperatures under 
oxygen-deficient conditions [3, 8, 9]. Pyrolysis is the most common thermochemi-
cal process that yields biochar depending on the type of feedstock used and the 
variations in temperature regimes and the rate of heat application. Biochar from 
various types of biomass has been used predominantly as a soil amendment, 
carbon sequestrating tool, an agent for nutrient recycling, waste management tool 
[10–12], and as a solid fuel source [13]. Charcoal, one of the ancient products used 
for cooking, has also been investigated on its influence on agricultural productivity. 
In general, unlike biochar, charcoal has not been effective in fixing carbon into the 
soil except when it is mixed with mineral fertilizers or other organic manures. This 
is because mixing charcoal with organic fertilizers has the potential of enhancing 
nutrient accumulations at the crops root zone. Further, this mixture can minimize 
nutrient leaching in the vastly weathered tropical soils besides boosting crop 
productivity in acidic soils [14, 15].

According to Obi [16], more than 998 million tons of agricultural wastes result 
from crops, livestock, and aquaculture productions annually across entire Africa. 
Most of these wastes are reused as fuel sources, and others are left to decompose on 
the farms as organic manures or as feedstock for anaerobic digestions like biogas 
generation. From crop production alone, enormous amounts of plant-based bio-
masses are generated annually across East African countries. However, a clear focus 
toward their use as precursors of value-added products as biochar is mostly missing. 
The primary reason is the lack of appropriate technology to employ and limited 
informed strategies to spur biochar production in the region. Prudent implementa-
tion of sustainable biochar production is a potent stimulant to spanning agricultural 
productivity, better economic growth while minimizing negative environmental 
impacts in the area. Notably, the steady population increase in the region is exerting 

Figure 1. 
Carbon cycle representing the global natural and anthropogenic contributions. Source: Brewer [3].
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much pressure on the exponentially shrinking arable land besides other implica-
tions as climate change and land use change. Thus, ardent efforts to restore the 
degraded soils through the use of biochar are a potential remedy. This must be done 
while ensuring that the present and future regional agricultural production stan-
dards, food security, and renewable energy sources are uncompromised. This is a 
fundamental element in the biochar bio-economy discourse, which is aimed at revo-
lutionizing agronomic operations in East Africa while underscoring the spectrum of 
its usefulness and viability [11].

2. Biochar production process

In this chapter, we highlight the overview of the biochar production process, its 
usefulness, and potentials in improving agricultural productivity in East Africa.

2.1 Biochar sources

In principle, biochar can be produced from a range of carbonaceous feedstocks 
subjected to various thermochemical processes. The feedstocks can include 
agricultural wastes, municipal solid wastes, residues from forests, used building 
materials, and hydrocarbon substances like used tires, among others. Important 
to note is that the suitability of various feedstocks principally depends on their 
availability, biosafety regulations, and the targeted market conditions. Depending 
on the desired end use, biochar production for agricultural production should take 
into considerations the environmental aspects and an understanding of soil condi-
tion as well as its properties. Discrete processes employed in biochar production 
are outlined in Table 1. The methods span from slow pyrolysis, fast pyrolysis, flash 
pyrolysis, intermediate pyrolysis, vacuum pyrolysis, hydropyrolysis, torrefaction, 
and gasification, receiving varied treatments according to the quality and quantity 
of the desired final product [17]. Generally, temperature, pressure, heating rate, 
residence time, reactive or inactive environment, type of the purifying gas, and its 
flow rate are engineered to yield the targeted products. In all the pyrolysis pro-
cesses, three main products are generated: solid biochar or ash, bio-oil or tar liquid, 
and non-condensable gases or syngas [1, 3].

The principle behind pyrolysis and volatilization is combustion reaction of 
biomass in an inert atmosphere. The inert atmosphere is ensured by flushing 
through the reactors with argon or nitrogen gases [9]. The application of heat 
to biomass feedstock causes disintegration of chemical bonds leading to smaller 
molecules vaporizing into gas oxidation state [18]. Due to the oxygen-deficient 
condition, the products formed are water, methane, carbon monoxide, and carbon 
dioxide, otherwise, in the presence of excess oxygen, heat and light results. Thus, 
the lack of oxygen causes the volatiles to form into dense gases or liquid tar and 
soot. Consequently, once all the volatile components are eliminated or oxidized, 
the remaining slow-burning residue undergoes the final stage of combustion called 
solid-phase oxidation to yield radiant coal. Therefore, each thermochemical decom-
position process is dependent on the heat energy applied, pressure, the quantity of 
oxygen supplied, type of precursor, and the residence time [9].

2.2 Slow pyrolysis

Slow pyrolysis takes place at low heating temperatures of 400°C and a long 
solids residence time, causing secondary cracking of the primary products. In a slow 
pyrolysis process, biochar yields are higher (up to 45%) compared to bio-oil (30%). 
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on the desired end use, biochar production for agricultural production should take 
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and non-condensable gases or syngas [1, 3].
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condition, the products formed are water, methane, carbon monoxide, and carbon 
dioxide, otherwise, in the presence of excess oxygen, heat and light results. Thus, 
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The lower heating rates and longer retention time enable vapor formed from 
complete secondary reactions to be eliminated, thus forming the solid carbonaceous 
biochar [10, 11, 19–21].

2.3 Slow pyrolysis versus traditional charcoal making

Charcoal has been used as a perennial fuel for domestic heating. In practice, char-
coal is made by slow burning of wood in the absence of oxygen at mild to high tempera-
tures [22]. Even though the charcoal making process can be referred as slow pyrolysis, 
the initial heat required to ignite the reaction is generated by burning part of the 
wood or the feedstock making it hard to achieve inert environment. For a typical slow 
pyrolysis process, the heat needed to decompose the feedstock thermally is supplied 
externally via an indirect heating medium. In contrast to the charcoal making process, 
the feedstock remains in airtight vessels or reactors [8]. Thus, the goal of slow pyrolysis 
is to yield a biochar product with high energy and carbon content. This is besides other 
by-products like pyroligneous acid or wood tar and non-combustible or syngas.

3. Environmental usefulness of biochar

3.1 Biochar from biomass as a fertilizer and a soil conditioner

The use of biochar from plant biomass as a soil fertilizer or conditioner has 
received significant attention in the recent past [12]. Formerly, extractions from 
the fermentation of bioethanol and flavonoids as well as recoveries from chemicals 
have also been applied as organic soil fertilizers [22]. However, the residues from 

Thermochemical 
process

Temperature 
range (°C)

Heating rate Pressure Residence 
time

Primary 
product

Slow pyrolysis 350–800 Slow (<10°C/min) Atmospheric Hours–
days

Biochar

Fast pyrolysis 500–1250 Very fast 
(10–200°C/sec)

Vacuum–
atmospheric

10–20 s Bio-oil

Flash pyrolysis 900–1200 Fast Elevated 0.1–1 s Biocarbon/
char

Intermediate 
pyrolysis

500–650 0.1–10°C/sec Low (0.1 MPa) 5–35 min Bio-oil/
biochar

Vacuum pyrolysis 450–600 Slow Low (0.05–
0.20 MPa)

Hours Biochar

Hydropyrolysis 500–1000 Very fast in 
hydrogen

High 
(5–20 MPa)

10–20 s Bio-oil

Torrefaction 200–300 Slow (<10°C/min) Atmospheric Minutes–
hours

Stabilized, 
friable 

biomass

Gasification 700–1500 Moderate–very fast Atmospheric-
elevated

Seconds–
minutes

Syngas/
producer 

gas

Source: Omulo [17].

Table 1. 
Thermochemical processes, their representative reaction conditions, particle residence times, and primary 
products.
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fermentation processes have short lifespans. They are uneconomical to use as fertilizer 
because of their high moisture content. Thus, the need to develop alternative products 
from sustainable thermal conversion ways has put the use of biochar into perspective 
[23]. This is key since the conventional method of leaving raw biomass wastes on the 
soil to degrade naturally has remarkable risks primarily due to high bulk density, high 
moisture content, and the hygroscopic nature. Further, the biomasses contribute to 
air and water pollution and greenhouse effects via smoke resulting from burning. On 
the other hand, the use of biochar has been cited as a viable way of stabilizing soil 
organic carbon while minimizing greenhouse gas (GHG) emissions [2].

Biochar has been identified as a carbon-neutral bioenergy resource capable of 
enhancing soil conditions for better agriculture. It can also aid in curbing green-
house emission effects and global warming [24]. Biochar as a carbon sequester 
can significantly contribute to agricultural productivity through the improvement 
of soil fertility and controlled pollution of rivers and groundwater, which are 
threatened by continued unsustainable agrarian practices [25]. Besides influenc-
ing carbon content in the soil, fresh biochar is instrumental in immobilization of 
nitrogen, improvement of soil pH and soil structure [1]. Further, soils affected by 
continuous leaching due to herbicides application, research has shown that biochar 
can curb the leaching process and assist in reigniting microbial activity in the soil 
[24, 26]. The following biomass feedstocks have been used for biochar produc-
tion to utilize it as a fertilizer: microalgae [24], eucalyptus crop residues, castor 
meal, coconut pericarp, sugarcane bagasse [27], water hyacinth [28], and banana 
wastes [29]. Table 2 illustrates the biochar nutrient contents of various biomass 
feedstocks.

3.2 The potential of biochar in carbon sequestration

The potential of biochar as a viable tool to carbon sequestration has recently 
been centered on the common discourse of climate change. Biochar has been 
pointed out to enhance carbon sinks, especially in dry regions [32]. However, the 
degree with which biochar achieves carbon sequestration depends on various fac-
tors. Most importantly, it depends on the desired soil carbon content and the rate of 
carbon dioxide removal from the atmosphere [3]. There are considerable large sizes 
of arable lands (estimated at 6% of the earth’s surface); thus, they require relatively 
high amounts of biochar to be incorporated therein. Ideally, up to 90 tons of biochar 
per hectare should be incorporated into the farms compared to the current recom-
mendations of 50 tons of biochar in a hectare [1] to help in reducing the level of 
carbon dioxide in the atmosphere. Since it takes long to sequester carbon dioxide 

Residue N P K C Ca Mg

Wheat straw 0.21 2.90 18.29 7.70 4.30

Maize cob 10.8 0.45 9.40 429 0.18 1.70

Maize stalk 8.1 2.10 0.03 427 4.70 5.90

Forest residue 1.6 0.29 0.11 39 130 19.0

Peanut 15.0 2.4 — 429 — —

Soybean 23.8 0.9 — 441 — —

Rice husk 0.3 0.16 0.48 36 1.63 —

Table 2. 
Biochar nutrients proportion from various biomass feedstocks (in g kg−1) [27, 30, 31].
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The lower heating rates and longer retention time enable vapor formed from 
complete secondary reactions to be eliminated, thus forming the solid carbonaceous 
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Thermochemical 
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Temperature 
range (°C)

Heating rate Pressure Residence 
time

Primary 
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Source: Omulo [17].

Table 1. 
Thermochemical processes, their representative reaction conditions, particle residence times, and primary 
products.
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from the atmosphere, the predisposition asserted by industrial activities makes 
the process even longer. This means that even though biochar has the potential to 
sequester carbon, sustainable land use change and pollution control are indispens-
able. With improved and cheaper innovations like pyrolysis techniques, biochar 
productions potentially depend on biomass availability [3, 17, 27]. Table 3 high-
lights the average agricultural wastes across East African countries generated from 
the major food crops [33].

3.3 The extent of biochar use in agriculture

The continued awareness of the benefits of biochar as a carbon sequester and soil 
conditioner has propelled its demand and use in the agricultural sector worldwide 
[34]. Research institutions and organizations have championed evidence-based 
research as incentives to upscale biochar acceptability and salability to farmers. One 
such organization is the International Biochar Initiative (IBI), which is a non-profit 
organization founded in 2006. Even though it is the biggest biochar promoter, 
several other establishments exist in different countries and regions of the world 
[25, 35, 36]. These biochar promoter organizations have been at the forefront in 
organizing scientific conferences to share insights on the latest research on biochar. 
Most importantly, they have been instrumental in proposing policies regarding 
biochar legislation. One such milestone is the Post-Kyoto Climate Agreements under 
the UN Framework Convention on Climate Change (UNFCCC), where biochar was 
unilaterally accepted a viable mitigation strategy [30, 32]. The Kyoto protocol was 
further intended to aid small economy countries to achieve sustainable development 
goals and to secure compliance with GHG emission minimization targets [37].

3.4 How does biochar improve soil properties?

The historical background about the use of biochar as soil amendment tool can 
be traced back to as earlier as 1929 when John Morley working with the US National 

Crop Burundi 
(×1000MT)

Kenya 
(×1000MT)

Rwanda 
(×1000MT)

S. Sudan 
(×1000MT)

Tanzania 
(×1000MT)

Uganda 
(×1000MT)

Beans, 
dry

3.83 13.12 6.42 0.011 14.41 9.96

Maize 2.55 32.59 3.93 1.06 61.57 27.47

Millet 0.12 0.69 0.069 0.059 3.83 2.50

Potatoes 0.60 5.62 2.85 — 6.27 1.00

Rice, 
paddy

1.59 1.20 1.45 — 44.59 3.89

Sorghum 0.37 3.02 2.53 9.27 13.60 6.51

Soybeans 0.072 0.044 0.84 — 0.116 0.80

Wheat 0.12 2.27 0.17 — 1.59 0.34

Barley — 0.93 — — 0.18 —

Oats — 0.059 — — — —

Total 9.26 59.54 18.26 10.40 146.15 52.48

Source: FAOSTAT [33].

Table 3. 
Comparison of crop residues among East African countries (×1000MT) nitrogen content.
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Greenkeeper realized that addition of traces of charcoal enhanced soil porosity 
[3]. Different kinds of biochar porosity exist depending on pore size. Pores can be 
categorized into micropores (diameter < 2 nm), mesopores (diameter 2–50 nm), 
and macropores (diameter > 200 nm) [3]. Mostly, macropores are susceptible to 
water, plant roots, and fungal hyphae penetration. Thus, the large pores influence 
the soil’s hydrology and microbial ecosystem. It is easy to see the biochar pore size 
distributions using the scanning electron micrographs depending on the parent plant 
structure, see Figure 2. Therefore, it is the high porosity property of biochar that 
makes it contributes to the susceptibility of soil to water infiltration and increased 
micropore network in the soil [1, 30]. Thus, water retention in both sandy and silty 
soils can be significantly improved with the incorporation of biochar [1, 30].

Biochar’s larger surface area to volume ratio also plays a significant role in cation 
exchange capacity (CEC) and the extent to which biochar can be integrated into the 
soil. The bigger the biochars’ surface area, the greater the chemical exchanges; it can 
accommodate per unit gram [38]. Thus, it potentially curbs any form of nutrient 
leaching while boosting nutrients uptake [7, 31]. Biochar’s bulk density is relatively 
low compared to soil bulk density; this encourages ease of nutrient release to plants 
and also lowering the effects of soil compatibility [3, 4].

Biochar is alkaline; this may influence the type of soil upon which it can be 
applied [39]. Depending on the type of feedstock pyrolyzed, biochar contains 
both primary and trace mineral elements useful for plants development [4]. 
Nonetheless, it has been noted that the presence of various functional hydrocarbon 
groups in biochar limits its release of water to plant roots especially in water stress 
conditions [36].

4.  Potential of biochar use to boost East African agricultural 
productivity

East Africa is among the countries with the highest nutrient loss across sub-
Saharan Africa with annual nutrient depletion rate of 41 kg N, 4 kg P and 31 kg K 
per hectare [40]. Even though soil fertility is quite dynamic, its inherent chemical, 
biological, physical, and anthropogenic characteristics play a significant role too 
[40]. Most soils in East Africa are acidic without enough nutrients to support sus-
tainable crop production. This is because a bigger portion of the soils are extremely 
weathered, making them nutrient-deficient, especially with a limited stock of 
phosphorus, potassium, calcium, magnesium, and sulfur [41]. Similarly, soil acidity 

Figure 2. 
Scanning electron micrographs of biochar particles showing porosity. Source: Brewer [3].
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is influenced by the robust soluble aluminum, which is poisonous to most crops. 
Therefore, to ensure sustained crop productivity, improved soil fertility manage-
ment is inevitable. This calls for sustainable and cheaper soil fertilization ventures 
like the use of biochar in these resource-constrained countries [40].

However, despite the known benefits of biochar to the scientific world, other 
stakeholders have concerns that are yet to be addressed. One of the significant 
issues is the uncertainty regarding the sustainable supply of feedstock for biochar 
production. Policymakers argue that mass production of biochar would need 
vast land for the feedstock required [1]. On the other hand, farmers still seem 
not to acknowledge that the crop residues within their farms can serve as biochar 
feedstock. The lack of reliable evidence in the literature regarding the sufficiency of 
crop residues as feedstock for biochar production in the context of East Africa is a 
gap. This section reiterates the fact that every field, farm, or region has the potential 
of generating enough biomass feedstock for biochar production. The analyses 
were carried out with a focus on the East African region. A few recent field and 
pot trials on the effectiveness of biochar on soil fertility enhancement have yielded 
very positive results [41]. Thus, the empirical evidence illustrated in this chapter 
reinforces the feasibility and sufficiency of biochar technology to impact the 
agricultural performance of smallholder farmers in East Africa amidst the effects of 
climate change.

According to the United Nations (UN) regional boundary delineation, East 
African region spans from the Red Sea coast in Eritrea, through to the Horn of 
Africa (Somalia) transcending the Indian Ocean coast line up to Mozambique. It 
further stretches inwards to Zimbabwe on the south, Zambia on the southwest 
and along the western rift valley encompassing Burundi, Rwanda, Uganda, South 
Sudan, and Sudan [4]. It also includes Indo-Oceanian Islands like Madagascar, 
Seychelles, Mauritius, and Comoros [42]. However, based on this chapter, a close 
focus will be given to the six countries forming the East African Community 
block. These countries include Kenya, Tanzania, Uganda, Rwanda, Burundi, and 
South-Sudan (although scarce information is available) (Figure 3). Agriculture still 
contributes substantially to the economic growth of East African, and it offers job 
opportunities to more than 70% of the region’s population [44]. Figure 4 illus-
trates the percentage of contributions of agriculture to the GDP of the countries in 
comparison with other sectors.

Despite this immense reliance on agriculture, agricultural production in East 
African countries is predominantly under subsistence basis. The bulging popula-
tion, perennial low productivity recorded, alarming food insecurity and high 
demand for rich nutrient grains compound the desperate state of the agricultural 
sector in the region. Notwithstanding, the region is still estimated to harbor excel-
lent agricultural potential. However, to harness this potential, sustainable and 
increased agricultural extensification via appropriate mechanization, improved 
land use management, and climate-adapted farming methods are inevitable [45].

The soils in East Africa have been affected by unsustainable continuous land use, 
non-conservation tillage methods employed, and native volcanic soils that are prone 
to degradation [4]. Consequently, the antidote to this menace is embracing sustain-
able and climate-friendly farming methods capable of increasing and preserving 
soil fertility. Biochar technology is one such viable means to achieve this noble 
vision [3].

4.1 How abundant are agricultural residues in East Africa?

The scalability of pyrolysis technologies in East African countries is yet at a 
very dismal stage. The primary reason is the low level of industrialization and little 
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appreciation of such technologies. This, however, does not disannul pyrolysis’ 
potential to foster sustainable agricultural production through biochar production 
and use [7]. To underscore this hypothetical biochar usefulness in the region, 
critical scenario-based analysis seeking to disentangle the uncertainty on the 
availability and sustainability of biomass feedstock is paramount. The revelation 
will further contribute to changing the perception of both policymakers and 
farmers about biochar potential in the region [1]. As earlier stated, the feedstock 
can be generated from a range of biomass residues; the author, however, explore the 
potential in crops specifically on maize [46].

Maize is the most popular crop grown in East Africa because it is the staple food. 
Despite this, its productivity per hectare is below the estimated regional average 
(2.5 tons per hectare). Maize is a very high nutrient feeder crop; thus, its production 
requires extensive fertilizer use [47]. Other crops grown in the region include cash 

Figure 3. 
Map of East African countries. Source: United Nations [43].
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crops such as tea, coffee, sugarcane, pyrethrum, and cotton; and food crops such 
as rice, wheat, beans, groundnuts, millet, sorghum, bananas, and potatoes, among 
others [48]. Taking maize as the most common crop, an illustration of its residues 
adequacy for biochar production is highlighted. Table 4 outlines the estimates of 
maize production in the year 2019 versus the area planted across the selected East 
African countries.

The greatest challenge has been the inability to estimate the quantity of residues 
resulting from maize farming accurately. Even though proper records and monitor-
ing of maize grains and other crops exists, very little has been done to quantify crop 
residues [49]. Nevertheless, in this section, the residues-to-product ratios (RPRs) 
estimation method is used. It is one of the most reliable ways to compute residue 
mass of any crop [49, 50]. Generally, maize crop generates 12% husks, 27% leaves, 
49% stem, and 12% cob residues of the total plant mass [50]. Thus, the RPRs for 
maize residue are as follows: 2 for the stalk, 0.273 for cob, and 0.2 for husks. These 
factors are systematically used to quantify the possible maize residue that can be 
generated based on the current maize production rates in the East African countries 

Figure 4. 
Percentage contribution of agriculture to countries GDP compared to other sectors based on 2017 estimates. 
Source: The Centre of Intelligence, CIA [44].

Country Production (×1000 MT) Planted area (×1000 Ha) Yield (MT/Ha)

Kenya 3400 2000 1.7

Tanzania 6200 4200 1.5

Uganda 2800 1150 2.4

Rwanda 411 250 1.6

Burundi 260 180 1.4

South Sudan* 400 330 1.2

Total 13,471 8110 1.7

Source: The US Department of Agriculture, USDA [27].
*South Sudan data are based on 2016 statistics.  
Source: McKee [26].

Table 4. 
Maize production, area planted and yield estimates in East Africa as of 2019.
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(Table 4). Since the recorded crop masses are weighed in N kg, the respective 
residue masses are as follows: 76% representing stalk residue (leaves 27% and stem 
49%) is 2.0 N kg at 15% moisture content, 12% representing cob residue is 0.273 N 
kg at 7.53% moisture content, and 12% representing husk residue is 0.2 N kg at 
11.11% moisture content. When summed up, the expected total residue mass from 
the maize crop is approximately 2.47 N kg. Thus, expected total residue mass is 
2.47 N kg [4, 50].

Consequently, a total of 13.5 million tons of maize is produced in East Africa 
under the total planted area of 8.1 million hectares. This implies that 33.3 million 
tons (13,471,000 × 2.47) of residues are generated annually. These residues are 
potential feedstock for pyrolysis for biochar production. To further estimate the 
possible amount of biochar that can be generated from these residues, pyrolysis 
parameters like residence time and heating temperature are paramount. Omulo 
et al. [29], Cantrell et al. [39] and Djurić et al. [51] noted that subjecting residues to 
temperature regimes of 300–650°C can lead to a biochar yield of between 40 and 
28%. Thus, supposing that maize residues are pyrolyzed at a low temperature of 
300°C, it is possible to generate up to 40% biochar as by-products. Thus, the rate of 
conversion of residues to biochar is taken as 0.4. This means that from the total mass 
of residues generated, about 13.3 million tons of biochar can be produced.

However, what percentage of the planted area in the region can be sustained by 
the produced biochar? In principle, biochar application can be made in two ways: a 
one-time application where biochar is applied at the required rate or an intermittent 
application where biochar is progressively applied until the acceptable threshold 
is achieved. Assuming that one-time biochar application is employed, Major [35] 
recommends the rate of 5 tons of biochar per hectare. Thus, based on the probable 
biochar yield in East Africa, a total of 2.7 million hectares (approximately 30% 
of the total planted area) can be adequately fertilized by biochar every season. 
Moreover, noting that biochar has a long decay life, even a one-time application is 
estimated to have long time effects on the soil [3].

4.2 Economic savings and biochar adoption potential for agricultural use

A plethora of evidence has shown that biochar use has the potential to improve 
agricultural productivity, especially among the acidic weathered soils [46]. Further 
proofs indicate that biochar application can double maize yield by application of 
only 4 tons per hectare [52]. Because soil degradation in East Africa has not esca-
lated to irredeemable limits, proper biochar application is projected to have more 
profound impacts on crops productivity. Consequently, utilizing biochar to fertilize 
the staple maize farms can minimize the cost of fertilizers in the region while the 
saved revenue is used to extensify farming operations. Based on the estimations by 
Berazneva [41, 53], the mean shadow value of maize residues for farm soil fertility 
amendment is 0.07 USD/kg.

In comparison, an estimated cost of 0.04 USD/kg of fertilizer is conserved when 
the same residues are left on the field as mulch [53]. These values may differ slightly 
when pyrolysis costs are factored. Nevertheless, biochar production and utilization 
will potentially maximize the residue used to improve soil quality.

Hypothetically, considering the current low maize yield potential of the East 
African region, 1.7 tons per hectare, every hectare of maize would generate a total of 
4199 kg of residues (Table 5). If these residues were to be utilized in biochar genera-
tion via pyrolysis process, then approximately $67.18 cost of fertilizer can be saved 
in 1 hectare of land. This implies that with the current price of $29.75 per 50 kg 
bag of diammonium phosphate (DAP), $24.05 per 50 kg bag of urea, and $29.15 
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crops such as tea, coffee, sugarcane, pyrethrum, and cotton; and food crops such 
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others [48]. Taking maize as the most common crop, an illustration of its residues 
adequacy for biochar production is highlighted. Table 4 outlines the estimates of 
maize production in the year 2019 versus the area planted across the selected East 
African countries.
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residues [49]. Nevertheless, in this section, the residues-to-product ratios (RPRs) 
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maize residue are as follows: 2 for the stalk, 0.273 for cob, and 0.2 for husks. These 
factors are systematically used to quantify the possible maize residue that can be 
generated based on the current maize production rates in the East African countries 

Figure 4. 
Percentage contribution of agriculture to countries GDP compared to other sectors based on 2017 estimates. 
Source: The Centre of Intelligence, CIA [44].

Country Production (×1000 MT) Planted area (×1000 Ha) Yield (MT/Ha)

Kenya 3400 2000 1.7

Tanzania 6200 4200 1.5

Uganda 2800 1150 2.4

Rwanda 411 250 1.6

Burundi 260 180 1.4

South Sudan* 400 330 1.2

Total 13,471 8110 1.7

Source: The US Department of Agriculture, USDA [27].
*South Sudan data are based on 2016 statistics.  
Source: McKee [26].

Table 4. 
Maize production, area planted and yield estimates in East Africa as of 2019.
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(Table 4). Since the recorded crop masses are weighed in N kg, the respective 
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kg at 7.53% moisture content, and 12% representing husk residue is 0.2 N kg at 
11.11% moisture content. When summed up, the expected total residue mass from 
the maize crop is approximately 2.47 N kg. Thus, expected total residue mass is 
2.47 N kg [4, 50].

Consequently, a total of 13.5 million tons of maize is produced in East Africa 
under the total planted area of 8.1 million hectares. This implies that 33.3 million 
tons (13,471,000 × 2.47) of residues are generated annually. These residues are 
potential feedstock for pyrolysis for biochar production. To further estimate the 
possible amount of biochar that can be generated from these residues, pyrolysis 
parameters like residence time and heating temperature are paramount. Omulo 
et al. [29], Cantrell et al. [39] and Djurić et al. [51] noted that subjecting residues to 
temperature regimes of 300–650°C can lead to a biochar yield of between 40 and 
28%. Thus, supposing that maize residues are pyrolyzed at a low temperature of 
300°C, it is possible to generate up to 40% biochar as by-products. Thus, the rate of 
conversion of residues to biochar is taken as 0.4. This means that from the total mass 
of residues generated, about 13.3 million tons of biochar can be produced.

However, what percentage of the planted area in the region can be sustained by 
the produced biochar? In principle, biochar application can be made in two ways: a 
one-time application where biochar is applied at the required rate or an intermittent 
application where biochar is progressively applied until the acceptable threshold 
is achieved. Assuming that one-time biochar application is employed, Major [35] 
recommends the rate of 5 tons of biochar per hectare. Thus, based on the probable 
biochar yield in East Africa, a total of 2.7 million hectares (approximately 30% 
of the total planted area) can be adequately fertilized by biochar every season. 
Moreover, noting that biochar has a long decay life, even a one-time application is 
estimated to have long time effects on the soil [3].

4.2 Economic savings and biochar adoption potential for agricultural use

A plethora of evidence has shown that biochar use has the potential to improve 
agricultural productivity, especially among the acidic weathered soils [46]. Further 
proofs indicate that biochar application can double maize yield by application of 
only 4 tons per hectare [52]. Because soil degradation in East Africa has not esca-
lated to irredeemable limits, proper biochar application is projected to have more 
profound impacts on crops productivity. Consequently, utilizing biochar to fertilize 
the staple maize farms can minimize the cost of fertilizers in the region while the 
saved revenue is used to extensify farming operations. Based on the estimations by 
Berazneva [41, 53], the mean shadow value of maize residues for farm soil fertility 
amendment is 0.07 USD/kg.

In comparison, an estimated cost of 0.04 USD/kg of fertilizer is conserved when 
the same residues are left on the field as mulch [53]. These values may differ slightly 
when pyrolysis costs are factored. Nevertheless, biochar production and utilization 
will potentially maximize the residue used to improve soil quality.

Hypothetically, considering the current low maize yield potential of the East 
African region, 1.7 tons per hectare, every hectare of maize would generate a total of 
4199 kg of residues (Table 5). If these residues were to be utilized in biochar genera-
tion via pyrolysis process, then approximately $67.18 cost of fertilizer can be saved 
in 1 hectare of land. This implies that with the current price of $29.75 per 50 kg 
bag of diammonium phosphate (DAP), $24.05 per 50 kg bag of urea, and $29.15 
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per 50 kg bag of NPK fertilizers [54], the saved cost can enable farmers to buy two 
more bags of fertilizers respectively. Ideally, this will reduce the amount of chemical 
fertilizers applied to the farm by two bags but with the same prospect of crop yield.

The basis of biochar production and use adoption in East Africa hangs on the 
current practices and use of crop residues in the region, especially the principal 
food crop, maize. According to Berazneva [41], most of the residues are burnt in 
situ on the farms to clean the land for the subsequent season and also to sterilize 
traces of pests and diseases. On the other hand, most farmers leave the residues 
on the farms for soil amendment even though their farms are susceptible to open 
grazing. Still, other farmers use the residues as a fuel source besides feeding their 
animals. Therefore, adoption of biochar technology to sustainably manage the 
generation of residues for fertilization can empower an Integrated Soil Fertility 
Management (ISFM) system.

This model of quantifying maize residues for biochar production underscores 
the potential of every country to achieve biochar application rate of 5 tons per 
hectare. The percentage areas that can be sustained by biochar in comparison to the 
planted areas depict that potential crop yield increment of the region (Table 5). 
Even the smallholder farmers have the opportunity to boost their productivity due 
to biochar application [55].

5. Possible barriers to biochar production in East Africa

Promotion and adoption of biochar technology in East Africa and across entire 
sub-Saharan Africa (SSA) is hampered by several obstacles ranging from policy 
and legal frameworks, institutional, socio-economic, fiscal, ecological, health, and 
technical issues [1]. This is majorly due to the lack of workable local policies and 
legal frameworks highlighting the rationale, the terms and conditions of biochar 
production as well as the associated technological aspects [41]. As a consequence, 
necessary measures to fast-track these impediments are deemed paramount and 
thus demands urgent actions as illustrated in Figure 5.

Borrowing a leaf from promotion and adoption of other renewable energy 
technologies, it is paramount that biochar technology is adapted to the local 

Country Production 
(×1000 MT)

Planted area 
(×1000 Ha)

Residue 
(×1000T)

Biochar 
(×1000T)

Area 
applied 

(×1000Ha)

Covered 
area as 

percentage 
of planted 

area

Kenya 3400 2000 8398 3359.2 671.84 33.59

Tanzania 6200 4200 15,314 6125.6 1225.12 29.17

Uganda 2800 1150 6916 2766.4 553.28 48.11

Rwanda 411 250 1015.17 406.068 81.2136 32.49

Burundi 260 180 642.2 256.88 51.376 28.54

South 
Sudan*

400 330 988 395.2 79.04 23.95

Total 13,471 8110 33273.37 13309.348 2661.8696 32.82

Source: USDA [48].
*Estimates are based on 2017 statistics except for South Sudan it is 2016.

Table 5. 
Possible area under biochar application as a percentage of the planted area at country level.
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conditions and realities and should be affordable as possible. Deliberate capacity 
building on biochar technology through research and innovations channeled 
through various social strata can also break these constraints. Thus, for biochar 
technology to be feasible in East Africa, smallholder farmers should be able 
to understand the technology and afford the production and investment costs 
involved [1].

Another bottleneck to upscaling of biochar technology is the negative attitudes 
and perception surrounding it, especially by the majority risk-averse smallholder 
farmers. Discourses compound these cynicisms on nature conservation, competing 
interests, and deprivation of the scarce animal feeds [53]. The general belief that 
biochar production leads to deforestation besides being a complicated technology is 
quite difficult to disentangle. Nevertheless, proper knowledge sharing, supported 
by evidenced-based research, can serve as the most persuasive argument against 
such antagonistic ideologies. Further, the real potential and benefits of sustainable 
production and use of biochar for crop production can be underscored based on 
the perceived usefulness. Improved crop production implies better food security, 
poverty reduction, and reduced mortality rates. These challenges are faced 
by a majority of resource-constrained smallholder families across entire sub-
Saharan Africa.

6. Future of biochar production and use

Biochar technology continues to offer numerous opportunities for developing 
economies. Apart from its suitability in agricultural production, biochar is highly 
an efficient and safe source of heat energy for small households compared to the 
current conventional use of charcoal [3]. Charcoal fires are usually operated openly, 
exposing then to inefficient heat transfer and air pollution, which can cause health 
complications too. Therefore, harnessing biochar production from crop residues 
offers excellent prospects for both energy and income generation even among 
smallholder families across the region. Government-led compensation schemes 
based on carbon credits on the amount of carbon sequestered and participation in 
climate change mitigation would highly incentivize biochar use.

Figure 5. 
Barriers to biochar and co-products production and use in SSA and viable interventions actions. Source: 
Gwenzi [1].
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sub-Saharan Africa (SSA) is hampered by several obstacles ranging from policy 
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technical issues [1]. This is majorly due to the lack of workable local policies and 
legal frameworks highlighting the rationale, the terms and conditions of biochar 
production as well as the associated technological aspects [41]. As a consequence, 
necessary measures to fast-track these impediments are deemed paramount and 
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conditions and realities and should be affordable as possible. Deliberate capacity 
building on biochar technology through research and innovations channeled 
through various social strata can also break these constraints. Thus, for biochar 
technology to be feasible in East Africa, smallholder farmers should be able 
to understand the technology and afford the production and investment costs 
involved [1].

Another bottleneck to upscaling of biochar technology is the negative attitudes 
and perception surrounding it, especially by the majority risk-averse smallholder 
farmers. Discourses compound these cynicisms on nature conservation, competing 
interests, and deprivation of the scarce animal feeds [53]. The general belief that 
biochar production leads to deforestation besides being a complicated technology is 
quite difficult to disentangle. Nevertheless, proper knowledge sharing, supported 
by evidenced-based research, can serve as the most persuasive argument against 
such antagonistic ideologies. Further, the real potential and benefits of sustainable 
production and use of biochar for crop production can be underscored based on 
the perceived usefulness. Improved crop production implies better food security, 
poverty reduction, and reduced mortality rates. These challenges are faced 
by a majority of resource-constrained smallholder families across entire sub-
Saharan Africa.

6. Future of biochar production and use

Biochar technology continues to offer numerous opportunities for developing 
economies. Apart from its suitability in agricultural production, biochar is highly 
an efficient and safe source of heat energy for small households compared to the 
current conventional use of charcoal [3]. Charcoal fires are usually operated openly, 
exposing then to inefficient heat transfer and air pollution, which can cause health 
complications too. Therefore, harnessing biochar production from crop residues 
offers excellent prospects for both energy and income generation even among 
smallholder families across the region. Government-led compensation schemes 
based on carbon credits on the amount of carbon sequestered and participation in 
climate change mitigation would highly incentivize biochar use.
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Barriers to biochar and co-products production and use in SSA and viable interventions actions. Source: 
Gwenzi [1].
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With proper organization, biochar producers can significantly benefit from the 
improved market where they can sell their products and even via cooperatives to get 
better bargaining power. Access to the improved energy source for domestic use like 
biochar can create time for women to be involved in other more income-generating 
activities. Consequently, increased income will lead to improved quality of life 
among their households [3]. Biochar use can be diversified without  interfering 
with the necessary amounts needed for soil amendments and increased crop 
productivity [4].

Critics have pointed out that sufficient biochar production may potentially 
lead to deforestation and that the use of inappropriate production methods may 
also result in air pollution [1]. Nevertheless, as earlier stated, sustainable biochar 
generation might not be dependent on a single biomass source. Instead, sourcing 
biomass residues from a wide range as forest products, crop wastes, animal wastes, 
biodegradable landfills, urban, and construction bio-wastes are more viable [17, 29]. 
This means that in future, pyrolysis techniques employing efficient bio-reactors for 
biochar production will potentially minimize any heat loss and pollution [3] while 
maximizing the yields. A more informed decision among users and action-oriented 
policy frameworks, as well as research development, can reinforce the desired 
production and use of biochar in the region.

7. Conclusion

The problems of land degradation and climate change effects are spread uni-
formly across East African countries. Farmers desire amicable solutions to these 
challenges. Biochar technology has proven to be such a feasible solution that doubles 
as a soil conditioner and a climate-friendly product. Based on the current maize 
production trends in the region, it is possible to generate enough biomass residues 
for biochar production. This has the potential of reducing fertilizer use by farmers 
in the region by up to 30% cushioning them from the exorbitant mineral fertilizers 
while still getting the desired yield. Thus, with proper uptake and implementa-
tion, driven by sound policies and good governance, biochar production has a 
great potential to boost farmers production and improve their quality of life. 
Nevertheless, it is paramount that the technology is adapted to the local conditions, 
be backed up with current research evidence, proper capacity building, and con-
certed efforts among the stakeholders.
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Chapter 9

Enhancement of Soil Health Using 
Biochar
Oladapo T. Okareh and Alaba O. Gbadebo

Abstract

Over the years, the carbon-rich biochar has been used for the purpose of 
environmental conservation and reservation. Typically produced from varieties 
of materials ranging from sewage, farm produce, energy crops and agricultural 
waste or residues, the properties usually considered in the application of biochar 
include the chemical composition, porosity and stability. Contemporarily, the use 
of biochar has extended to its utilization in the industry, agriculture, forestry, and 
the natural environment. Soil fertility depends on the holistic process of managing 
the soil and likewise maintaining a robust biodiversity. This process involves the 
application of natural carbon-rich materials like biochar as soil amendments. The 
rapid absorption tendency of biochar, both on organic and inorganic materials has 
contributed immensely to the removal of excess antimicrobials from the environ-
ment. Biochar has been known to be a good enhancer of the soil due to its rich con-
tent of carbon and other nutrients good enough for the soil. Other striking effects 
of biochar on the soil and environment include the enhancement of the uptake 
of nitrogen, improvement of the soil structure, mitigation of greenhouse gases, 
conservation of the environment and enhancement of soil microbial community.

Keywords: biochar, soil fertility, soil enhancement, soil properties, wastes,  
soil carbon

1. Introduction

Biochar is a carbon-rich stable solid biomass in form of humus which is pro-
duced either from sustainable waste particles buried in the soil or through pyroly-
sis of plant or animal biomass under different temperature conditions. The nature 
and efficiency of the plant biomass used in biochar production depend on the type 
and the characteristics of the soil from which the plant biomass was developed 
[1]. The stability of organic matter in soils is determined by its ability to resist 
microbial and/or chemical decomposition, through chemical transformations and 
physical interactions with soil minerals. The sequestration of carbon and carbon 
dioxide reduction are being gradually achieved in recent years through the use of 
biochar. Biochar also help in the reduction of wastes and removal of the same from 
the environment. It actually comprise of organic carbon with low expectancy of 
degradation [1, 2].

Biochar has been in hunt for so many decades till now. Over the years, it has been 
used for the purpose of environmental conservation and reservation. Today, the use 
of biochar has extended to its utilization in the industry, agriculture, forestry, and 
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the natural environment. It has also been used for the purpose of heavy metal diges-
tion, pollutant immobilization as well as a supplement to composting and methane 
fermentation process [1, 3]. Recently, biochar is being used in pyrolytic filtering of 
tar and also in the production of hydrogen [3].

The presence of organic matter and nutrients in biochar is vital because the 
nutrients provide basic mineral supplements for the soil. Therefore, the amendment 
of soil with biochar increases the soil’s pH, cation-exchange capacity (CEC), total 
nitrogen, organic carbon and conductivity. It has been reported that the fate and 
toxicity of heavy metals have been reasonably reduced due to the amendment of 
soil with biochar [4]. Furthermore, the porosity, large surface area and absorbance 
potential have made biochar a medium for soil nutrient improvement. Likewise, 
biochar also acts as a suitable habitat for soil microorganisms to thrive, alongside 
the support by roots of leguminous plants that aid the symbiotic relationships 
between the microorganisms and the plants [5].

Biochar has also been known to decrease the tensile strength of the soil 
because of its porosity and ability to create air pores within the soil, thus reduc-
ing soil compaction. With this development, biochar can be used as a sustainable 
tool for agricultural soil development. High crop yields can be produced with 
the use of biochar without necessarily depleting essential nutrients from the 
environment [6].

2. Biochar properties that enhance environmental safety

Biochar can be produced from varieties of materials ranging from sewage, farm 
produce, energy crops and agricultural waste or residues. Other materials used for 
biochar include forest wastes like conifer barks, sawdust pellets, paper and moss. 
After biochar is produced, the quality of the biochar is determined by the assess-
ment of certain properties possessed by the biochar product [7, 8].

The properties usually considered at the post-production stage of biochar 
include the chemical composition, porosity and stability. However, at the point of 
production, the chemical composition can be manipulated by the type of substrate 
used in the biochar preparation and the composition of the substrate determines the 
chemical composition of the biochar itself [3, 9].

Typically, biochars contain stable organic compounds where the carbon content 
may be within the range of 50 to 90% and volatile content at 10 to 50% [2, 10]. 
Biochar seldom undergo microbial degradation because of their carbonized nature 
and their pH. Some of the properties of biochar are shown in Table 1. These 
properties determine the level of biochar quality. The temperatures of the pyrolytic 
processes at the point of production of the biochar are also indicated.

The pH is either neutral or alkaline. The alkaline pH sometimes results from the 
biomass pyrolysis of high temperature. The increase in the temperature of the soil 
containing the biomass has a resultant effect on the alkalinity of the biomass [10]. 
However, at lower temperatures, high ion-exchange biochars are produced. The 
cation exchange capacity which determines nutrient absorption indicates a rise in 
temperature at every rise in the cation exchange capacity of the soil biomass [11]. It 
is as a result of these physicochemical properties that make biochars qualify as good 
soil carbon sequesters and soil remediation agents [3, 12]. Furthermore, soil types 
that are supplemented with biochar have a very high degree of absorption.

Biochar has a predominantly condensed aromatic structure that is known to be 
highly resistant to microbial decomposition. The porosity of the biochar adds to the 
water retention capacity of the soil and increases the soils ability to form aggregates 
[13]. Figure 1 describes the porous nature of a typical biochar.
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the natural environment. It has also been used for the purpose of heavy metal diges-
tion, pollutant immobilization as well as a supplement to composting and methane 
fermentation process [1, 3]. Recently, biochar is being used in pyrolytic filtering of 
tar and also in the production of hydrogen [3].

The presence of organic matter and nutrients in biochar is vital because the 
nutrients provide basic mineral supplements for the soil. Therefore, the amendment 
of soil with biochar increases the soil’s pH, cation-exchange capacity (CEC), total 
nitrogen, organic carbon and conductivity. It has been reported that the fate and 
toxicity of heavy metals have been reasonably reduced due to the amendment of 
soil with biochar [4]. Furthermore, the porosity, large surface area and absorbance 
potential have made biochar a medium for soil nutrient improvement. Likewise, 
biochar also acts as a suitable habitat for soil microorganisms to thrive, alongside 
the support by roots of leguminous plants that aid the symbiotic relationships 
between the microorganisms and the plants [5].

Biochar has also been known to decrease the tensile strength of the soil 
because of its porosity and ability to create air pores within the soil, thus reduc-
ing soil compaction. With this development, biochar can be used as a sustainable 
tool for agricultural soil development. High crop yields can be produced with 
the use of biochar without necessarily depleting essential nutrients from the 
environment [6].

2. Biochar properties that enhance environmental safety

Biochar can be produced from varieties of materials ranging from sewage, farm 
produce, energy crops and agricultural waste or residues. Other materials used for 
biochar include forest wastes like conifer barks, sawdust pellets, paper and moss. 
After biochar is produced, the quality of the biochar is determined by the assess-
ment of certain properties possessed by the biochar product [7, 8].

The properties usually considered at the post-production stage of biochar 
include the chemical composition, porosity and stability. However, at the point of 
production, the chemical composition can be manipulated by the type of substrate 
used in the biochar preparation and the composition of the substrate determines the 
chemical composition of the biochar itself [3, 9].

Typically, biochars contain stable organic compounds where the carbon content 
may be within the range of 50 to 90% and volatile content at 10 to 50% [2, 10]. 
Biochar seldom undergo microbial degradation because of their carbonized nature 
and their pH. Some of the properties of biochar are shown in Table 1. These 
properties determine the level of biochar quality. The temperatures of the pyrolytic 
processes at the point of production of the biochar are also indicated.

The pH is either neutral or alkaline. The alkaline pH sometimes results from the 
biomass pyrolysis of high temperature. The increase in the temperature of the soil 
containing the biomass has a resultant effect on the alkalinity of the biomass [10]. 
However, at lower temperatures, high ion-exchange biochars are produced. The 
cation exchange capacity which determines nutrient absorption indicates a rise in 
temperature at every rise in the cation exchange capacity of the soil biomass [11]. It 
is as a result of these physicochemical properties that make biochars qualify as good 
soil carbon sequesters and soil remediation agents [3, 12]. Furthermore, soil types 
that are supplemented with biochar have a very high degree of absorption.

Biochar has a predominantly condensed aromatic structure that is known to be 
highly resistant to microbial decomposition. The porosity of the biochar adds to the 
water retention capacity of the soil and increases the soils ability to form aggregates 
[13]. Figure 1 describes the porous nature of a typical biochar.
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3. Production processes of biochar and biochar efficiency

Biochars could be made either by burying organic waste particles in the soil or 
from pyrolysis of selected types of waste and fuel under different temperature con-
ditions ranging from 260°C to about 600°C [4, 14]. When wastes are buried under 
the soil, for example wooden debris, sewage, sawdust and other similar wastes, 
they are placed in a shallow garden bed of 1–2 feet, smoked and covered with soil 
of up to 1 inch [12]. The waste material is thereafter left to char before the fire is put 
out. This leftover material referred to as biochar, is used in the improvement of soil 
composition. Likewise, the pyrolysis process involves the anaerobic digestion of 
biomass, usually between 260°C to about 600°C [4, 13–16]. These wastes could be 
regarded as raw materials for the pyrolytic process of making biochar. Thus, these 
waste materials are major constituents in the chemical and structural properties of 
biochars. Example of the raw materials for the pyrolytic process is categorized into 
three groups which include the following:

• Coal: charcoal can be made from coal to produce biochar. Apart from coal, 
charcoal can be made from peat, wood and petroleum. One of the common raw 
materials for charcoal is coal. The presence of solid coal increases the efficiency 
of the production of good biochar [17]. However, coal could also be used as a 
fuel material for the pyrolytic process.

• Biomass: example of biomass is wood, plant debris and organic matter. Biomass 
is one of the most important raw materials for pyrolytic production of biochar. 
It could be homogenous or heterogeneous in composition, and could either 
have a high or low humidity. The biomass could either be strongly bonded or 
loose in structure [4, 7].

• Sewage sludge: examples of these are tyres.

The composition of the raw materials determines the structural and chemical 
properties of the biochar. The processes involved in the biochar production through 
gasification procedures should be reviewed occasionally to avoid difficulty in the 
production of biofuel. The type of bioreactor and range of products should also be 
simplified enough to allow for the efficiency of the production process and techno-
logical reliability.

The high temperature enhances the production of hemicelluloses and depoly-
merization of celluloses in the biofuel production. The collisions alongside the high 

Figure 1. 
The porous nature of biochar (Burrell et al. [14]).
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level of temperature are effective enough to prevent dehydration reactions; unlike 
the low temperature rates where the collisions always produce dehydration reac-
tions [18]. Similarly, the fast and slow heating rate affects the product efficiency 
and volatility of the carbonated material. A slow heating rate has been shown to 
reduce the rate at which volatile substances from the production materials escape 
into the atmosphere causing more secondary reactions take place; while the fast 
heating rate increases volatility of volatile compounds thereby less secondary 
reactions take place [19]. Thus, more secondary reactions definitely result into high 
grade biochar production.

However, the most important properties are the chemical and physical 
properties. The raw materials with high lignin content have a very high ten-
dency of producing efficient biochar but at relatively moderate temperatures. 
Furthermore, biomass materials that are relatively volatile produce efficient 
and large amount of pyrolitic gas and biofuel [20]. Furthermore, the amount of 
moisture in the raw materials for biochar determines the speed of the process of 
heat transfer and the distribution of products.

4. Soil fertility and biochar soil amendment

Soil fertility is a condition whereby a particular soil is physically, chemically 
and biologically stable with the required ecosystem intact without disrupting 
it. The state of complete functioning of the ecosystem is still intact in a soil 
termed to have the soil quality. There must be favorable interactions between the 
abiotic and biotic elements of the soil’s ecosystem and still serve the purpose of 
crop production for sustainability [21]. A soil may have a complete ecosystem, 
yet not serving the purpose of crop production. Thus, soil fertility depends on 
the holistic process of managing the soil and at the same time keeping a robust 
biodiversity. Part of this process is through the application of natural carbon-
rich materials like biochar as soil amendments [22]. The natural organic mate-
rial added to the soil should fulfill the conditions of sustaining life, increasing 
biodiversity, keeping good water and air quality, beneficial to human health, as 
well as sequestering carbon.

5. Application of biochar and environmental safety standards

Legal standards, ab initio have been set on environmental matters, part of which 
includes biochar. Biochar in many countries is regarded as waste or fertilizers which 
have been guided by regulations and legal statements. Although, biochar may not 
appear in the legislation of many countries, even in the European Union (EU), but 
the law and regulations about waste control is in the offing of the constitutions of 
many nations across the world; though a few have gone beyond implementation.

In reality, biochar is considered as waste, but in several literatures, it is usu-
ally considered as a by-product of carbonization. Waste, according to the EU, is 
defined as any product that is supposed to be discarded or any substance the holder 
proposes to discard. The Waste Act of the EU therefore specifies that any waste 
that undergoes a recycling process and meet the following conditions may not be 
regarded as waste. These conditions are:

• If the specified waste is commonly used for certain purposes

• If the product is being traded in the market or has market value
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level of temperature are effective enough to prevent dehydration reactions; unlike 
the low temperature rates where the collisions always produce dehydration reac-
tions [18]. Similarly, the fast and slow heating rate affects the product efficiency 
and volatility of the carbonated material. A slow heating rate has been shown to 
reduce the rate at which volatile substances from the production materials escape 
into the atmosphere causing more secondary reactions take place; while the fast 
heating rate increases volatility of volatile compounds thereby less secondary 
reactions take place [19]. Thus, more secondary reactions definitely result into high 
grade biochar production.

However, the most important properties are the chemical and physical 
properties. The raw materials with high lignin content have a very high ten-
dency of producing efficient biochar but at relatively moderate temperatures. 
Furthermore, biomass materials that are relatively volatile produce efficient 
and large amount of pyrolitic gas and biofuel [20]. Furthermore, the amount of 
moisture in the raw materials for biochar determines the speed of the process of 
heat transfer and the distribution of products.

4. Soil fertility and biochar soil amendment

Soil fertility is a condition whereby a particular soil is physically, chemically 
and biologically stable with the required ecosystem intact without disrupting 
it. The state of complete functioning of the ecosystem is still intact in a soil 
termed to have the soil quality. There must be favorable interactions between the 
abiotic and biotic elements of the soil’s ecosystem and still serve the purpose of 
crop production for sustainability [21]. A soil may have a complete ecosystem, 
yet not serving the purpose of crop production. Thus, soil fertility depends on 
the holistic process of managing the soil and at the same time keeping a robust 
biodiversity. Part of this process is through the application of natural carbon-
rich materials like biochar as soil amendments [22]. The natural organic mate-
rial added to the soil should fulfill the conditions of sustaining life, increasing 
biodiversity, keeping good water and air quality, beneficial to human health, as 
well as sequestering carbon.

5. Application of biochar and environmental safety standards

Legal standards, ab initio have been set on environmental matters, part of which 
includes biochar. Biochar in many countries is regarded as waste or fertilizers which 
have been guided by regulations and legal statements. Although, biochar may not 
appear in the legislation of many countries, even in the European Union (EU), but 
the law and regulations about waste control is in the offing of the constitutions of 
many nations across the world; though a few have gone beyond implementation.

In reality, biochar is considered as waste, but in several literatures, it is usu-
ally considered as a by-product of carbonization. Waste, according to the EU, is 
defined as any product that is supposed to be discarded or any substance the holder 
proposes to discard. The Waste Act of the EU therefore specifies that any waste 
that undergoes a recycling process and meet the following conditions may not be 
regarded as waste. These conditions are:

• If the specified waste is commonly used for certain purposes

• If the product is being traded in the market or has market value
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• If the product meets the standard and specific requirement set out for the 
application of such product to the environment [23, 24]

• If the product itself or the use of it does no harm to the environment and to the 
people directly or indirectly affected by the product or its use

• If the use of the product does not cause long-term defects on the living and 
nonliving entities in the environment [6, 22]
Biochar may also be classified as a by-product if it meets the above conditions.

Furthermore, other conditions whereby biochar cannot be regarded as waste are:

• If it is certain that the biochar can be reused

• If the biochar can be used without any further processing or manipulation

• If the biochar is an integral entity of the manufacturing process

• If the use of the biochar will not constitute an environmental nuisance or 
health hazard [25]

Apart from the existence of biochar as a by-product, it could also portray the 
picture of a product if it has been produced as the major product from the biomass 
raw material specifically designed for the process of that biochar production. Thus, 
the Waste Act is less concerned about the concept of using the biochar as product or 
by-product since biochar is not specifically mentioned in the Waste Act. The only 
country that has specific regulations about biochar is the Switzerland where biochar 
is permitted to be used in agriculture [26]. There is the European Biochar Certificate 
(EBC) which is recommended by the EU but only Switzerland has included the 
certification in their law in the use of biochar [7].

However, in Poland, the use of biochar as fertilizer or for the amelioration of soil 
must be preceded with the completed and signed approval form from the Ministry 
of Agriculture and Rural Development with the exception of the use of biochar for 
research purposes [25].

6. Applications of biochar for soil sustainability

In the face of declining soil infertility, climate change and human anthropogenic 
activities have made situation worse. However, several organic products have been 
introduced as part of the palliatives to lessen soil burden. Among these products is 
biochar which has been used as a popular choice for remediation of soil. Application 
of biochar to the environment is not detrimental because biochar samples have been 
found to contain several polycyclic aromatic hydrocarbons that are environmen-
tally friendly. Pollutant compounds and toxic chemicals are yet to be found in the 
feedstocks used in the production of biochar [27].

However, acceptable proportions and amounts of biochar need to be determined 
through approved methods and environmental risk assessment so that the addi-
tion to land and aquatic bodies will be safe for the environment. The type of soil 
also needs to be considered to determine if specific physicochemical property of 
biochar is required for specific type of soil. The carbon sequestering potential of 
the biochar product is important for the determination of the amount of carbon 
sequestered for the purpose of evaluating the greenhouse gas effects and mitigating 
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global warming [28, 29]. The Clean Development Mechanism (CDM) of the Kyoto 
Protocol is a model for the approval of materials involved in waste management. If 
biochar is approved by the CDM, then there is certainty of global commercial use. 
Fewer studies have been done to support the use of biochar when some studies have 
been skeptical about its use due to the ignorance of the interactions that take place 
between biochar and the soil. Therefore, there is need for innovations to create 
models that will be required for the assessing locations and soil types to determine 
the biochar-soil-climate interactions [19, 29].

7. Soil enhancement tendencies of biochar

Biochar has been effective on the soil in recent years through the evaluation of 
the soil quality after application to the soil. It has been observed that after applica-
tion to the soil, the soil nutrients have been retained and soil quality improved. As 
earlier mentioned, the porous nature of the biochar, among other qualities has made 
the product to be a good soil conditioner and enhancer in recent years [30]. Some of 
these physicochemical properties exceptional of biochar will be discussed in details 
in this chapter.

7.1 Absorption tendencies of biochar

Biochar has been found to be a very good absorbent for the removal of excess 
pharmaceutical components from the environment. The kinds of pharmaceuticals 
that have been found to be removed by biochar are glyphosate, ibuprofen, atrazine, 
acetaminophen, and caffeine [9, 16, 31]. The excess release of pharmaceuticals into 
the environment has been a major risk factor for the resistance of microorganisms 
to antimicrobials. The rapid absorption tendency of biochar has therefore contrib-
uted immensely to the removal of these excess antimicrobials from the environment 
[10]. Toxins and unwanted drugs from the gastrointestinal tract have been shown to 
be reduced to reasonable amounts by biochar [11, 23, 29].

Furthermore, biochar has also been used to remediate waste fruit candy extract 
using deionized water as solvent with the aim of reusing the candy waste for the 
production of organic acids. The electrostatic interaction between polar and non-
polar groups enhances the adsorption potential on organic substances by biochar. 
Figure 2 reveals the mechanism of adsorption of organic substances by biochar. 
However, the adsorption of inorganic substances like heavy metals by biochar or 
activated carbon involves mechanisms like ion exchange, precipitation, cationic 
anionic metal attraction [29–31]. Figure 3 shows the mechanisms of inorganic 
substance adsorption by biochar.

7.2 Soil amelioration of biochar

Biochar has been known to be a good enhancer of the soil due to its rich content 
of carbon and other nutrients good enough for the soil. Prior to the addition of bio-
char to soil, plant growth has not been optimum; but after the addition of biochar, 
the rate of growth of the plants on the same soil has been with optimum yield. A 
major advantage of biochar for soil amelioration is cost effectiveness and efficient 
process of application [32].

However, the feedstocks used in the production of biochar determine its efficiency 
and nutritive value. It also determines the proportion of the micro and macro-nutri-
ents present in the biochar which resultantly affects the interactive patterns between 
the carboniferous biochar and organic as well as inorganic particles in the soil [29].
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Biochar from wood, poultry litter and cattle manure was discovered to 
produce the highest yield in cowpea, radish and maize plantations, respectively 
[28–31]. Certain characteristics of biochar that facilitates the enhancement of 
the soil includes its nature of rejecting biodegradation which makes it to spend 
more time within the soil for proper and effective carbon sequestration, thus 
making it an effective moderator for carbon dioxide in the soil. However, the 
presence of biochar in the soil tends to increase the amount of biogenic sub-
stances in the soil. Nonetheless, substances like phosphorus and potassium are 
bonded and chelated with biochars to avoid excess leaching of these substances 

Figure 2. 
Mechanism of adsorption of organic substances by biochar [31].

Figure 3. 
Mechanism of inorganic adsorption by biochar [31].
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into the environment [33]. The ion-exchange properties of biochars also enable 
the exchange and replacement of organic and inorganic substances that helps to 
complete the biogenic and geogenic cycles.

Additionally, biochar is a booster for the silicon cycle by supplying biogenic 
silica, also known as phytoliths into the soil. Likewise, it also helps in balancing 
the phosphorus and nitrogen cycle by the ion-exchange storage of phosphorus and 
nitrogen respectively in their compound forms [34]. Thus, when ammonia and 
ammonium compounds are trapped in the soil by biochars, it reduces the process 
of the formation of nitrous oxides, thereby reducing the emission of greenhouse 
gases into the atmosphere. Furthermore, by trapping more nitrogen in the soil, 
it increases the productivity rate of nitrogen-fixing bacteria in the soil, thereby 
increasing soil yield [35].

Biochars also increase the pH of the soil due to the presence of carbonized 
compounds like calcium carbonate [23, 30]. This may not be too beneficial in 
temperate regions where the soil pH is always tending toward the right side of the 
scale; but in the acid tropical soil regions, biochars are mostly used to regulate 
the pH of the soil. Due to the physical porous nature of biochars, they also affect 
the physical structure of soils thereby affecting the soil’s retention capacity [36]. 
Therefore, such a soil is able to retain water at a very high rate but at the same 
time, forms aggregates and increases the capacity to resist erosion. Figure 4 shows 
how soil enhancement can be achieved through biochar addition. Thus, with the 
combined effect of porosity and carbonization, biochar-in-soil is a favorable 
substrate for microorganisms to thrive on in the soil. Nitrobacter and Nitrosomonas 
spp. are suspected to thrive better in such biochar-laden soils due to the presence of 
trapped nitrogen by biochar [2, 4, 33]. Subsequently, there would be high micro-
bial stimulation and efficient nitrogen mineralization in that soil.

7.3 Enhanced nitrogen fertilizer

Fertilizers and water need to be supplied increasingly as food and agricultural 
practices keep increasing. The rate at which population increases demands that 
more food should be supplied; hence, more fertilizer is needed. Over the years, 
the supply of nitrogen has been insufficient and mismanaged; thus, there is need 
to improve the supply of nitrogen and device affordable means of sustaining the 

Figure 4. 
Soil enhancement through biochar addition [35].
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supply [15, 19]. Plants normally do not utilize more than 50% of the soil nitrogen; 
therefore, adequate technology should be invented in order to build the mecha-
nism that would increase nitrogen uptake in plants. Part of these measures is the 
introduction of biochar into the soil to encourage the uptake of nitrogen from pure 
organic sources [18, 30].

The addition of biochar to soil increases the pool of nutrients and the volume 
of nitrogen available to plants. Organic amendment of soil provides the soil with 
nutrients like nitrogen, phosphorus and potassium [29, 33–35]. Therefore, biochar 
addition to the soil enhances improved supply of nutrients to plants and to the soil.

7.4 Soil structure improvements of biochar

Biochar amendments into the soil improves soil’s nutrients and structure due to the 
high porosity of the biochar, leading to the formation of well-structured aggregates 
that enhances soil’s water holding capacity. In tropical regions and areas with low 
rainfall, the addition of biochar to the soil improves the water retention capacity in the 
dry season [2, 13, 34]. The tensile strength of the soil increases as a result of accumula-
tion of more organic matter. This forms a strong structure for the plant roots to adhere 
to. The strong adherence improves the soil ecosystem because the bonding of the soil 
aggregates prevents erosion and displacement of the top-most layers of the soil [11]. 
Thus, this overall soil structure improvement proves the evidence of the advantage of 
the physicochemical attributes of biochar to prevent adverse soil conditions caused by 
earth’s geogenic and climate activities, thereby mitigating climate change [12, 36].

7.5 Biochar and mitigation of greenhouse gases

Biochar possess interesting properties like the presence of high-stable carbon 
necessary for the carbon capturing. The high stability of biochar carbon therefore 
gives biochar products an edge over other additives and conditioners. Thus, with the 
effective sinking of carbon from the soil, it regulates the presence of carbon dioxide 
in the atmosphere [29, 30]. Likewise, this property of biochar stability increases the 
turnover rate and half-life of biochar in the soil for more number of years. However, 
the mitigation of other greenhouse gases other than carbon dioxide by biochar has 
still not been investigated. Therefore, further research needs to be carried out to 
evaluate the effectiveness of biochar in regulating other greenhouse gases [33]. 
Also, effective measures of evaluating the emissions of these gases must be con-
sidered with the aim of saving up the greenhouse gases pertaining to the emission 
trading schemes [17, 18, 37].

Also, the use of plant and animal wastes for biochar is a means of preventing the 
emission of methane and nitrous oxide gas from landfills, which are potent green-
house gases.

7.6 Biochar in environmental conservation

Biochars effect in environmental conservation deals with waste management, 
soil remediation and energy conservation. Animal wastes and biomass from 
agricultural produce can be processes under certain environmental conditions using 
pyrolysis [1, 10, 34]. The emission of greenhouse gases from wastes is reduced if the 
plant and animal biomass is processed into biochar [20].

Another major advantage of biochar for environmental conservation is the 
use of biochar as renewable fuel. The incineration of carbonized products can be 
processed into biochar which releases lesser amounts of inorganic materials into the 
environment because carbonized materials are purely organic [36].
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The process of pyrolysis could however alter the extent of release of non-
carbon materials like chlorine into the environment. However, the nature of the 
biomass determines the amount of chlorine released during the process of biomass 
conversion into biochar during pyrolysis. If the chlorine and other inorganic sub-
stances are formed continuously, it leads to the formation of sludge in fuel-burning 
boilers but with the carbonization of fuel, the sludge formation disappears. Thus, 
because the carbonization happens inevitably during biochar production, the 
process of production of biochar is a key process in solving the problem of sludge 
production [29].

Therefore, it is re-iterated that the type, properties and processes of feedstocks 
used for the formation of biochar is a potent determinant of the nature and effec-
tiveness of the biochar [16, 36].

7.7 Biochar in enhancing soil microbial community

Biochar application to the soil has been found to increase the soil’s physicochem-
ical conditions, more especially rate of carbon sequestration and the overall soil 
fertility [22]. For example, biochar from wood waste was used to amend the soil on 
which wheat crops were planted in Tuscany, Italy. The soil samples were collected 
after 3 months of biochar amendment and was analyzed the pH, total organic car-
bon, microbial biomass, mean substrate-induced respiration and other parameters. 
It was observed that only the pH and the mean substrate-induced respiration had 
significant changes after 3 months of amendment, but after 14 months the effect 
was not pronounced [22, 37]. The result reflects the perking up of the activities of 
soil microorganisms after treatment with biochar.

Furthermore, biochar has an averagely neutral pH ranging from 6.2 to 7.6 
(Table 1) and majority of microorganisms, especially soil microorganisms thrive 
well at this pH. Only a few microorganisms are acidophilic and alkanophilic. This 
therefore increases the chance of more microbial activities in a biochar-amended 
soil [24, 37].

Likewise, the porous nature of biochar is obviously an advantage for soil 
aeration, a good condition for soil aerobes. However, there are also anaerobic 
organisms (that do not require the presence of oxygen to survive) in the soil. In a 
condition where the soil aerobes use up the total oxygen in the soil, it provides a 
good ambience for soil anaerobes to thrive. The porous biochar also increases soil 
water retention capacity. However, chances of soil water-logging are possible, but 
the tendency of biochar to form aggregates reduces the chances of soil erosion [38].

The chemical properties of biochar also increase the microbial population in 
the rhizosphere region of the soil, which is popularly known as the rhizosphere 
effect [26, 36]. Furthermore, the overall effect of biochar enhances the growth of 
plants that release vitamins and amino acids from their roots and tissues. These 
nutrients subsequently increase microbial metabolism and increased microbial 
products yield.

In a biochar-amended tobacco-planting soil in China, rice-straw biochar was 
used to enhance the soil. Indigenous microorganisms present in the soil were 
bacteria of the phyla Proteobacteria, Actinomycetes and Acidobacteria; while 
the predominant fungal phyla were Ascomycota, Zygomycota and Basidiomycota 
[23, 35]. Figures 5 and 6 shows that among these groups, only the Actinomycetes 
bacteria group and the Ascomycota fungal group respectively reduced in 
proportion after the addition of biochar while the remaining bacterial and 
fungal groups increased in proportion after the biochar treatment. Other soil 
fungal groups that exhibited increased proportion include the Zygomycota and 
Glomeromycota phyla [25, 38].
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8. The implications of amending soils with biochar

Biochar is a natural soil booster and has recorded high success rates over the 
years in some parts of the world. In some regions including Africa, biochar has been 
found to yield positive results although some negative results were reported, for 
example due to improper incorporation of biochar into soil blends which fosters soil 
erosion [39]. Biochar has been found to balance soil pH, absorb pollutants, improve 
soil moisture and increases soil aeration. However, there are other economic impor-
tance attached with the use of biochar, these include the geographical distribution 
of the effective use of biochar [38, 39].

Biochar has not been known in some parts of the world due to lack of research, 
negligence and cultural practices. Another major implication of biochar applica-
tion is contamination which is of high economic importance. The kinds of cattle 
manure used in biochar production could be contaminated with non-soil infectious 
microorganisms, heavy metals or may be denatured due to the high temperature of 
pyrolysis [40].

Excessive removal of feedstock from biochar raw material and production 
processes could lead to usage of biochar devoid of adequate organic nutrient 

Figure 5. 
Proportions of soil bacteria after biochar treatment [36]. CK = un-amended treatment; T1 = 2250 kg/ha 
biochar-amended treatment; T2 = 4500 kg/ha biochar-amended treatment.

Figure 6. 
Proportions of soil fungi after biochar treatment [36]. CK = un-amended treatment; T1 = 2250 kg/ha biochar-
amended treatment; T2 = 4500 kg/ha biochar-amended treatment.
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constituents. Inadequate improvisation of biochar, for example the use of straw 
alone, or in inadequate amounts, will also have a negative effect on the soil. 
Earthworm survival is always put in doubts as well as the soil ecosystem niche that 
ensures overall soil health [40].

9. Discussion

Soil has been one major source of habitat for plants and animals. However, the 
anthropogenic activities of humans have contributed to the depletion of natural 
resources and nutrients from the soil. In a rescue mission to curtail the devastation 
of land and soil, biochar have been introduced for both agricultural and commer-
cial purposes. Digestion of wastes in less amounts of oxygen at high temperature 
produces high quality biochar. The high temperature explains the pyrolysis process 
which is usually more than 200°C anaerobically [4, 41–43]. Biofertilizers and 
organic fertilizers have served as appetizers to the soil over the years. Recently, 
other forms of soil amendments have been procured for soil improvement. The soil 
amendments generally have a low cost and easy accessibility. An example of these 
soil amendments includes biochar.

Biochar is environmentally friendly and has a high binding capacity that allows 
the soil to adhere to biomolecules and absorb nutrients. Biochar is globally known to 
becoming a means of sustainable amendment of soil and means excavating heavy 
metals from the soil [44]. Although, biochar is produced from different biomass 
sources, but biochar produced from carbonization of organic wastes produces 
amended soil types with high carbon sequestration [45]. The quality of biochar 
depends on the pyrolysis conditions and raw materials, while the efficiency of biochar 
not only depends on the pre-production parameters but also the post-production and 
application procedure of the biochar; which include the type of soil under amend-
ment and the amount of biochar applied [46]. In the process of pyrolysis of biomass, 
biochar is produced. There are new innovations that need to be applied when produc-
ing biochar. For example nanotechnologies and large scale model production are 
among the recent methods that need to be explored for adequate and mass production 
of biochar [15, 44, 47]. The temperature of pyrolysis, the particle size and residence 
time are factors that determine the end product of biomass conversion into biochar. 
These factors determine the state and half-life of the biochar product [48]. Biochar 
is a good soil and plant health promoter because it helps to retain the nutrients in the 
soil through its absorbent power thereby enhancing overall plant growth [49].

10. Conclusion

The physicochemical property of biochars is key to the enhancement and reme-
diation of the soil. The porous structure and high carbon content are important 
factors for conservation and sustainability of the soil. A combination of the above 
properties and the ion-exchange characteristic is symbolic for carbon sequestra-
tion, immobilization of heavy metals, and removal of pollutants from the soil [28]. 
Wastes are used to generate biochars with specific processes like pyrolysis under 
certain parameters. Biochar is potent enough to trap excess carbon dioxide from the 
environment but studies have not been seen with regards to mitigating other green-
house gases. Thus, further research needs to be carried out to evaluate the effective-
ness of biochar in regulating other greenhouse gases. Also, effective measures of 
evaluating the emissions of these gases must be considered with the aim of saving 
up the greenhouse gases pertaining to the emission trading schemes.
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8. The implications of amending soils with biochar
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tance attached with the use of biochar, these include the geographical distribution 
of the effective use of biochar [38, 39].
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microorganisms, heavy metals or may be denatured due to the high temperature of 
pyrolysis [40].

Excessive removal of feedstock from biochar raw material and production 
processes could lead to usage of biochar devoid of adequate organic nutrient 

Figure 5. 
Proportions of soil bacteria after biochar treatment [36]. CK = un-amended treatment; T1 = 2250 kg/ha 
biochar-amended treatment; T2 = 4500 kg/ha biochar-amended treatment.

Figure 6. 
Proportions of soil fungi after biochar treatment [36]. CK = un-amended treatment; T1 = 2250 kg/ha biochar-
amended treatment; T2 = 4500 kg/ha biochar-amended treatment.
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constituents. Inadequate improvisation of biochar, for example the use of straw 
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9. Discussion

Soil has been one major source of habitat for plants and animals. However, the 
anthropogenic activities of humans have contributed to the depletion of natural 
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biochar is produced. There are new innovations that need to be applied when produc-
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10. Conclusion

The physicochemical property of biochars is key to the enhancement and reme-
diation of the soil. The porous structure and high carbon content are important 
factors for conservation and sustainability of the soil. A combination of the above 
properties and the ion-exchange characteristic is symbolic for carbon sequestra-
tion, immobilization of heavy metals, and removal of pollutants from the soil [28]. 
Wastes are used to generate biochars with specific processes like pyrolysis under 
certain parameters. Biochar is potent enough to trap excess carbon dioxide from the 
environment but studies have not been seen with regards to mitigating other green-
house gases. Thus, further research needs to be carried out to evaluate the effective-
ness of biochar in regulating other greenhouse gases. Also, effective measures of 
evaluating the emissions of these gases must be considered with the aim of saving 
up the greenhouse gases pertaining to the emission trading schemes.



Applications of Biochar for Environmental Safety

156

Author details

Oladapo T. Okareh* and Alaba O. Gbadebo
Department of Environmental Health Sciences, Faculty of Public Health, College of 
Medicine, University of Ibadan, Oyo State, Nigeria

*Address all correspondence to: dapsy2001@yaoo.co.uk

Thus, as a substance of good physicochemical parameter, addition of the 
carbon-rich biochar to soil enhances the physical, chemical and biological proper-
ties of the soil. The enhancement includes the total organic and inorganic carbon, 
nitrogen, phosphorus and potassium. For agricultural purposes, the soil with added 
biochar has high crop yield. Therefore, biochar is recommended for most agricul-
tural practices due to cost effectiveness and easy application techniques.

Furthermore, the effect of biochar on soil microbial community is significant 
considering the increase on the soil bacterial and fungal community with a higher 
increase in the later. Thus, biochar simultaneously enhances both the soil nutri-
tional status and the soil microbial structure.

However, commercial use of biochar has not been widely accepted due to 
regulations backed by the law and bias about the fact that biochar is just a waste. 
Therefore, applications of biochar should be considered using efficient processes 
with the assurance of environmental safety so as to encourage the schools of 
thought that are tendentious about the safety of biochar application.

© 2020 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. 
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Chapter 10

Challenges of Biochar Usages in 
Arid Soils: A Case Study in the 
Kingdom of Saudi Arabia
Khalid A. Alaboudi

Abstract

Biochar is a carbon-rich material produced from the pyrolysis of organic 
biomasses in the absence of oxygen or under low-oxygen conditions. Biochar has 
received a great interest during the last few decades due to its beneficial roles for 
carbon dioxide capturing and soil fertility improvement. However, applications of 
biochar in arid soils are very limited, and there is a lack of knowledge on practical 
aspects of adding biochar to arid soils. In this chapter, we will focus on biochar 
applications in the Kingdom of Saudi Arabia soils as an example of arid soils. 
These soils are characterized by several marks, i.e., high soil pH, sand structures, 
high CaCO3 contents, and low soil fertility. In addition, the unsuccessful recycling 
practices of agricultural and food wastes in the Kingdom of Saudi Arabia are also 
discussed. This chapter provides an overview of current biochar knowledge perti-
nent to its application to arid soils, summarizes what is known so far about biochar 
and its applications in arid regions, and demonstrates the possible strategies that 
can be used for enhancing the practices of biochar addition to these soils.

Keywords: biochar, carbon sequestration, soil fertility, applications, limitations

1. Introduction

Soil formation is a complex process resulting from long-term interactions among 
several environmental factors, i.e., climate, soil-forming processes, and land uses 
[1]. Such processes influence soil’s physical, chemical, and biological characteristics 
and hence affect soil productivity [2]. In arid and semiarid regions, many chal-
lenges may face soil productivity; for example, many arid soils are of light texture 
with low organic matter and nutrient contents [3–5]. These soils exhibit low soil 
aggregation and can, therefore, be subjected easily to wind erosion [6]. Moreover, 
secondary minerals may dominate in such soils like calcite and gypsum [1], and 
these minerals can significantly diminish soil fertility [7, 8]. Another important 
threat that faces agricultural sustainability in arid sand semiarid soils is soil salin-
ity [9]. Generally, the term arid or semiarid refers to the regions of limited rainfall 
and high evapotranspiration [10]. Areas with mean annual precipitation (MAP) 
ranging from 100 to 250 mm yr−1 are called arid climatic zones, while areas with 
MAP ranging between 250 and 600 mm yr−1 are called semiarid zones [11]. These 
two climatic regions cover approximately 30% or more of the total earth’s surface 
[12]. To improve the productivity of low-fertility soils, organic applications should 
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therefore be incorporated within the top soil [13, 14] to raise soil contents of both 
C and nutrients [14]. However, the negative implications of using easily decom-
posed organic amendments on the environment should be taken into account, e.g., 
emissions of greenhouse that possesses global warming [15]. Accordingly, biochar 
might be the appropriate organic amendments to improve the characteristics of 
such soils but decrease the emissions of greenhouse gases on the other hand. In the 
following section, we will discuss the distribution of arid and semiarid soil and the 
potentialities of using biochar to improve soil properties and attain sustainability in 
crop production

2. Distribution pattern of arid and semiarid soils

As shown in Figure 1, arid and semiarid soils are located in North and South 
Africa, the Middle East region, North and South America, and finally in Australia 
[16]. More than 95% of the total arid soils exist in Africa and Middle East regions. 
According to the UNEP [16], aridity index (AI) is commonly used to quantify the 
aridity of a specific region. Briefly, this index is estimated based on climate variability 
by calculating the ratio of annual average rainfall to potential evapotranspiration 
(P/PET). For this concern, lands are classified in the following ascending order 
based on the average precipitation: hyperarid, arid, semiarid, and dry subhumid, 
and their average precipitation rates are 0, 1–59, 60–119, and 120–179 mm yr−1, 
respectively [16]. In this chapter we will focus on the Kingdom of Saudi Arabia lands 
as an example of arid lands and the major problems hindering the application of 
biochar technology in these soils. In the Kingdom of Saudi Arabia, almost 25% of the 
total land area is arable lands (52.7 million ha), in which 45% are calcareous, sandy 
textured soils, with very low contents of organic matter and nutrients [17].

3. Major characteristics of arid soils

Salt content, in many arid soils, is relatively high. These soils accumulate on 
the soil’s surface because of the high evapotranspiration rates. In addition, these 
regions have dry climate with high temperature and high evaporation rate. The 

Figure 1. 
Distribution pattern of arid and semiarid regions [16].
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deeper soil layers are usually occupied by Ca. The arid soils can be applicable 
for cultivation in case proper water for irrigation becomes available. Due to high 
temperature, the degradation rate of soil’s organic matter in arid soils is very high; 
consequently, these soils need further application rates. In the Kingdom of Saudi 
Arabia, most of agricultural soils are of coarse texture, with high CaCO3 contents 
and high pH values. The lack of sufficient water in the Kingdom of Saudi Arabia 
led to increase the potentiality of soil salinization. Therefore, these soils are of 
poor fertility, in terms of physical (high infiltration rate, sand texture, and bad 
hydraulic properties), chemical (low organic matter contents, insufficient nutri-
ents, and high soil pH), and biological (low microbial communities in soils due to 
the absence of organic residues and soil nutrients) characteristics [18]. Usually the 
pH value in the Kingdom of Saudi Arabia soils is greater than 8 with high CaCO3 
contents (>30%) [19]. In spite of the Kingdom of Saudi Arabia having the largest 
land mass among Middle East countries, it has the lowest arable land per capita 
worldwide [20]. A point to note is that the major water sources in the Kingdom 
of Saudi Arabia are groundwater and desalination of seawater [21]. Therefore, 
intensive studies are performed to overcome the infertility problems of arid soils 
in the Kingdom of Saudi Arabia by using organic and inorganic soil amendments, 
i.e., compost bio inoculums and mineral polymers [22–24]. However, these amend-
ments need to be applied intensively because of their low nutritive contents and 
fast degradation rates [25].

4. Agricultural and food wastes in the Kingdom of Saudi Arabia

Due to the arid characteristics of Kingdom of Saudi Arabia lands, agricultural 
activities are also thought to be very low. According to the World Bank [20], the 
agricultural lands in the Kingdom of Saudi Arabia cover only 1736.472 km2 [20]. 
On the other hand, the Kingdom of Saudi Arabia is considered the largest food and 
agricultural importer in the Gulf Cooperation Council with average imported food 
products of 80% in 2013 [26, 27]. These conditions hinder the development of the 
agricultural sector in the Kingdom of Saudi Arabia. A positive point to note is that 
such arid conditions are suitable for cultivation of date palm plant. According to 
the Food and Agricultural Organization (FAO), the Kingdom of Saudi Arabia has 
the highest harvested areas of date palm in 2016 with an average area of 145,516 ha. 
Palm trees generate huge wastes annually [28]; accordingly, proper recycling and 
management of these wastes can improve soil conditions.

5. Biochar

Biochar is an organic carbon-rich product, produced by burning agricultural 
and animal wastes in the absence of oxygen [29]. Several studies demonstrated its 
beneficial role for improving soil fertility and waste management, remediation of 
contaminated soils and water, and reducing greenhouse gas emissions [25, 30, 31]. 
In this chapter, we will discuss the potential benefits of biochar as a soil amendment 
for improving its fertility and productivity.

5.1 Ancient production of biochar

Biochar was initially produced by ancient Egyptians to produce liquid wood 
tar from charring processes in order to cover and preserve the dead bodies [32]. 
Thereafter, in South America (terra preta), 2500 years later, biochar is created both 
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temperature, the degradation rate of soil’s organic matter in arid soils is very high; 
consequently, these soils need further application rates. In the Kingdom of Saudi 
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poor fertility, in terms of physical (high infiltration rate, sand texture, and bad 
hydraulic properties), chemical (low organic matter contents, insufficient nutri-
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the highest harvested areas of date palm in 2016 with an average area of 145,516 ha. 
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naturally by forest fires and by humans through burning bits for different practices, 
i.e., cooking and manufacturing [25]. In terra preta soils, the acidic conditions were 
the limiting factors affecting negatively crop production wherein these soils suffer 
severely from Al toxicity. To overcome this problem, the liming effect of biochar 
was an effective approach to overcome Al toxicity in soil [33].

5.2 Production technologies of biochar

All organic materials (feedstock, crop wastes, animal wastes manure) can be 
used for biochar production. Simply, biochar is a charcoal-like material that is 
produced in the absence of oxygen or limited oxygen conditions [25]. In this process 
organic wastes are burned at relatively low temperature < 700°C, and three main 
components are produced through the pyrolysis process, i.e., solid biochar (carbon-
ized biomass with average C contents of >60), synthetic gas (which can be used as 
a power source), and bio oil (fuel material) [25]. Farmers in the past used to burn 
the agricultural wastes under limited oxygen conditions by covering the waste 
piles with soil dust. In this traditional method, approximately half the amount of 
organic C was lost into the atmosphere. Therefore, people have tried to develop the 
production technology through using pit kiln and brick kilns in order to eliminate 
the losses of C and other gas emission. After biochar technology has risen, non in 
situ equipment have been designed to maximize the biochar yield, eliminate the C 
lose and ash content and using syngas and bio oil as secondary products [25]. It is 
worthy to mention that organic materials start to decompose at low temperature 
(about 120°C), followed by hemicellulose and lignin compounds, which degrade at 
200–260°C and 240–350°C, respectively [34].

5.3 Physical and chemical characteristics of biochar

Both pyrolysis conditions and the types of organic wastes identify the major 
characteristics of the produced biochar [25, 35]. Usually biochar (a carbon-rich 
product) is characterized by its high surface area and lower concentrations of 
hydrogen and oxygen [36, 37]. Thus, its application can improve soil characteristics 
(chemical, physical, and biological). Moreover, this organic product is considered 
relatively stable in soil because of its low availability of labile organic carbon [38] 
besides its low content of nutrients [39]. Table 1 shows the main physiochemi-
cal characteristics of different types of biochars. For both physical and chemical 
characteristics, pyrolysis conditions and type of organic wastes are the main factors 
identifying them. Clearly, all biochars have the same characteristics, especially the 
high C contents and low N contents. Nitrogen usually starts to be volatile at 200°C; 
therefore, N contents are low in most types of biochars. The high pH of biochar 
might be attributed to the high content of alkaline metals, i.e., Ca, Mg, and K, which 
are stable during biochar production. Despite the low nutrient content of biochar, 
its application to soils improves its fertility because it is usually added at high rates 
as soil amendments. The pyrolysis conditions play an important role for identify-
ing the physical characteristics of biochar. The higher surface area of biochar is a 
consequence of high temperature during the pyrolysis reaction [25].

6. Applications of biochar for soil fertility improvement

As mentioned above the porous structure of biochar facilitates its adsorption 
of water and, therefore, increases soil water holding capacity [52, 53]. This might 
increase the efficiency of water use in the arid zone soils [54]. The previous studies 
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also demonstrated that the addition of biochar increases both soil aggregation 
and saturated hydraulic conductivity but decreases soil bulk density [53, 55, 56]. 
Therefore, application of biochar is a recommended practice to improve the physi-
cal characteristics of light textured soils [3]. For soil chemical characteristics, 
most studies showed that biochar has a negative effect on the availability of soil 
nutrients, i.e., its application increases soil pH [57, 58]. The liming effect of biochar 
can be attributed to the high concentrations of cationic metals, i.e., Ca2+, Mg2+, 
and K+, which are stable and do not volatilize during the pyrolysis process [25]. In 
most cases, biochar has a relative high pH (within the range of 8–11.5) [57, 59, 60]. 
Therefore, addition of biochar is more favorable for acidic soils than the alkaline 
ones. The black earth (terra preta) was an acidic soil in the enteral Amazon basin, 
and AL toxicity and P deficiency were the main reasons hindering the agricultural 
activities. Continuous applications of biochar to these soils neutralized soil acidity 
but increased the available P fraction; consequently, biochar enhanced and sustained 
soil health of terra preta [25, 32, 59]. Moreover, high doses of biochar can increase 
soil salinity [61–65]. On the other hand, the addition of biochar can raise soil organic 
matter contents and elevate soil cation exchange capacity (CEC) [66]. For nutrients 
contents, it is worth mentioning that most biochar types are typically low in nutri-
ent contents, especially N. As a result, applications of biochar only in agricultural 
is not adequate to supply the needed macro- and micronutrients [25, 67]. However, 
biochar plays an important role in mitigating soil nutrient losses by seepage or leach-
ing [66]. Applications of biochar to soils increased its OC contents, which is suitable 
for soil organisms and provides more favorable habitats to microbes and, therefore, 
facilitates soil biological activities [68]. In addition, the release of organic molecules 
suppresses the activities of soil microbes [69].

7. Limitation of biochar application in the Kingdom of Saudi Arabia soils

As mentioned above the high pH of biochar limited its applications in arid soils. 
For this concern, application of biochar to agricultural soils in the Kingdom of 
Saudi Arabia is very limited due to many reasons as follows:

1. Low cultivated areas in the Kingdom of Saudi Arabia: as mentioned above, 
agricultural activities in the Kingdom of Saudi Arabia are very limited due to 
the arid conditions.

2. The chemical characteristics of soils in the Kingdom of Saudi Arabia; espe-
cially soil pH is one of the major factors hindering the application of biochar to 
agricultural soils. Our demonstration proves that most types of biochar are of 
alkaline nature and its application to agricultural soil may negatively affect the 
availability of soil nutrients due to increasing soil pH. The pH of the produced 
biochar is a function of pyrolysis temperature and time; by elevating the 
pyrolysis temperature and time, the pH of the produced biochars increased to 
reach 11.5 in some studies [53].

3. The lack of knowledge regarding biochar technology and its beneficial role for 
enhancing agricultural activates.

In a bibliometric study conducted by Arfaoui et al. [70], they have shown that 
Iran, the Kingdom of Saudi Arabia, and Egypt are the highest contributor coun-
tries for biochar studies and publications in the Middle East countries. As shown 
in Figure 2 (biochar article number and geographic distribution according to the 
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lead author’s country of origin), China, the USA, and Iran are the leader countries 
for biochar studies and publications, followed by Pakistan, Middle East countries 
(Egypt and the Kingdom of Saudi Arabia), and to a lesser extent in Australia. In 
the Kingdom of Saudi Arabia, the Saudi Biochar Research Group in the King Saud 
University (Saudi Arabia) contributed to most publications in the Middle East 
countries.

We concluded that biochar is a promising soil amendment that can be used 
effectively for enhancing soil fertility. In arid regions like the Kingdom of Saudi 
Arabia, additional researches are needed to investigate the potential neutralization 
of biochar alkalinity; consequently, it can be added safely to agricultural soils. There 
are different sources of agricultural and food wastes that can be used for biochar 
production. In the case of date palm wastes, the average annual waste of one tree is 
about 40 kg; therefore, date palm wastes can be used effectively for biochar produc-
tion in the Kingdom of Saudi Arabia. Therefore, the government of Kingdom of 
Saudi Arabia has to encourage the scientists for initiating intensive researches on 
biochar production and investigate its beneficial roles for improving soil fertility 
and agricultural production.

Figure 2. 
Article number and geographic distribution according to the lead author’s country of origin [70].
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Chapter 11

The Use of Biochar as a 
Soil Amendment to Reduce 
Potentially Toxic Metals (PTMs) 
Phytoavailability
João Arthur Antonangelo and Hailin Zhang

Abstract

The contamination of potentially toxic metals (PTMs) is widespread in the 
world and has negatively affected plants, humans, soil health, and environmental 
quality. Some metals are essential plant nutrients but they are also toxic to vegeta-
tion and aquatic live when present in high concentrations, such as Cu, Mn and Zn. 
Others (e.g., Pb, Cd, Cr, and As) are potential toxic metals for all organisms, and 
are not needed (or are toxic) for plant growth. This chapter summarizes the use 
of readily available biochars (BCs) to reduce PTMs phytoavailability in soils thus 
improving crop yields and to minimize its impact on the environment. The physico-
chemical and morphological properties of BCs as affected by feedstock sources and 
pyrolysis temperatures are discussed. The effectiveness of biochar rates on plant 
growth and metal fractions are also highlighted. Biochar has the potential to be used 
as a viable bioproduct for the remediation of contaminated soils since it reduces the 
phytoavailability of PTMs pollutants. Biochars produced from different feedstocks 
and at different pyrolysis temperatures present highly heterogeneous physico-
chemical and morphological properties, which can affect the effectiveness in the 
remediation of PTMs contaminated soils. Therefore, potential technologies need to 
be developed and research gaps still need to be overcome to optimize the use of BCs 
as a feasible alternative for remediation of metal contaminated soils.

Keywords: soil remediation, biochar amendment, potentially toxic metals, 
phytoavailability, immobilization, soil health

1. Introduction

Biochar is a carbon-rich by-product produced from the thermochemical 
conversion of biomass feedstock under partial or total absence of oxygen [1, 2]. 
Feedstocks used in biochar (BC) production are mostly wood, municipal and 
agriculture wastes [3–6]. Amending soil with biochar has received increased 
attention as a method for carbon sequestration in soils, thereby reducing carbon 
dioxide (CO2) emissions [7–9] and improving soil quality due to the vital role of 
carbon (C) in soil physical, chemical and biological processes [10].
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Amending soil with biochar has been practiced for a long time. The high fertility 
of anthropogenic dark earth soils known as ‘Terra Preta de Indio’ in the Amazon 
basin has been related to the high content of charred materials [11–13]. Historically, 
the source of char in these soils has been considered as a disposal of charcoal from 
domestic fires and the practice of slash and char agriculture by Pre-Columbian 
Amazonian Indians [11, 14]. Hence, these soils have remained fertile and rich 
in biochar derived C stock for hundreds to thousands of years after they were 
abandoned.

In addition to the role of biochar in increasing the C sequestration and 
influencing the reduction of CO2 emissions, biochar has been shown to enhance soil 
quality and to stabilize PTMs [15]. Biochar has a potential benefit for improving 
soil fertility [16, 17], improving soil properties such as pH [11–13, 18], cation 
exchange capacity (CEC) and water holding capacity [19], enhancing plant growth 
[20], and reducing nutrient leaching losses [21]. The significant amount of calcium 
(and magnesium) carbonate (Ca/MgCO3) in BCs enables them to function as lime 
materials providing Ca and Mg to plants and neutralizing acidity when applied to 
acid soils.

The role of biochar in improving soil pH, organic carbon (OC), and CEC was 
also highlighted by [16]. Moreover, biochar can immobilize PTMs (immobilization 
is the reduction of the potential migration of PTMs to plants, or reduction of 
phytoavailability) such as cadmium (Cd), lead (Pb), and zinc (Zn) and thereby 
to reduce the phytoavailability of PTMs (concentration of PTMs in plant parts, 
or contents of PTMs in soils available to plants) to plants in contaminated soils, 
notably because it raises the soil pH [18, 22] and increases CEC and OC [23]. 
Many studies also found biochar application promotes the ability to remove 
organic contaminants [24, 25]. Because of its porous structure and diverse 
functional groups [26], biochar has been widely used in the field of agriculture 
and environmental protection [27] due to its ability to improve soil health and 
crop yields, and sequestering carbon, immobilizing PTMs and adsorbing organic 
pollutants such as polycyclic aromatic hydrocarbons (PAHs).

For these reasons, studies on biochar land-application have exponentially 
increased in the last 20 years (Figure 1). During the same period (1999–2018), 
the word ‘potentially toxic metal’ or ‘heavy metal’ places itself in the top 5 within 
the 25 keywords used in biochar researches, numbering 308 publications [6]. 
Therefore, this chapter is to provide a summary of the most recent studies on 
biochar use to improve soil quality and to immobilize the phytoavailability of 
PTMs to plants of agricultural importance. The main goal is to improve our 

Figure 1. 
Number of publications (NP) of biochar studies since 1999 (adapted from [6]). RMSE: Root mean square error 
value of the exponential model adopted.
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understanding of biochar production and application as a soil remediation 
technique and to serve as the basis for future research work.

2.  Biochar increases soil pH and soil organic carbon content and affects 
PTMs phytoavailability

The effects of pH rising in soils are significantly influenced by biochar addition 
more than by other practices such as liming [28]. Table 1 shows some of the main 
characteristics of BCs (pH included) as affected by feedstock sources and pyrolysis 
temperature. Biochar is superior to lime to remediate PTMs-polluted areas, mainly 
because acidic conditions can lead to the leaching of metals and threatening of 
groundwater [28]. Biochars can supply OC and raise soil pH, but lime only increases 
soil pH. Hence, poultry litter-derived biochar (PLB) proves itself as very effective in 
immobilizing Cd, even under strong acidic conditions, thus preventing Cd leaching 

Biochar 
feedstock

Pyrolysis 
temperature 

(°C)

Water 
(wt%)

TC 
(wt%)

TOC 
(wt%)

TN 
(wt%)

pH Reference

Wood of 
‘Quaresmeira’ 
(Tibouchina 
arborea)

330 55 82 80 — 9.7 [13]

Poultry litter 450 — 38 — 2 9.9 [16]

550 — 33 — 0.85 13

Miscanthus 
(Miscanthus 
× giganteus) 
straw

600 — 53.5 — 0.31 10 [18]

1-Switchgrass 
straw

500 — 23.7 — 0.8 9.4 [19]

2-Anaerobically 
digested fiber

— 25 — 0.85 9.3

3-Softwood 
bark

— 28.4 — 0.14 7.6

4-Wood pellets — 28.2 — 0.05 7.2

1-Swicthgrass 350 1.4 42.6 — 0.9 5.2 [23]

700 1.7 31.4 — 0.7 10

2-Poultry litter 350 2.7 38.4 — 4.1 7.4

700 3.9 27.8 — 1.6 10

1-Pig manure 350 — 31.6 — 3.8 8.3 [25]

700 — 25.2 — 2.1 9.5

2-Deashed pig 
manure-biochar

350 — 66.7 — 7.6 6.2

700 — 74.2 — 5 6.4

1-Poultry litter 400 — 16.8 — 1.4 10 [28]

2-Eucalyptus 600 — 81 — 1.1 10.4

TC: total carbon. TOC: total organic carbon. TN: total nitrogen. “—”: not given.

Table 1. 
Summary of some biochar properties as affected by feedstock sources and pyrolysis temperature.
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to the groundwater [28]. Besides raising the soil pH, the enhanced OC provided 
by biochar addition contributes to a decrease in the phytoavailability of PTMs by 
reducing metal mobility due to bonding metals into more stable fractions [29, 30], 
such as organic matter-bound and/or highly stable organic complexes which are not 
readily dissolved by water. The increase of both pH and OC also contributes to a 
higher CEC, then resulting in a higher PTMs adsorption [31].

The application of orchard prune-derived biochar (OPBC) to mine tailings 
reduced phytoavailable (DTPA-extractable) concentrations of Pb, Cd, and Zn 
[32]. Rice straw-derived biochar reduced Cd concentration in the plant available 
soil fraction grown in a greenhouse [30]. Biochar addition also showed a potential 
in reducing Cd and Pb accumulation in ryegrass (Lolium perenne) shoots, thus 
presenting a viable option for safe cultivation in PTMs-polluted soils [29]. Recent 
studies [22, 33] have found the ability of biochar to reduce the phytoavailability 
of PTMs (Cu, Zn, Pb, Cd, Mn, and Ni) to ryegrasses. Particularly, the study 
conducted by [22] elucidated that soil pH and OC increases as a function of 
biochar application rates played a big role in PTMs (Zn, Pb, and Cd) immobili-
zation, mainly by forming stable (and undissolved) complexes with hydroxyls 
(OH−) (Zn/Pb/Cdx(OH)y) and surface functional groups, respectively. Figure 2 
summarizes their findings and illustrates the importance of biochar application 
as a soil remediation technique. In another study, the concentrations of Cu, Pb, 
and Zn decreased as the rates of BCs applied increased, with a significant effect 
for amendments >1% w/w applied. Especially, the phytoavailability of PTMs 
decreases gradually with time when the soil is amended by 5% or 10% w/w of 
biochar [18].

It has been shown that the addition of sugar cane bagasse-derived BC (SCBC) 
decreased the phytoavailable Pb fraction by 97%, and that the PTM uptake by 
maize plants decreased with increasing the level of applied BC [34]. The authors 
attributed such results to an enhancement of soil pH and soil organic carbon 
(SOC) because of BC addition. In addition, an unpublished work conducted by 
Antonangelo and Zhang has also revealed how impacting is the increase of soil pH 
and SOC, as biochar application rates increase, on PTMs (Zn, Pb and Cd) mobil-
ity. The study was carried out with no plants and the application rates of poultry 
litter- (PLB) and switchgrass-derived biochar (SGB) ranged from 0 to 8% w/w 

Figure 2. 
Potentially toxic metal (heavy metal) immobilization to ryegrass shoots and roots as a function of biochar 
application rates. Diagram was created from the work of [22].
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in multi-metal contaminated soil. Potentially toxic metal phytoavailability was 
assessed by using two extraction methods (NH4NO3 and DTPTA) after 10 weeks 
of soil + biochar incubation under laboratory room temperatures. The results of 
PTMs contents in the extracts and SOC (%) as a function of biochar application 
rates are summarized in Figures 3 and 4, and Table 2. The pH increase from 6.5 
to 8.0, as shown in Figure 3, is a consequence of the increased BCs (SGB and 
PLB) application rates from 0 to 8%, so is the SOC increase, as shown in Figure 4. 
Table 2 highlights the significant negative correlations (inverse relationship) of pH 
and SOC (independent variables) with phytoavailable PTMs in the filtered extracts 
(dependent variables).

The immobilization of Cu, Pb, Cd, and Ni by BCs was attributed to the quantity 
of surface oxygen-functional groups, which is directly related to the amount of 
carbon (C) present in the biochar composition [35]. Uchimiya et al. [36] reported 
that biochar enhanced Cu sorption in a sandy loam soil primarily by cation 
exchange mechanism, enhanced by the soil C increase. Hence, biochar addition 
increased the sorption capacity of the soil matrix for both organic and inorganic 
contaminants [37]. However, BCs may favor the availability of some PTMs such 

Figure 3. 
Relationship between pH and metal concentrations in NH4NO3 and DTPA extracts after 10 weeks of biochar 
incubation. Points were plotted from the whole dataset of measurements. One outlier from three replicates 
(n = 3) was removed, when detected, by using IML and UNIVARIATE (ROBUSTSCALE) procedures of the 
SAS program. pH ranged from 6.5 to 8.0 as biochars (SGB and PLB) application rates increased from 0 to 8% 
w/w of biochar.
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w/w of biochar.
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as arsenic (As). The addition of sugar cane bagasse-derived BC (SCBC) stabilized 
Pb but accelerated the desorption of arsenic (As); consequently, increased 
its availability [38]. That is probably a result of charge repulsion between the 
negatively charged SCBC and the arsenate anion (AsO4

3−).

3. The effect of biochar feedstock sources on PTMs phytoavailability

While investigating the effects of chicken manure (CMB) and greenwaste 
biochar (GWB), both produced at 550°C (pyrolysis temperature), on the 
immobilization and phytoavailability of Cd, Cu and Pb in metal-spiked and multi-
metal contaminated soils, [39] found that both BCs significantly decreased Cd 
and Pb mobility, mostly by modifying those PTMs from the easily exchangeable 
soil fraction to less available organic bond fraction. Additionally, they reported 

Soil 
attribute

SGB PLB SGB + PLB SGB PLB SGB + PLB

Zn (NH4NO3) Zn (DTPA)

pH −0.75** −0.82*** −0.81*** −0.15NS −0.76*** −0.55**

OC −0.79** −0.74** −0.43* −0.31NS −0.60* −0.47*

Pb (NH4NO3) Pb (DTPA)

pH −0.55* −0.05NS −0.16NS 0.03NS −0.63* −0.44*

OC −0.64* −0.11NS −0.46* −0.12NS −0.77** 0.10NS

Cd (NH4NO3) Cd (DTPA)

pH −0.91*** −0.82*** −0.72*** 0.04NS −0.83*** −0.66***

OC −0.91*** −0.91*** −0.01NS −0.11NS −0.92*** 0.06NS

*: P < 0.05; **: P < 0.01; ***: P < 0.001; NS: non-significant (P > 0.05). The R-values were calculated from the 
whole dataset of measurements. SGB + PLB: two biochar treated soils. One outlier from three replicates (n = 3) was 
removed, when detected, by using IML and UNIVARIATE (ROBUSTSCALE) procedures of SAS program.

Table 2. 
Pearson correlation coefficient (R) between metal extracted from NH4NO3 or DTPA and soil attributes  
(pH and organic carbon-OC) after 10 weeks of soil+biochar (SGB and PLB) incubation.

Figure 4. 
Soil organic carbon (OC%) changes due to biochar (SGB and PLB) application rates after 10 weeks of 
incubation. Bars represent the standard deviation of the mean (n = 3) results are significant at P < 0.01 
(Tukey test).
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that the application of the two feedstock-derived BCs increased the root and 
shoot dry biomass and decreased the accumulation of Cd, Cu, and Pb in Indian 
mustard (Brassica juncea), thus illustrating the role of biochar in reducing metal 
phytoavailability while supplying plant nutrients, regardless of the feedstock 
source. However, according to the authors, the CMB was more effective in metal 
immobilization and plant growth than the GWB.

A significant decrease in the transfer factor values (TF) of PTMs (Zn, Pb, and 
Cd) from ryegrass roots to ryegrass shoots when evaluating PLB and SGB additions 
to a multi-metal contaminated soil was found by [22], and that the PLB was more 
efficient in such reduction than SGB. This was probably a consequence of their higher 
pH, CEC, specific surface area (SSA), and stronger buffering capacity as reported by 
[23], which resulted in the higher efficiency of PLB in decreasing PTMs uptake, as 
highlighted by the higher decrease of the bioconcentration factor (BCF = [PTMs in 
shoots/PTMs concentration in soil]) as PLB application rates increased. Figure 5 (and 
Figure 3) briefly summarizes such findings and highlights the PTMs immobilization 
as a function of two feedstocks derived-biochar application rates.

When comparing other soil amendments or feedstocks (raw material) with 
a feedstock-derived biochar, [40] showed that mussel shells, cow manure, and 
oak wood biochar application reduced Pb phytoavailability and phytoavailability 
in a highly contaminated military shooting range soil in Korea. Their study also 
showed increases in germination percentage and root elongation of lettuce (Lactuca 
sativa) in soil treated with the tested amendments, indicating a reduction of Pb 
accessibility. Outstandingly, biochar was more effective in decreasing Pb availability 
than the other tested soil amendments [40]. The application of BCs derived from 
animal wastes (pig manure biochar, and PLB) reduced the mobility of Cu, Cd, Pb 
and Zn from 28 to 69%, 77 to 100%, 94 to 99%, and 15 to 97%, respectively, in a 
multi-metal contaminated soil [41].

Figure 5. 
Bioconcentration factor (BCF) and transfer factor (TF) of potentially toxic metals (Zn, Pb, and Cd) from 
ryegrass roots to ryegrass shoots as a function of biochar application rates. Biochars were either derived from 
switchgrass (SGB) or poultry litter (PLB) feedstocks. Graphs were modified from [22].
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mustard (Brassica juncea), thus illustrating the role of biochar in reducing metal 
phytoavailability while supplying plant nutrients, regardless of the feedstock 
source. However, according to the authors, the CMB was more effective in metal 
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Cd) from ryegrass roots to ryegrass shoots when evaluating PLB and SGB additions 
to a multi-metal contaminated soil was found by [22], and that the PLB was more 
efficient in such reduction than SGB. This was probably a consequence of their higher 
pH, CEC, specific surface area (SSA), and stronger buffering capacity as reported by 
[23], which resulted in the higher efficiency of PLB in decreasing PTMs uptake, as 
highlighted by the higher decrease of the bioconcentration factor (BCF = [PTMs in 
shoots/PTMs concentration in soil]) as PLB application rates increased. Figure 5 (and 
Figure 3) briefly summarizes such findings and highlights the PTMs immobilization 
as a function of two feedstocks derived-biochar application rates.

When comparing other soil amendments or feedstocks (raw material) with 
a feedstock-derived biochar, [40] showed that mussel shells, cow manure, and 
oak wood biochar application reduced Pb phytoavailability and phytoavailability 
in a highly contaminated military shooting range soil in Korea. Their study also 
showed increases in germination percentage and root elongation of lettuce (Lactuca 
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accessibility. Outstandingly, biochar was more effective in decreasing Pb availability 
than the other tested soil amendments [40]. The application of BCs derived from 
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A study conducted by [42] observed that the addition of hardwood-derived 
biochar (HWB) to a PTMs contaminated mine soil reduced pore water solubility of 
Pb concentrations and ryegrass Pb levels. On the other hand, the combination of 
biochar with greenwaste compost (GWC) was more effective in reducing Pb in soil 
pore water and uptake by ryegrass. However, the biochar itself was more effective 
in reducing pore water Cu than GWC. Additionally, [43] reported that the addition 
of HWB and GWC to a multi-element contaminated soil significantly reduced 
concentrations of Cd and Zn in pore water during a 60 days exposure to field 
conditions and reduced phytoavailability of these elements resulting in increased 
shoot emergence of ryegrass. In contrast, concentrations of Cu and As in pore water 
increased with amendment applications [38, 43]. In a laboratory column study, [44] 
reported that HWB reduced the concentrations of Cd and Zn in leachate obtained 
from a multi-metal polluted soil with evidence of surface retention of both metals 
on biochar.

The work of [45] compared the impacts of broiler litter-derived biochar and 
pecan shell-derived steam activated carbon amendments on PTMs (Cu, Ni, and 
Cd) immobilization and the effects of oxidation on mineral retention in synthetic 
rainwater leaching experiments. Conversely, their study found that biochar was 
most effective in immobilizing Cu, whereas activated carbon immobilized Ni and 
Cd to a larger extent than biochar.

Contrarily, some BCs might only slightly decrease or even significantly increase 
extractable PTMs depending on the feedstock and pyrolytic temperature [33, 42]. 
Overall, the influence of biochar on PTMs extractability varies depending on the 
feedstock, application rate, and BCs particle size [46]. Generally speaking, biochar 
is a promising tool to reduce the mobility of PTMs in mining areas [22].

4.  The effects of biochar conversion processes on PTMs 
phytoavailability

Biochars are effective in the immobilization of PTMs and this effect varies 
depending on biochar nature and pyrolysis conditions. [47] investigated the impact 
of pyrolysis temperature on BCs ability to stabilize PTMs in Small Arms Range 
soil using broiler litter BCs produced at 350 and 650°C. They found that both 
BCs were effective in stabilizing Pb and Cu at application rates of ≤5% without 
releasing Sb. In other experiments, [48, 49] suggested using BCs prepared at high 
temperatures, 650–800°C, for remediation purposes. Additionally, the uptake 
of PTMs by ryegrass planted in biochar-treated soils generally decreased with 
increasing pyrolytic temperature [33]. It was also pointed out by [50] that two 
different feedstocks-derived BCs were more effective in chromium (Cr) adsorption 
when pyrolyzed at higher temperatures. However, low-temperature biochar was 
more effective in stabilizing Pb than high-temperature biochar [47]. Such a result 
was attributed to the higher soluble P concentration of low-temperature biochar, 
which resulted in a greater Pb immobilization by the formation of lead-phosphate 
precipitates. In similar experiments using oxidized and unoxidized plant-derived 
BCs, [49] observed that oxidized BCs rich in carboxyl functional groups had 
greater ability for Pb, Cu, and Zn immobilization than unoxidized BCs. Therefore, 
the effect of BCs on the mobility of PTMs in soil is not only a function of the 
pyrolysis temperature, but also the feedstock used, as previously mentioned, soil 
properties, and surface functional groups. Indeed, the ability of BCs in reducing the 
phytoavailability of PTMs in soil depends on its surface functional groups, specific 
surface area, and porosity [23].
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Figure 6 was adapted from the recent work of [51] and clearly shows that 
simply increasing pyrolysis temperature of BCs to enhance PTMs immobilization 
is not a pragmatism. The recovery efficiency (RE, in %) of PTMs (in a multi-metal 
contamination scheme: Pb + Cu + Zn) from soils amended with mesquite BCs 
(MBC) pyrolyzed at four different temperatures (300, 400, 500, and 600°C), 
have decreased as the initial concentration of added PTMs increased (Figure 6). 
However, MBC pyrolyzed at the highest temperature (600°C) has shown an overall 
higher RE% of Pb, Cu, and Zn (Figure 6). The authors also emphasized that there 
was a competitive adsorption among the PTMs into BCs exchangeable sites with 
a preferable affinity for Pb sorption. That would probably favor other PTMs to 
be phytoavailable in the medium. According to [22, 23, 51], surface functional 
groups responsible for metals retention are prone to change when pyrolysis 
temperature increases, which changes metals’ sorption effectiveness to the same 
extent. Phenolic groups (OH) decrease followed by the increase of aromatic carbon 
contents (C=C stretching) in produced BCs are attributed to the depolymerization 
and dehydration of materials as pyrolysis temperature increases, then resulting in 
the formation of C=C double bonds, carbonyl, and carboxylic functional groups 
[23, 51–53]. Those functional groups are also responsible for PTMs adsorption and 
complexation.

Biomass gasification has also been demonstrated as an alternative method 
of pyrolysis to produce BCs [54, 55], although to a much lesser extent. It is a 

Figure 6. 
Lead (Pb), copper (Cu), and zinc (Zn) removal efficiency (RE%) (PTM adsorption) in a multi-metal 
contaminated soil amended with biochars derived from mesquite and pyrolyzed at 300°C (MBC 300), 400°C 
(MBC 400), 500°C (MBC 500), and 600°C (MBC 600). The graph is modified from [51] published work.
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technology that uses a controlled process involving heat, steam, and oxygen to 
convert biomass to hydrogen (and other products), in the absence of combustion. 
A recent study of [55] have demonstrated that the SSA, CEC, and basic functional 
groups of the pine woodchips-derived BCs (PWC) increased as the rate of airflow 
increased during the BCs conversion process. Therefore, such improved properties 
would favor PTMs immobilization in contaminated soils if a proper rate of PWCs 
were applied. More studies on different gasification processes of applied BCs 
affecting PTMs mobility in soils are encouraged to broaden the BCs options for 
remediation purposes.

5. Mechanisms of PTMs adsorption into biochars

The mechanisms proposed for PTMs immobilization are explored in [56, 57]. 
In summary, three mechanisms are mostly responsible for PTMs retention into 
BCs, among them: (1) PTMs exchange with calcium (Ca2+), magnesium (Mg2+), 
and other cations associated with BCs (Figure 7); (2) complexation of PTMs into 
different surface functional groups, as previously highlighted (see Section 4); and 
(3) the physical adsorption followed by surface precipitation contributing to PTMs 
immobilization.

In the first case, the PTMs/cations exchange is further attributed to the 
co-precipitation of PTMs and their innersphere complexation with complex 
humic matter and mineral oxides contained in the biochar [57]. First, the 
strengths of PTMs adsorption into BCs surface are low due to the presence 
of water molecules surrounding the ion (oscillation in the distance of the 
electrostatic retention). Latterly, water molecules are released and the affinity 
to complexation enhances depending on the composition and structure of the 
biochar reactive surface, thus a much stronger inner-sphere complex is formed 
disfavoring the PTMs release back to the soil solution. In the second case, the 
PTMs inner-sphere complexation is with the free hydroxyl of mineral oxides 
surface (OH) and other surface precipitation [57]. In the third case, the surface 
precipitation of PTMs occurring is designated as amorphorse, since biochars 
present an amorphous although highly reactive structure, similarly as the organic 
matter compounds [58].

Figure 7. 
Mechanisms of cation exchange between positively charged ions contained in the reactive surface of biochars 
and potentially toxic heavy metals (‘heavy metal’) dissolved in soil solution. The graph was made by the 
authors.
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6. Conclusions and final considerations

Most studies from the last decade have demonstrated the strong potential of 
BCs in reducing leachability and immobilizing PTMs pollutants in soils that were 
previously phytoavailable. By increasing soil pH, BCs act as liming materials 
and PTMs precipitate as insoluble PTMs hydroxides in a high pH environment. 
Additionally, the greater SOC attributed to the BCs addition to multi-metal 
contaminated soil contributes to the formation of PTMS-organic anion complexes 
that are precipitated out from the system, since the previous bioavailable PTMs 
contents were much higher than usual. The characteristics of BCs vary widely with 
different feedstocks (biomass materials) and pyrolysis conditions (low and high 
temperatures). Generally, there are three mechanisms related to the direct removal 
of PTMs (and other pollutants) towards BCs reactive surface, which are related to 
a strong sorption and weak desorption of cationic PTMs then indicating that BCs 
sequesters pollutants in itself.

The current works emphasizing the use of biochar for soil remediation purposes 
have mainly been conducted in laboratories and/or greenhouses on a small scale 
with controlled conditions. As pointed out by [57], large-scale field trials are 
essential before operational scale remediation projects are implemented. Since 
the BC properties are largely varying, and sometimes contrasting, it is important 
to design BC products for every specific remediation project. The BCs ability to 
sequestrate may lead to the accumulation of PTMs contaminants in the amended 
soils in the long-term, and yet the pollutant environmental fate over time is not 
well elucidated. It is well known that the capacity of BCs to adsorb and/or complex 
PTMs decreases with time as a consequence of the aging process and saturation. 
Therefore, it is strongly encouraged to research on the aging process of BCs activity 
in the future because such information would help in the decision-making of the BC 
application rate and frequency to improve soil PTMs remediation efficiency.

© 2020 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. 
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with controlled conditions. As pointed out by [57], large-scale field trials are 
essential before operational scale remediation projects are implemented. Since 
the BC properties are largely varying, and sometimes contrasting, it is important 
to design BC products for every specific remediation project. The BCs ability to 
sequestrate may lead to the accumulation of PTMs contaminants in the amended 
soils in the long-term, and yet the pollutant environmental fate over time is not 
well elucidated. It is well known that the capacity of BCs to adsorb and/or complex 
PTMs decreases with time as a consequence of the aging process and saturation. 
Therefore, it is strongly encouraged to research on the aging process of BCs activity 
in the future because such information would help in the decision-making of the BC 
application rate and frequency to improve soil PTMs remediation efficiency.

© 2020 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. 
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Chapter 12

Biochar Effects on Amelioration of 
Adverse Salinity Effects in Soils
Ana Carolina Feitosa de Vasconcelos

Abstract

Biochar is the term given to biomass subjected to the process of change in the 
composition by the action of high temperatures. Advantages of biochar in soil 
quality have been reported, including amelioration of salinity effects. Salinity has 
a negative effect on soil physical properties and plant production by adversely 
affecting the process of plant growth, hence seed germination, nutrient uptake, 
and yield. Moreover, salt stress causes oxidative stress in plant and the reduction in 
antioxidant enzyme activities. Biochar is an amendment, which could decrease the 
negative effect of salt stress on crop growth and production. Application of biochar 
enriches mineral nutrients; improves the soil’s physical, chemical, and biological 
characteristics such as bulk density, hydrological properties, aggregate structure, 
ion exchange capacity, and microbial activity; and consequently enhances plant 
growth. Enhancing physical properties, biochar balances water holding capacity 
and air porosity in soils. Biochar promotes benefits in plant growth in saline soils 
through reduction in oxidation stress and in osmotic stress, lower production of 
phytohormones, improvement in stomatal density and conductance, improvement 
in seed germination, and the promotion of microbial activities. Biochar amendment 
can contribute to reduce salt stress in plants under saline condition due to its high 
salt adsorption capability.

Keywords: organic residues, pyrolysis, soil quality improvement, plant growth, 
carbon sequestration

1. Introduction

Biochar (charcoal) is the term given to biomass subjected to the process of 
decomposition or change in the composition by the action of heat at high tempera-
tures. Biochar is obtained by pyrolysis of biomass at temperatures of 300–600°C and 
has a great potential to mitigate possible impacts of climate change, such as periods 
of excessive rain or severe droughts. Because it is a thermally altered material, it 
degrades much more slowly, creating a large long-term carbon stock in the soil, 
being about 1500–2000 times more stable than non-pyrolyzed organic matter [1].

Good-quality biochar has an internal structure similar to graphite, which pre-
serves (sequester) the carbon in the soil for hundreds and even thousands of years 
[1], in addition to having a reactive peripheral structure, which acts as the natural 
organic matter of the environment. The presence of internal organic structures 
similar to that of graphite contributes to the biochar recalcitrance, i.e., biochar stays 
for a longer period in soil, characterizing a more efficient negative carbon seques-
tration system [1].
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The interest in using biochar as a soil amendment is increasing in the years 2000 
because of the work of researchers who study the production of an organic soil-
conditioning fertilizer trying to be similar to the black lands of Amazonian Indians 
[2]. Pre-Columbian peoples produced the black lands of Indians, but it is not known 
exactly whether it was an intentional process of soil improvement or a by-product 
of the agricultural and housing activities of these peoples. Human activity in the 
pre-Columbian past resulted in the accumulation of plant and animal waste, as well 
as large amounts of ash and coals with various chemical elements, such as P, Mg, 
Zn, Cu, Ca, Sr, and Ba [1].

The tailings produced by the industrialization of plant-origin products and the 
tailings originated from animal production can be used as inputs for agriculture 
and can be potential environmental liabilities, such as animal residues, rests of 
wood, and crop residues. The establishment of mechanisms, by which external 
environmental benefits can be monetized or internalized, may be important for the 
adoption of biochar production technologies [3].

Thus, biochar of vegetable or animal source is an alternative to act in carbon 
sequestration and as an organic soil conditioner. In addition, in many agricultural 
and forestry production systems, there is an expressive amount of produced waste, 
such as cut waste, dead wood, surplus seedlings, and sawmill and crop residues left 
in the field after harvest. Many of these residues can be used to produce biochar, 
which can be applied to agricultural soil both to sequester carbon and to improve 
crop production potential [3].

When applied to the soil, biochar acts as a soil conditioner promoting plant 
growth by retaining the nutrients and enhancing the physical and chemical soil 
properties [3, 4]. Experiments carried out in field with biochar application in the 
soil have presented benefits to agricultural productivity.

In this way, many functions of the biochar stand out, such as promote the struc-
ture of the soil with chemical connections between the biochar and the inorganic 
macromolecular structures, thus avoiding landslides during the rainy periods; 
retention of rainwater and irrigation to be released during dry periods; retention 
and release of H+ and OH− ions in the action of controlling soil pH; retention of 
nutrient metal ions from plants such as Ca, Fe, Cu, or toxic to them (e.g., Al); 
increase in plant growth and agricultural productivity; decrease in N2O emissions; 
reduction in the need for mineral fertilizers; and increase in the organic carbon 
stock in the soil by sorption of labile soil organic matter onto biochar particles, thus 
decreasing its mineralization, for instance [5].

The uses of biochar cannot be limited only to increasing crop productivity and 
carbon sequestration, as biochar also reduces other important greenhouse gas 
emissions. Thus, studies reported by [6] show that a decrease in methane emissions 
was verified with additions of 30 g kg−1 of biochar to the soil, as well as a significant 
reduction in nitrous oxide emissions. According to the author, such facts may be due 
to the improvement of soil aeration, reducing the occurrence of anaerobic condi-
tions and possibly decreasing the nitrogen cycle by increasing the soil’s C/N ratio. 
In addition, biochar can alter the rates of nitrogen cycling in soil systems by influ-
encing nitrification and denitrification, which are key sources of the greenhouse 
gas nitrous oxide. According to Liu et al. [7], biochar can potentially reduce N2O 
emission in soil by affecting ammonia- and nitrite-oxidizing bacteria, and these 
effects depended on the biochar application rate in soil.

It is estimated that the world population is expected to increase to 9.7 billion 
by 2050, and in 2100, it is expected to reach 10.9 billion people, which will inevi-
tably lead to an increasing demand for food [8]. According to [9], to feed more 
people and better feed them, in a scenario with higher prices, inputs that are more 
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expensive, and increasingly limited resources, and, at the same time, fight against 
climate change is an unprecedented challenge for humankind.

In this sense, the application of biochar as a sustainable soil corrective has been 
proposed as an attractive approach to mitigate greenhouse gas emissions due to its 
contribution to carbon sequestration and to improve crop productivity [3]. Thus, 
Woolf et al. [10] estimated that the annual net emissions of CO2, N2O, and CH4 
could be reduced by 12% with the implementation of biochar, without endangering 
food security, habitat, or soil conservation.

The potential of biochar in increasing crop productivity has been demonstrated 
in a large number of studies on tropical agricultural products [11–13]. It has been 
found that treatments with biochar increased crop yields averaged 10%, with larger 
effects observed in acid soils and thick texture [14].

Although the detailed physiological mechanisms remain unclear [15], the favorable 
effects of biochar on crop productivity are due to the high specific surface area and cat-
ion exchange capacity and depend on pyrolysis conditions and microporosity [13]. In 
addition to improving water and nutrient retention in the soil, these properties shown 
by biochar also allow adsorbing a wide range of potentially toxic materials, including 
heavy metals [16], pesticides [17], and other contaminants [16, 18, 19]. In saline condi-
tions of soils, biochar improved soil conditions for plant growth [20].

Soil salinity is one of the factors that affect the crop yield. In arid and semiarid 
regions, salinity constitutes a serious problem, limiting agricultural production and 
reducing crop productivity to uneconomic levels. In these regions that are charac-
terized by low rainfall and high evapotranspiration, inadequate irrigation manage-
ment, quality of irrigation water, and conditions of insufficient drainage contribute 
to accelerating the soil salinization process [21].

Soils affected by salts, also known as soils halomorphic or saline and sodium 
soils, are soils developed in imperfect drainage conditions, which are characterized 
by the presence of soluble salts, exchangeable sodium, or both, in horizons or layers 
close to the surface. Salt-affected soils are generally classified as saline, sodic, or 
saline-sodic, which is mainly based on their electrical conductivity (EC), sodium 
adsorption ratio (SAR), and exchangeable sodium percentage (ESP) of the satu-
rated paste extracts [21].

Among saline soils, saline-sodic soils are highly degraded and least productive 
which is mainly due to the effect of both salinity and sodicity on soil properties, and 
if these soils are dispersed, then water infiltration and hydraulic conductivity are 
reduced, which negatively affect the plant growth [22]. Salinity stress negatively 
correlates with soil properties such as organic matter and C/N ratio [23]. Soil salin-
ity reduces the microbial activity and biomass and alters the microbial community 
structure in the soil [24].

Increasing the concentration of soluble salts in the soil affects plant growth 
due to increased osmotic tension of the soil solution, which reduces the absorp-
tion of water by plants, the accumulation of toxic amounts of various ions, and 
disturbances in the ion balance. On the other hand, the saturation of the exchange 
complex for Na+ results in physical conditions highly unfavorable to plant growth, 
besides causing nutritional disturbances [20].

The high capacity to activate carbons in order to adsorb a variety of salts has 
been observed, and for this reason, the biochar has been used in industrial processes 
such as desalination [25]. However, the potential use of biochar as a soil amendment 
to mitigate the stress induced by salt in the plant has received little attention [26].

In addition, some studies have also shown that the application of organic 
amendments improved the physicochemical properties of saline soil; however, little 
data are available on the effect of biochar on the saline soil properties [27–30].
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Thus, the objective of this chapter was to approach the role of biochar on ame-
lioration of adverse salinity effects in soils.

2. General considerations about biochar production

Biochar is produced by heating any kinds of organic waste materials (crop 
residue, animal, or poultry manure) at high temperature through the process of 
pyrolysis (fast and slow). In addition, rotating kilns, vertical silo-type reactors, 
gasification, hydrothermal carbonization, and pyrolysis are common techniques 
used for biochar production [31].

A great amount of waste such as forest waste and crop residues is left in the 
field after harvesting in several agricultural and forest production. Many of the 
agricultural and forestry waste can be used to produce biochar, a product that when 
applied to agricultural land can both sequester carbon and improve crop production 
potential. Moreover, animal wastes can also be converted to biochar [3, 32–34]. In 
many cases, these residues have little value, and their disposal incurs costs.

The characterization of biochars is hard to be specified due to the large variety 
of potential biomass to be used for its production. In addition, the carbonization 
conditions applied for the conversion of biomass into biochar also interfere in the 
final product characterization [25].

Some studies have reported the differences in results of biochar applications in 
saline soils according to the method used for obtaining it [31]. In a study carried out 
by [35], reduction in plant growth was observed when eucalyptus wood-derived 
biochar produced at high temperature(800°C) was applied in a sandy ultisol, 
whereas biochar produced at lower temperature (350°C) enhanced plant growth. 
According to Almaroai et al. [30], characteristics such as duration and temperature 
of pyrolysis as well as the application rate of biochar are highly variable according to 
soil characteristics (fertility level, for instance) and soil biological activities.

According to Qayyum et al. [36], the use of biochar is a practice for achieving 
multiple benefits of sustainable agriculture. Biochars are characterized with a 
high concentration of total organic carbon (30–70%) depending on the pyrolysis 
conditions (temperature, aeration, and time), high mineral contents (Na, K, Mg, 
Fe, etc.), high pH, high electrical conductivity, and a low concentration of ash and 
volatile matter [36]. However, the feedstock type significantly affects the biochar 
properties [37].

The sophisticated techniques of characterization include the quantification 
and identification of surface functional groups, aromatic compounds, polycyclinc 
aromatic hydrocarbon, active surface area, and scanning electron microscopy. 
Thus, biochars should be carefully analyzed prior to their utilization [38].

In a study carried out by Hansen et al. [39], the authors applied two kinds of 
biochar: straw gasification biochar and wood gasification biochar in sandy soil for 
evaluating the shoot and root growth of barley (Hordeum vulgare L.). They observed 
that straw gasification biochar was more effective compared to the application of 
wood gasification biochar in soil, since straw gasification biochar presented consid-
erable potential for enhancing crop productivity in coarse sandy soils by increasing 
soil water retention and improving root development.

Two biochar materials produced from maize using two different pyrolysis tech-
niques, heating at 600°C for 30 min and batch-wise hydrothermal carbonization at 
210°C, were used in a study carried out by Almaroai et al. [30]. The results of this 
study demonstrated positive synergistic effects of biochar amendments on plant 
growth, plant nutrient uptake, soil nutrient contents, and soil biological properties 
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in sandy loam soil, with a more significant effect on the measured biological 
indicators for the biochar produced by batch-wise hydrothermal carbonization at 
210°C. According to these authors, different methods of producing biochar from the 
same source (maize) play a critical role in the expression of soil ecological effects, 
which underpin the assumption of a link between chemical and physical properties 
of biochar and enhanced plant nutrient acquisition, symbiotic performance, and 
plant stress tolerance.

3.  Application of biochar in saline soils and improvement of plant 
growth

Mineral salts are an important plant stress factor, having adverse impacts on 
crops particularly in arid and semiarid regions. High soil salinity and/or sodic-
ity affects an estimated 1.1 Gha or more than 7% of the world’s total land area 
[40]. Salinity changes the water absorption and uptake of nutrients, as well as 
the permeability of membranes. These changes reflect in the water and nutri-
ent balance of the plant and cause changes in metabolism, hormonal balance, 
gas exchange, and production of reactive oxygen species (ROS) [41]. All these 
changes compromise the growth and division of cells, vegetative and reproduc-
tive growth and acceleration of leaves senescence, resulting in the eventual death 
of the plant [42].

Salt stress adversely affects the process of plant growth, since seed germination, 
nutrient uptake, and yield. Moreover, salt stress causes oxidative stress in plant and 
the reduction in antioxidant enzyme activities [43]. Salinity reduces crop growth 
by affecting several processes that depend on salt accumulation in shoots [44]. The 
independent processes reduce shoot biomass predominately by closing stomata 
and inhibiting leaf expansion. Plant initial responses to salt stress are generally the 
reduction in leaf expansion and partial/full closure of stomata to conserve water 
resource. These responses are coordinated by an increased accumulation of stress 
hormones, particularly abscisic acid (ABA). An increased level of ABA in xylem 
stream is an indication of plant roots facing osmotic stress [43].

The application of biochar in saline soils favors the increase of soil organic 
matter and nutrients, also increasing the cation exchange capacity and replacing Na 
from exchange sites by providing Ca in soil solution, improving the stabilization of 
soil structure. Therefore, by enhancing physical properties, biochar balances water 
holding capacity and air porosity in soils. In addition, biochar works as habitat for 
many soil microorganisms that can help improve salt-affected soils [45, 46].

Biochar can also hasten salt leaching and thus decrease the time required for 
reducing salt concentration to a level suitable for growing plants [47]. Moreover, 
biochar adds soil organic C and increases the stability of organic molecules that 
would help bind soil aggregates for long periods compared to easily degradable 
molecules from other organic amendments [48].

Several studies observed that the application of biochar has been shown to be 
effective in reducing salinity stress by improving soil physicochemical [49, 50] and 
biological [50, 51] properties directly related to Na removal such as Na leaching, Na 
adsorption ratio, and electrical conductivity, as reported by Saifullah et al. [52].

The interaction effects of biochar and salinity on growth and yield of wheat 
significantly decreased wheat production through increase in soil salinity as the pro-
duced biochar while the grain yield and straw dry weight were declined by applica-
tion of biochar. Therefore, under dry condition, biochar can be used as an appropriate 
level, as it could store more water compared to treatments without biochar [42].
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in sandy loam soil, with a more significant effect on the measured biological 
indicators for the biochar produced by batch-wise hydrothermal carbonization at 
210°C. According to these authors, different methods of producing biochar from the 
same source (maize) play a critical role in the expression of soil ecological effects, 
which underpin the assumption of a link between chemical and physical properties 
of biochar and enhanced plant nutrient acquisition, symbiotic performance, and 
plant stress tolerance.

3.  Application of biochar in saline soils and improvement of plant 
growth

Mineral salts are an important plant stress factor, having adverse impacts on 
crops particularly in arid and semiarid regions. High soil salinity and/or sodic-
ity affects an estimated 1.1 Gha or more than 7% of the world’s total land area 
[40]. Salinity changes the water absorption and uptake of nutrients, as well as 
the permeability of membranes. These changes reflect in the water and nutri-
ent balance of the plant and cause changes in metabolism, hormonal balance, 
gas exchange, and production of reactive oxygen species (ROS) [41]. All these 
changes compromise the growth and division of cells, vegetative and reproduc-
tive growth and acceleration of leaves senescence, resulting in the eventual death 
of the plant [42].

Salt stress adversely affects the process of plant growth, since seed germination, 
nutrient uptake, and yield. Moreover, salt stress causes oxidative stress in plant and 
the reduction in antioxidant enzyme activities [43]. Salinity reduces crop growth 
by affecting several processes that depend on salt accumulation in shoots [44]. The 
independent processes reduce shoot biomass predominately by closing stomata 
and inhibiting leaf expansion. Plant initial responses to salt stress are generally the 
reduction in leaf expansion and partial/full closure of stomata to conserve water 
resource. These responses are coordinated by an increased accumulation of stress 
hormones, particularly abscisic acid (ABA). An increased level of ABA in xylem 
stream is an indication of plant roots facing osmotic stress [43].

The application of biochar in saline soils favors the increase of soil organic 
matter and nutrients, also increasing the cation exchange capacity and replacing Na 
from exchange sites by providing Ca in soil solution, improving the stabilization of 
soil structure. Therefore, by enhancing physical properties, biochar balances water 
holding capacity and air porosity in soils. In addition, biochar works as habitat for 
many soil microorganisms that can help improve salt-affected soils [45, 46].

Biochar can also hasten salt leaching and thus decrease the time required for 
reducing salt concentration to a level suitable for growing plants [47]. Moreover, 
biochar adds soil organic C and increases the stability of organic molecules that 
would help bind soil aggregates for long periods compared to easily degradable 
molecules from other organic amendments [48].

Several studies observed that the application of biochar has been shown to be 
effective in reducing salinity stress by improving soil physicochemical [49, 50] and 
biological [50, 51] properties directly related to Na removal such as Na leaching, Na 
adsorption ratio, and electrical conductivity, as reported by Saifullah et al. [52].

The interaction effects of biochar and salinity on growth and yield of wheat 
significantly decreased wheat production through increase in soil salinity as the pro-
duced biochar while the grain yield and straw dry weight were declined by applica-
tion of biochar. Therefore, under dry condition, biochar can be used as an appropriate 
level, as it could store more water compared to treatments without biochar [42].
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It was reported that incorporation of biochar into salt-affected soil could 
alleviate salinity stress in potatoes [48] mainly because of its high salt (Na+) 
adsorption potential. In another study, Akhtar et al. [53] examined the effect of 
different levels of salinity and biochar on wheat yield. The results showed that 
biochar application positively influenced growth and yield of wheat under saline 
condition. However, Thomas et al. [28] noticed high salt adsorption potential of 
biochar, some studies have reported negative effect of biochar on crop productiv-
ity, but these were generally restricted to specific type of biochar [54].

Biochar could improve the soil physicochemical and biological properties under 
conditions of abiotic stresses [55]. Biochar poultry manure compost (BPC) with 
pyroligneous solution (PS) in the saline soil increased microbial biomass carbon 
and the activities of urease, invertase, and phosphatase in bulk soils and rhizo-
sphere soils under maize cultivation, according to Lu et al. [56]. Similarly, Bhaduri 
et al. [57] concluded that the effects of biochar on soil enzyme activities in saline 
soil vary with the applied rate of biochar, incubation time, and soil enzyme types.

The biochar application in salt-stressed soil (30 g m−2) did not affect the soil 
pH but increased the soil electrical conductivity as compared to the control [28]. 
Similarly, a biochar produced by furfural (a colorless liquid used in synthetic resin 
manufacture, originally obtained by distilling bran) in saline soil decreased pH, 
while increasing the soil organic carbon, cation exchange capacity (CEC), and 
available P in the soil [31].

When applied in saline soils, composted biochar increased the soil organic 
matter content and CEC and decreased the exchangeable Na and soil pH [58]. These 
studies showed that biochar addition in saline soils could improve the plant growth 
by improving the soil biological activity and physicochemical properties.

The accumulation of Na and impairment of K nutrition are major characteristics 
of salt-stressed plants [59]. Thus, improved K/Na ratio through enhancing K avail-
ability is considered a useful tool to increase plant growth and yield under saline 
soils [60, 61]. Biochar, depending upon feedstock, may increase K concentration in 
soils, and this increase in salt-affected soils counteracts the adverse impacts of Na, 
being considered one of the major benefits associated with biochar application in 
saline soils [52].

Corroborating [52], a study carried out by Lin et al. [62] reported that the 
biochar application in saline soil improved wheat and soybean yields by increasing 
the exchangeable K concentration (by 44% over control) and increasing the K/Na  
ratio in plants, improving plant salt tolerance. According to Lashari et al. [63], a 
considerable increase in K concentration and K/Na ratio in the leaf sap of corn 
under salt stress and an increasing supply of K were suggested as major mechanisms 
responsible for the alleviation of salt stress to plants.

The benefits of biochar in plant growth in saline soils observed in several studies 
cited by Saifullah et al. [52] also include reduction in oxidation stress through 
degradation of O2

− and H2O2 concentration reduction in osmotic stress through 
improving water holding capacity and thus availability of water; lower production 
of phytohormones; improvement in stomatal density and conductance; improve-
ment in seed germination and the promotion of microbial activities; and a bacterial 
community shift toward the beneficial taxa in the rhizosphere.

Plants under salinity stress produce abscisic acid (ABA), and it is a good indica-
tor of the osmotic stress, acting as a long-distance signal molecule to close stomata 
under water deficit conditions [64]. Thus, decreased production of ABA could be 
attributed to a biochar-induced improvement in water availability to plants, which 
would result ultimately in increased stomatal conductance. Further, enhanced 
availability of water and nutrients with biochar application under saline conditions 
could improve seed germination.
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However, Thomas et al. [28] affirm that the biochar impact on the growth of 
plants in salt-affected soils is species dependent. Biochar application significantly 
improved the growth of salt-sensitive plant species; however, salt-tolerant species 
did not show any growth improvement with biochar amendment.

On the other hand, Luo et al. [58] reported significant improvement in the 
growth and yield of two salt-tolerant species grown in biochar manure compost-
amended salt-affected soils.

4. Conclusions

The interaction of biochar with soils with salinity conditions is essential for 
determining any contrasting effects, which also depend on the physicochemical 
properties of biochar and the raw material used for biochar production. Elucidating 
the effect of biochar type on plant growth and development and soil biochemical 
properties provides important guidance on the selection of feedstock type and 
production technology, which could be applied under specific environmental 
conditions.

Different methods of producing biochar from the same source play a critical role 
in the expression of soil ecological effects, which underpin the assumption of a link 
between chemical and physical properties of biochar and enhanced plant nutrient 
acquisition, symbiotic performance, and plant stress tolerance.

Although there is an increasing number of studies about biochar and its effects 
in saline soils for improvement of plant growth, the results obtained until the 
present are still not conclusive given the diversity of raw material and methods for 
biochar production. It is still necessary to conduct more investigations in order to 
better use biochar for ameliorating the adverse salinity effects in soils.

© 2020 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. 
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Chapter 13

Sorption of Heavy Metals onto 
Biochar
Ramalingham Senthilkumar  
and Donipathi Mogili Reddy Prasad

Abstract

Biochar is a stable carbon-rich product synthesized from biological materials 
through different heating methods above the decomposition temperature. The 
potential uses of biochar in various fields include soil fertility improvement, C 
sequestration, pollutant removal and waste minimization/reuse. In recent years, 
large number of research has confirmed that biochar can be used successfully for the 
removal of heavy metal ions from aqueous solutions. The main aim of this chapter 
is to summarize and assess the sorption capacity of biochar toward various heavy 
metal ions. Considering that sorption is a surface phenomenon, the key parameters 
controlling the formation of biochar including pyrolysis temperature, residence 
time, and feedstock type will be discussed in detail. In addition, the mechanism 
associated with remediation of heavy metal ions and the physicochemical factors 
affecting the sorption potential will be discussed. Mathematical models employed in 
the sorption studies will be given special importance. The modification procedures 
used to enhance the sorption capacity of biochar will also be highlighted.

Keywords: biochar, adsorption, heavy metals, water quality, pyrolysis

1. Introduction

Water usage has been rising immensely with growing population and industrial 
activities in both developed and developing countries [1]. This resulted in dete-
rioration of water sources as various contaminants such as dyes [2], toxic heavy 
metals [3], organic compounds like detergents, phenols, dyes, pesticides in addi-
tion to the other persistent organic pollutants [4] are increasingly being dumped 
into the water bodies [5]. Among these contaminants, heavy metals are of high 
priority because they persist in soils and do not undergo biodegradation [6]. This 
might affect significantly the suitability and sustainability of the water resources 
[7]. These contaminants reach water bodies through various industrial activities, 
including mining, electrolysis, metallurgy, battery manufacture, metal finishing, 
electroplating, electro-osmosis, pigment manufacture, tanneries, etc. [8, 9]. Heavy 
metals are then taken up by the biological systems through food intake and thereby 
cause major hazardous health impacts [10, 11]. Owing to this, different biologi-
cal and physico-chemical treatment techniques have been proposed to remediate 
heavy metal-bearing contaminated waters. These remediation technologies include 
adsorption, biosorption, ion-exchange, electrocoagulation, membrane technolo-
gies and precipitation [12]. Adsorption is one of the widely used remediation 
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approaches, which has its unique advantages including cost-effectiveness, high 
performance toward metal ion of interest, flexibility and ease in operation. [13]. 
Some of the widely used adsorbents for heavy metal remediation include fly ash, 
activated carbon, sorbents prepared from agricultural, industrial and biological 
waste materials [14]. Recently, char derived from biological materials under oxygen 
free condition, popularly known as “biochar” has been recently been introduced as 
an effective sorbent for various toxins [4, 15].

Biochar is a stable carbon-rich product synthesized from biological materials 
through different heating methods above the decomposition temperature. Biochar 
is produced through thermal degradation of organic components in absence of 
O2 or under limited oxygen conditions (pyrolysis) [16]. In recent years, owing to 
the inherent biochar properties such as surplus surface binding sites (hydroxyl, 
carboxyl, phenolic hydroxyl and carbony groups), porous surface, high cation 
exchange capacity and its surface area, this organic amendment be utilized as an 
efficient and practical sorbent for remediation [17]. Biochars from different feed 
stock materials were prepared and successfully examined for their adsorption 
potential toward various metal ions [3] and nutrients [18]. The pyrolysis condi-
tions such as temperature, rate of heating and residence time are all critical factors 
influenceing the potentiality of metal sorption on biochar. In addition, changes in 
sorption potential can also be obtained through physico-chemical techniques. Thus 
through this chapter, we critically explore the state of knowledge on different meth-
ods to modify biochar with preferred properties. We focused on various aspects 
including biochar preparation methods, factors affecting the biochar sorption 
potential and metal removal mechanisms.

2. Production of biochar and the factors influencing the properties

Biochar has been receiving considerable attention in recent years as an important 
material for sorption of contaminants from polluted waters [16, 19]. Carbon-rich 
materials are established adsorbents for inorganic and organic contaminants. For 
instance, activated carbon (AC) is a well-known adsorbent extensively used for 
removal of heavy metal ions [20]. It is worth noting that the preparation of AC 
requires high temperature, costly and an additional activation step (activated car-
bon, sorbents prepared from agricultural, industrial and biological waste materials) 
[14]. Hence the cost of remediation is high. Alternatively, biochar is a recommended 
cost-effective alternative sorbent because of its binding sites, high permeable struc-
ture and extensive surface area [21]. Its preparation is comparatively cheaper while 
considering its fewer requirements for energy [21, 22]. In addition, biochar consist 
of non-carbonized portion that may react with soil pollutants [19]. Uchimiya et al. 
[23] also indicated that degree of O-comprising hydroxyl, phenolic and carboxyl 
binding sites on the biochar surface can play crucial roles to immobilize soil 
pollutants.

The sorption potential of biochar is critically dependent on the pyrolysis 
conditions (temperature and residence time) as well as chemical composition 
of the feedstock. Overall, pyrolysis temperature markedly affects the functional 
groups and surface area of biochar. Jung et al. [24] recorded that the pores of 
biochar were blocked at pyrolysis temperatures greater than 400°C. Similarly, 
Gai et al. [25] examined the effects of feedstock (wheat-straw, corn-straw and 
peanut-shell) and pyrolysis temperature (400–700°C) on the properties and 
adsorption potential of biochar and found that yield of biochar as well as com-
position of H2, O2 and N2 decreased as pyrolytic temperature surges from 400 to 
700°C. Xiao et al. [26] studied influence of pyrolysis temperature during synthesis 
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of biochar from crayfish shell for adsorption of Pb(II) ions from aqueous solu-
tions. The authors observed that pyrolysis temperature exhibited varied effects on 
active functional groups, surface area and elemental composition of the produced 
biochar. Also, the sorption performance of biochar increased with increase in 
pyrolysis temperature, with biochar produced at 600°C exhibited maximum 
Pb(II) uptake of 190.7 mg/g.

Biochar are generally synthesized from cheap and copiously available waste 
biomaterials [27]. To be specific, biochar feedstocks are primarily produced from 
solid wastes and biomasses of agricultural activities. The agricultural residues are 
generally available in vast quantities and frequently pose disposal challenges [3]. For 
instance, preparing biochar from invasive plant can resolve challenges posed during 
disposal as well as help in waste management. Similarly, marine algae are generally 
abundant and can clog waterways; therefore other usages such as biochar synthesis 
can be beneficial to the local people. In recent years, a wide range of biomaterials 
were proposed as feedstocks for biochar, including animal manure, plant waste, 
seaweed, municipal solid waste and wood chip [27]. The type of feed stock strongly 
influences the biochar attributes and subsequently its further applications. Sohi et al. 
[28] indicated that the size of pores, surface area and functional groups in biochars 
are strongly influenced by the feedstock type. Hodgson et al. [29] examined the fea-
sibility of different feedstocks (Salix viminalis, Lolium perenne fiber, Lolium perenne, 
Picea sitchensis, Fraxinus excelsior and Miscanthus x giganteus) as adsorbents for zinc. 
Their results pointed out to the efficiency of the synthesized bioach from L. perenne 
to remove Zn from water and it removal potential ranged from 83.27 to 92.96%. Zhao 
et al. [30] tested the impacts of feedstock type on properties of biochar by assess-
ing several organic wastes, including various aquatic plant, waste wood, municipal 
waste, crop residue, animal manures and food wastes. The results indicated that type 
of feedstock affected the biochar properties, such as carbon sequestration capac-
ity, cation exchange capacity, biochar C-content, fixed C, ash content and mineral 
composition. Therefore, preparing biochar with desired characteristic for a specific 
application may require careful screening and correct choice of a feedstock.

3. Sorption of heavy metals and associated mechanisms

Biochar has been investigated for adsorption of pesticides, heavy metals, nutri-
ents, and organic compounds. Several researchers explored the adsorption capacity 
of biochar and confirmed favorable results for heavy metal ions [3, 31], nutrients 
[15], and organic pollutants [4]. Shakya and Agarwal [32] derived biochar from 
pineapple peel at different pyrolysis temperatures and investigated its efficiency 
for Cr(VI) sorption from aqueous solution. The results indicated that biochar 
synthesized at 350°C exhibited maximum sorption potential of 41.7 mg/g. Liu et al. 
[33] prepared biochar from corn stalk to test its capability of removing Pb(II) from 
aqueous solutions. Using X-ray diffraction, X-ray photoelectron spectroscopy, 
Fourier transform infrared spectroscopy and Scanning electron microscopy with 
energy dispersive spectrometer analyses, the authors identified combined complex-
ation, mineral precipitation and ion exchange mechanisms contributed to Pb(II) 
sorption onto corn stalk-derived biochar. The maximum Pb(II) adsorption capacity 
of biochar was identified to be 49.7 mg/g.

Biochar sorption experimental trials are generally performed in continuous/
batch operational modes. In most batch trials, the researchers aim at examining the 
effects of initial metal concentration, adsorbent dosages, temperatures, and solu-
tion pH. On the other hand, continuous trials aimed at understanding the continu-
ous contaminant removal potential of biochar.
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3.1 Solution pH

Solution pH is a vital operating factor influencing the adsorption process and 
usually plays a critical part in overall success of adsorption. Precisely, the solution 
pH influences the surface properties of the sorbent, as well as the metal speciation 
and finally the extent of metal sorption. The pH also decides the extent of adsor-
bent protonation, thereby affecting the specific charge of functional groups and 
finally the adsorption capacity of adsorbent [13]. In general, under acidic (low 
pH) conditions, the uptake of cationic metal ions is low owing to strong competi-
tion from H+ ions. As the pH surges, the amount of H+ ions declines and sorption 
of cationic metal species increases [13]. In order to endorse the effect of pH on the 
adsorption potential, few researchers investigated the impact of pH on sorption 
capacity of biochar. Liu et al. [33] witnessed that Pb(II) sorption capacity of corn 
stalk derived biochar surged as the solution pH increased. The removal perfor-
mance was improved within the pH ranges of 4–6. The authors suggested that 
under acidic conditions, the existence of H+ inhibited the sorption of Pb cations. 
On the other hand, Senthilkumar et al. [34] observed that remediation of As(V) 
by Ulva reticulata derived biochar enhanced from 55 to 93% as the pH surged 
from 2 to 4. Further increase in pH decreased the adsorption potential of bio-
char. The authors indicated that As(V) oxyanion mostly occurs as HAsO4

2− and 
H2AsO4

− species under acidic conditions (pH 4 to 6). Thus, relatively high As(V) 
sorption in low pH conditions by seaweed derived biochar was due to high pro-
tonated positively charged binding sites on biochar surface owing to saturation 
of excess H+ ions, thereby enhancing the sorption of As(V) through electrostatic 
attraction.

3.2 Temperature

Temperature tends to affect the kinetics rate and adsorption capacity of any 
adsorbent. The increase or decrease of the adsorption capacity upon varying the 
temperature will be useful to establish the type of the sorption process. On the basis 
of change in temperature, the process is identified to be endothermic when the 
adsorption capacity rises with the increase in temperatures; whereas the process is 
exothermic when the sorptional capacity decreases with temperature [13]. Several 
research studies have confirmed that temperature plays a critical part during 
adsorption of heavy metal ions by biochar [33, 35].

3.3 Biochar dosage

In an attempt to determine the optimum adsorbent dose essential to attain 
maximum adsorption, many researchers have performed adsorbent dosage opti-
mization experiments during metal removal studies [36, 37]. In general, the % 
metal removal is directly linked with the adsorbent dosage. Precisely, the increase 
in adsorbent dosage generally increases the % metal removal of the adsorbent. 
This general trend can be explained as follows: as the sorbent dose increases, the 
total number of binding groups present on the surface of the adsorbent increases 
which, in turn, increases the overall binding of metal ions [38]. On the other 
hand, the sorptional capacity decreases with increasing adsorbent doses [39]. 
This is due to nature of interaction between sorbent and sorbate. The important 
factor being at high biochar dose, the metal ions in the solution are less compared 
to the exchangeable groups on the biochar, typically results in in less metal 
uptakes [13].
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3.4 Initial solute concentration

Initial solute concentration is a critical parameter that influences the adsorp-
tion potential of any adsorbent. Past studies have shown that increase in initial 
metal concentration generally resulted in decline in the % metal removals [33, 34]. 
However, the sorptional uptake normally improves with the increase in the initial 
metal concentration. This was because at lower initial metal concentration, the 
ratio of the initial moles of metals in the solution to the biochar surface area was 
low and consequently, the adsorption became independent of initial concentra-
tion. Nevertheless, at higher metal concentration the accessible binding groups of 
sorbent become fewer in comparison to the moles of metal ions available in solu-
tion and hence, the percentage metal removal would be severely impacted by the 
initial metal ion concentration. During adsorption of arsenic(V) by Ulva reticulata 
derived biochar, Senthilkumar et al. [34] observed that augmentation of initial 
concentration of arsenic(V) from 10 to 25 mg/L produced enhancement of As(V) 
uptakes from 4.65 to 7.40 mg/g, whereas % removal decreased from 93.0 to 59.2, 
respectively.

3.5 Parameters influencing column sorption of metals

In comparison to batch sorption research, very little background literature is 
available about the possibility of utilizing column sorption in the removal of metal 
ions from aqueous solutions. Packed column sorption refers to feeding contami-
nated solution into the column packed with sorbent for continuous treatment. 
Of these little continuous-flow studies, it was identified that column adsorption 
potential strongly depends on operational parameters such as flow rate, influent 
metal concentration and bed depth [13]. The batch experimental trials are helpful in 
elucidating the fundamental information about the characteristics of adsorbent and 
the factors affecting the adsorption process [38]. Nevertheless, the batch experi-
mental results cannot be utilized for accurate scale-up in real industrial wastewater 
systems [40]. This is due to the fact that in industrial wastewater systems, continu-
ous adsorption column setup are generally used [13]. For cyclic adsorption/elution 
processes, packed columns are effective and practical arrangement, as they effi-
ciently utilizes the concentration difference which is known to be the driving force 
for sorption of heavy metals [41]. Also, the column assembly allows more efficient 
utilization of the adsorbent capacity and generally results in superior effluent qual-
ity. Thus, adsorption using packed columns has important advantages including 
fast and high yield operations as well as easy scaling up [42]. Additionally, packed 
columns permit large amount of wastewater to be continuously remediated using 
a small amount of sorbent loaded inside the column [43]. Regeneration and subse-
quent reuse of sorbent is also possible using appropriate elutant. After adsorption, 
metal ions loaded-adsorbent can be eluted using suitable desorbent, or otherwise 
can be contained/disposed [44].

Vilvanathan and Shanthakumar [45] conducted continuous column adsorption 
experiments using biochar prepared from Tectona grandis leaves to remediate Co(II) 
and Ni(II) ions from aqueous solutions. The breakthrough curves were generated by 
fluctuating the inlet metal ion concentration, flow rate and bed depth. The results 
confirmed that the column exhaustion time prolonged with increasing bed depth 
and/or reducing each of the metal ion concentrations and flow rate. The metal-loaded 
column was desorbed using HCl, which indicates the possible regenerated and reuse 
of column bed for subsequent sorption cycles. Senthilkumar et al. [34] utilized 2 cm 
internal diameter and 35 cm depth column loaded with U. reticulata biochar to perform 
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3.4 Initial solute concentration

Initial solute concentration is a critical parameter that influences the adsorp-
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mental results cannot be utilized for accurate scale-up in real industrial wastewater 
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ciently utilizes the concentration difference which is known to be the driving force 
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utilization of the adsorbent capacity and generally results in superior effluent qual-
ity. Thus, adsorption using packed columns has important advantages including 
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columns permit large amount of wastewater to be continuously remediated using 
a small amount of sorbent loaded inside the column [43]. Regeneration and subse-
quent reuse of sorbent is also possible using appropriate elutant. After adsorption, 
metal ions loaded-adsorbent can be eluted using suitable desorbent, or otherwise 
can be contained/disposed [44].

Vilvanathan and Shanthakumar [45] conducted continuous column adsorption 
experiments using biochar prepared from Tectona grandis leaves to remediate Co(II) 
and Ni(II) ions from aqueous solutions. The breakthrough curves were generated by 
fluctuating the inlet metal ion concentration, flow rate and bed depth. The results 
confirmed that the column exhaustion time prolonged with increasing bed depth 
and/or reducing each of the metal ion concentrations and flow rate. The metal-loaded 
column was desorbed using HCl, which indicates the possible regenerated and reuse 
of column bed for subsequent sorption cycles. Senthilkumar et al. [34] utilized 2 cm 
internal diameter and 35 cm depth column loaded with U. reticulata biochar to perform 
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column experiments for arsenic(V) remediation from aqueous solutions. At a flow rate 
of 0.3 L/h, initial arsenic(V) concentration of 25 mg/L and bed depth of 25 cm, the 
column recorded breakthrough and exhaustion times of 3.25 and 13 h, respectively. 
Around 3.9 L of arsenic(V) solution was remediated by the column. The %As(V) 
removal and adsorption capacity of column were calculated as 59.5% and 8.12 mg/g, 
respectively. The bed was successfully eluted using 0.01 M sodium hydroxide with 
99.5% elution efficiency.

As indicated before, very limited research studies focused on column applica-
tions compared to batch applications. Thus, serious efforts ate needed to explore the 
adsorption capacity of adsorbent in continuous operational mode to elucidate the 
adsorbent compatibility in real wastewater plants.

3.6 Biochar modification

Although biochar exhibits good sorption properties; however, it can be addi-
tionally altered to improve its sorption efficiency. The modification procedures 
employed include acid/base modification, functional group modification and 
impregnation with mineral oxides.

Through acid/base modification, alteration of surface acidities and porous 
nature of biochar can be obtained [15]. After exposure to chemicals including 
HNO3, H2SO4, HCl, KOH and NaOH, El-Hendawy [46] identified that HNO3 
exposure resulted in improved adsorption and pore diffusion of hydrated Pb2+ with 
O2 groups, and therefore improved the hydrophilic nature of biochar. Li et al. [31] 
evaluated lead adsorption capacity of two biochar materials (low mesopore char 
(AC1) and high mesopore char (AC2)) derived from bagasse modified using nitric 
acid. The results indicated that the adsorption capacities of AC2 and AC1 toward 
lead ions were recorded by 27 and 15 mg/g, respectively, due to high mesopore vol-
ume of AC2. Precisely, the lead removal rate of by AC1 surged from 46 to 99% after 
treatment with HNO3. Liu et al. [47] investigated the influence of KOH and H2SO4 
modifications onto biochar during sorption of tetracycline. The results indicated 
that the KOH-exposed biochar showed high porosity, larger specific surface area, 
and high C and O composition than the H2SO4-exposed and virgin biochars. The 
remediation of inorganic constituents during alkali treatment allowed the biochar 
to sorb more pollutant.

The biochar hydrophilicity and surface functional sites can be chemically modi-
fied for remediation of specific pollutants at a specific rate from solutions [48]. It is 
well-known that carboxyl, amine, hydroxyl, phosphonate, and phenolic groups are 
functional groups often responsible for adsorption of different dyes/metals [49]. The 
biochar material exhibit low pollutant uptake capacities if the amount of these binding 
sites is low. Nevertheless, several modification techniques are present to improve the 
number of these functional sites on the surface of biochar. Xue et al. [50] highlighted 
that modification using H2O2 for peanut hull-derived biochar enhanced the oxygen-
comprising functional groups particularly carboxyl groups on surface of biochar, which 
caused enhanced Pb(II) adsorption potential of over 20 times compared to raw biochar.

Biochar can also be prepared for particular applications through mineral 
impregnation methods. Yao et al. [51] improved the biochar functionality by 
distributing clay particles in biochar matrix. The authors mixed the biomaterial 
(bamboo, bagasse and hickory chips) with clay and consequently pyrolysed at 
600°C without O2 for 1 h. The adsorption potential of clay-biochar composite was 
enhanced five times compared to virgin biochar due to highly porous structure 
and presence of clay. Magnetic biochar can be prepared through chemical co-
precipitation of Fe2+/Fe3+ onto biomass and subsequent pyrolysis [17]. The hybrid 
nature of magnetic biochar permits enhanced adsorption of various organic and 
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inorganic toxins. Through exposure of peanut hull biochar to FeCl3, Han et al. [52] 
synthesized magnetic biochar for removal of Cr(VI) ions. The prepared magnetic 
biochar showed improved adsorption potential toward Cr(VI), around 1–2 times 
compared to raw biochar. The study also identified the removal mechanism through 
XPS, XRD and SEM and revealed that Cr(VI) was interacted electrostatically to the 
protonated -OH onto the surface of γ-Fe2O3.

4. Mathematical modeling

Adsorption isotherm is the mathematical representation of adsorption capac-
ity (Q) versus equilibrium concentration of the solute (Ce). Modeling adsorption 
isotherm data is important for prediction/comparison among adsorption perfor-
mances. Two, three and four-parameter isotherm models are suggested to model the 
sorption data. Some of the important sorption isotherm models used in the sorption 
studies include, the Langmuir, Freundlich, Toth and Sips models.

The Langmuir model [53] was fundamentally derived to define the sorption 
(gas-solid phase) of activated carbon. However, in later years, it was employed to 
assess and calculate the adsorption behavior of various adsorbents. In its formula-
tion, binding to the surface was primarily by physical forces and implicit in its 
derivation was the assumption that all sites possess equal affinity for the sorbate. Its 
use was extended to empirically describe equilibrium relationships between a bulk 
liquid phase and a solid phase [53]. The model can be expressed as

  Q =    Q  max    b  L    C  e   _ 1 +  b  L    C  e  
    (1)

where Q is the sorptional capacity (mg/g); Ce is the equilibrum concentration 
(mg/L); Qmax is the maximum uptake of toxin by the adsorbent (mg/g) and bL is the 
equilibrium coefficient of the Langmuir model (L/mg).

The Freundlich model [54] was empirically derived equation; however it can be 
applied to adsorption onto diverse surfaces or surfaces with sites of varied affinities. 
It is assumed that the stronger binding sites are occupied first and that the binding 
strength decreases with increasing degree of site occupation. It can expressed as,

  Q =  K  F     C  e     1/ n  F     (2)

where nF is the exponent of the Freundlich model and KF is the Freundlich 
model coefficient (L/g)1/n

F,
The Sips model [55] is based on the assumption that binding sites on the adsor-

bent have varied strengths and each active binding site interact with one sorbate 
molecule. The constant Ks represents sorptional uptake of the adsorbent, whereas aS 
denotes affinity of adsorbent toward metal ions. At high metal ion concentrations, 
the model ultimately takes the Langmuir form, whereas at low metal concentrations 
reduces to the Freundlich model [56]. The model can be expressed as

   Q    e   =    K  S     C  e      β  S    _ 
1 +  a  S     C  e      β  S   

    (3)

where aS is the Sips model coefficient (L/mg)β
S, βS is the Sips model exponent 

and KS is the Sips model isotherm coefficient (L/g)β
S.

The Toth model [57] is the other three parameter model frequently employed 
to describe metal-adsorent isotherms. The model assumes quasi-Gaussian energy 
distribution and is derived from the potential theory. The Toth model can be 
expressed as



Applications of Biochar for Environmental Safety

212

column experiments for arsenic(V) remediation from aqueous solutions. At a flow rate 
of 0.3 L/h, initial arsenic(V) concentration of 25 mg/L and bed depth of 25 cm, the 
column recorded breakthrough and exhaustion times of 3.25 and 13 h, respectively. 
Around 3.9 L of arsenic(V) solution was remediated by the column. The %As(V) 
removal and adsorption capacity of column were calculated as 59.5% and 8.12 mg/g, 
respectively. The bed was successfully eluted using 0.01 M sodium hydroxide with 
99.5% elution efficiency.

As indicated before, very limited research studies focused on column applica-
tions compared to batch applications. Thus, serious efforts ate needed to explore the 
adsorption capacity of adsorbent in continuous operational mode to elucidate the 
adsorbent compatibility in real wastewater plants.

3.6 Biochar modification

Although biochar exhibits good sorption properties; however, it can be addi-
tionally altered to improve its sorption efficiency. The modification procedures 
employed include acid/base modification, functional group modification and 
impregnation with mineral oxides.

Through acid/base modification, alteration of surface acidities and porous 
nature of biochar can be obtained [15]. After exposure to chemicals including 
HNO3, H2SO4, HCl, KOH and NaOH, El-Hendawy [46] identified that HNO3 
exposure resulted in improved adsorption and pore diffusion of hydrated Pb2+ with 
O2 groups, and therefore improved the hydrophilic nature of biochar. Li et al. [31] 
evaluated lead adsorption capacity of two biochar materials (low mesopore char 
(AC1) and high mesopore char (AC2)) derived from bagasse modified using nitric 
acid. The results indicated that the adsorption capacities of AC2 and AC1 toward 
lead ions were recorded by 27 and 15 mg/g, respectively, due to high mesopore vol-
ume of AC2. Precisely, the lead removal rate of by AC1 surged from 46 to 99% after 
treatment with HNO3. Liu et al. [47] investigated the influence of KOH and H2SO4 
modifications onto biochar during sorption of tetracycline. The results indicated 
that the KOH-exposed biochar showed high porosity, larger specific surface area, 
and high C and O composition than the H2SO4-exposed and virgin biochars. The 
remediation of inorganic constituents during alkali treatment allowed the biochar 
to sorb more pollutant.

The biochar hydrophilicity and surface functional sites can be chemically modi-
fied for remediation of specific pollutants at a specific rate from solutions [48]. It is 
well-known that carboxyl, amine, hydroxyl, phosphonate, and phenolic groups are 
functional groups often responsible for adsorption of different dyes/metals [49]. The 
biochar material exhibit low pollutant uptake capacities if the amount of these binding 
sites is low. Nevertheless, several modification techniques are present to improve the 
number of these functional sites on the surface of biochar. Xue et al. [50] highlighted 
that modification using H2O2 for peanut hull-derived biochar enhanced the oxygen-
comprising functional groups particularly carboxyl groups on surface of biochar, which 
caused enhanced Pb(II) adsorption potential of over 20 times compared to raw biochar.

Biochar can also be prepared for particular applications through mineral 
impregnation methods. Yao et al. [51] improved the biochar functionality by 
distributing clay particles in biochar matrix. The authors mixed the biomaterial 
(bamboo, bagasse and hickory chips) with clay and consequently pyrolysed at 
600°C without O2 for 1 h. The adsorption potential of clay-biochar composite was 
enhanced five times compared to virgin biochar due to highly porous structure 
and presence of clay. Magnetic biochar can be prepared through chemical co-
precipitation of Fe2+/Fe3+ onto biomass and subsequent pyrolysis [17]. The hybrid 
nature of magnetic biochar permits enhanced adsorption of various organic and 

213

Sorption of Heavy Metals onto Biochar
DOI: http://dx.doi.org/10.5772/intechopen.92346

inorganic toxins. Through exposure of peanut hull biochar to FeCl3, Han et al. [52] 
synthesized magnetic biochar for removal of Cr(VI) ions. The prepared magnetic 
biochar showed improved adsorption potential toward Cr(VI), around 1–2 times 
compared to raw biochar. The study also identified the removal mechanism through 
XPS, XRD and SEM and revealed that Cr(VI) was interacted electrostatically to the 
protonated -OH onto the surface of γ-Fe2O3.

4. Mathematical modeling

Adsorption isotherm is the mathematical representation of adsorption capac-
ity (Q) versus equilibrium concentration of the solute (Ce). Modeling adsorption 
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The Langmuir model [53] was fundamentally derived to define the sorption 
(gas-solid phase) of activated carbon. However, in later years, it was employed to 
assess and calculate the adsorption behavior of various adsorbents. In its formula-
tion, binding to the surface was primarily by physical forces and implicit in its 
derivation was the assumption that all sites possess equal affinity for the sorbate. Its 
use was extended to empirically describe equilibrium relationships between a bulk 
liquid phase and a solid phase [53]. The model can be expressed as
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where Q is the sorptional capacity (mg/g); Ce is the equilibrum concentration 
(mg/L); Qmax is the maximum uptake of toxin by the adsorbent (mg/g) and bL is the 
equilibrium coefficient of the Langmuir model (L/mg).
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bent have varied strengths and each active binding site interact with one sorbate 
molecule. The constant Ks represents sorptional uptake of the adsorbent, whereas aS 
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The Toth model [57] is the other three parameter model frequently employed 
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distribution and is derived from the potential theory. The Toth model can be 
expressed as



Applications of Biochar for Environmental Safety

214

Toth model:

  Q =    Q  max    b  T    C  e   _____________  
  [1 +   ( b  T    C  e  )    1/ n  T   ]    

 n  T  
 
    (4)

where bT is the Toth model constant (L/mg) and nT is the Toth model 
exponent.

For any practical applications, the process design, operation control and sorp-
tion kinetics are very important [13]. The sorption kinetics can be described using 
several models.

The most commonly used method to identify the contribution of intraparticle 
diffusion during adsorption is through fitting the kinetic data to an intraparticle 
diffusion plot, as presented by Weber and Morris [58] as below:

  Q   t   =  k   i    t   1/2  (5)

where Q  t is the sorptional capacity at any time t (mg/g) and ki is the intraparticle 
diffusion constant. This involves plotting the sorptional capacity at a given time vs. 
the square root of that time. If the plot passes through the origin, then intraparticle 
diffusion is the rate determining step.

The pseudo-first-order model assumes that the rate of change of solute uptake 
with time is directly proportional to the difference in saturation concentration and 
the amount of solid uptake with time. The model can be expressed as,

   Q   t   =  Q   e   (1 − exp  (−  k  1   t) )   (6)

where Qe is the equilibrium uptake (mg/g) and k1 is the pseudo-first-order 
constant (1/min). In an attempt to understand the Cd(II) adsorption mechanism 
of rice straw-derived biochar from aqueous solutions, Fan et al. [59] fitted Cd(II) 
kinetics data using pseudo-first-order and pseudo-second-order kinetic models. 
The results indicated that Cd(III) adsorption kinetics by rice straw biochar was 
better described by the pseudo-first-order kinetic model.

The pseudo-second-order kinetics is framed to predict adsorption capcity over 
entire experimental conditions (ranges) as the model based on the adsorption 
capacity of the solid phase.

     Q    t   =    Q   2e     K  2       t _ 
1 +  Q   e     K  2       t

    (7)

where k2 is pseudo-second-order constant. Xiao et al. [60] prepared biochar 
using cow bone meal for adsorption of Cd(II), Pb(II) and Cu(II) ions. On analyzing 
the kinetics data, the authors identified that pseudo-second-order model fitted 
the kinetics data well compared to the pseudo-first-order model based on the 
correlation coefficients and calculated equilibrium uptake values.

5. Conclusions

Biochar represents an effective class of sorbent for remediation of heavy metals 
from solutions. Several studies recognized superior adsorption potential of biochar 
compared to other established sorbents. The pyrolysis temperature and feedstock 
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Chapter 14

Biochar-Assisted Wastewater 
Treatment and Waste Valorization
Abhishek Pokharel, Bishnu Acharya and Aitazaz Farooque

Abstract

Biochar is the solid byproduct of pyrolysis, and its cascading use can offset 
the cost of the production and its use in application such as soil remediation. A 
wide variety of research on biochar has highlighted its ability to absorb nutrients, 
metal and complex compounds, filter suspended solids, enhance microorganisms’ 
growth, retain water and nutrients as well as increasing the carbon content of the 
soil. Besides, sustainable biochar systems are an attractive approach for carbon 
sequestration and total waste management cycle. The chapter looks into such 
cascading use of biochar in wastewater treatment for recovering nutrients and 
improving the efficiency of activated sludge treatment and anaerobic digestion for 
producing biosolid with enhanced soil amendment properties.

Keywords: biochar, wastewater treatment, activated sludge treatment, anaerobic 
digestion, nutrient recovery, waste valorization

1. Introduction

Today, the global population continues to grow by 83 million annually and is 
predicted to be 9.8 billion in 2050 [1]. This increase in population will lead to higher 
demands of food, water, and energy, which have already been constrained due to the 
competing needs for limited resources in many parts of the world [2]. The chal-
lenges presented by climate change, pollution, and developing economy are posing 
significant pressure on food, water, and energy systems [3]. Efficient and integrated 
management of energy, food, and water resources could help address several of the 
biggest global challenges, such as climate change, sustainable economy, food secu-
rity, environmental and social security [4, 5]. In the future, we will need increased 
food production, clear water sources, as well as alternative energy options with mini-
mum resource utilization and ideally decreasing environmental impacts [6]. Work is 
underway to improve the food production chain as well as develop new technologies 
for renewable energy. So far less focus has been given to the water, especially to the 
management of the wastewater. There is a need for shifting the paradigm in the 
case of wastewater management from treatment and disposal to reuse, recycle, and 
resource recovery. With growing water scarcity and the fact that uncontrolled dis-
posal of wastewater to the freshwater system is causing depletion of the system also 
stresses toward a change in mindset about wastewater management. This approach 
will prevent detrimental impacts on human health and ecosystem caused by the cur-
rent handling methods. The next step toward a sustainable future will be wastewater 
treatment serving multiple purposes of treatment and recovery of resources like 
water, nutrient, and energy. The efficient wastewater management approach will see 
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Biochar-Assisted Wastewater 
Treatment and Waste Valorization
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Abstract

Biochar is the solid byproduct of pyrolysis, and its cascading use can offset 
the cost of the production and its use in application such as soil remediation. A 
wide variety of research on biochar has highlighted its ability to absorb nutrients, 
metal and complex compounds, filter suspended solids, enhance microorganisms’ 
growth, retain water and nutrients as well as increasing the carbon content of the 
soil. Besides, sustainable biochar systems are an attractive approach for carbon 
sequestration and total waste management cycle. The chapter looks into such 
cascading use of biochar in wastewater treatment for recovering nutrients and 
improving the efficiency of activated sludge treatment and anaerobic digestion for 
producing biosolid with enhanced soil amendment properties.

Keywords: biochar, wastewater treatment, activated sludge treatment, anaerobic 
digestion, nutrient recovery, waste valorization

1. Introduction
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biggest global challenges, such as climate change, sustainable economy, food secu-
rity, environmental and social security [4, 5]. In the future, we will need increased 
food production, clear water sources, as well as alternative energy options with mini-
mum resource utilization and ideally decreasing environmental impacts [6]. Work is 
underway to improve the food production chain as well as develop new technologies 
for renewable energy. So far less focus has been given to the water, especially to the 
management of the wastewater. There is a need for shifting the paradigm in the 
case of wastewater management from treatment and disposal to reuse, recycle, and 
resource recovery. With growing water scarcity and the fact that uncontrolled dis-
posal of wastewater to the freshwater system is causing depletion of the system also 
stresses toward a change in mindset about wastewater management. This approach 
will prevent detrimental impacts on human health and ecosystem caused by the cur-
rent handling methods. The next step toward a sustainable future will be wastewater 
treatment serving multiple purposes of treatment and recovery of resources like 
water, nutrient, and energy. The efficient wastewater management approach will see 
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a cascaded benefit in other sectors including production of fertilizers such as nitro-
gen and phosphorus. Phosphorus is obtained from ore called phosphate rocks. The 
quality and accessibility of currently available phosphate rock reserves are declining, 
and the cost to mine, refine, store, and transport them is rising [7, 8]. Similarly, the 
production of nitrogen and other mineral fertilizers is energy intensive as well as 
contributes to environmental pollution [3, 9]. The nitrogen fertilizer can leach to 
nearby water bodies leading to the phenomenon of eutrophication. The richness of 
nutrients in the water results in excessive growth of macroalgae and could lead to 
anoxic events and loss of aquatic system. Recovery of these nutrients from waste-
water helps to close the cycle and reduce the amount of chemical fertilizer, directly 
contributing to the sustainability of food production.

One of the first indications of intentional nutrient recycling is documented 5000 
years ago in rural Asia, where human excreta was used for fertilization of fields 
called “night soil” [10]. In the nineteenth and twentieth century with the industrial 
revolution, the population density became high, which gave rise to “Sanitation 
Revolution,” a transition from land-based to water-based disposal of human 
wastes. This disposal system changed the nutrient cycle from reuse to complete 
discard. Following the Industrial and Sanitation Revolutions, the Green Revolution 
that reformed agriculture largely abandoned organic fertilizers and put forth the 
mineral fertilizers [10, 11]. Furthermore, owing to the excessive population growth, 
producing enough food with only organic sources of plant nutrients has become 
impossible. Therefore, the need for mineral fertilizers is a true fact. Thus, many 
urban areas have dedicated wastewater treatment plant to remove the nuisance of 
human waste. But, it is becoming evident that future changes, particularly those 
associated with urbanization and population growth-related increase in volume of 
wastewater, add more stress to the wastewater system performance [12].

The greater dependency on fossil fuels in every sector is heavily contributing 
to global warming and climate change [13]. As an alternative, abundant biomass 
could play an essential role in reducing the dependency on fossil fuel as well as 
contribute toward sustainable development. Pyrolysis of biomass produces biochar 
and bio-oil. The bio-oil could be used as fuel to substitute the petroleum products 
with some upgrading that includes catalytic esterification and hydrogenation. The 
biochar could be used for energy and soil application [14]. Soil application helps 
in sequestration of carbon dioxide and subsequently supports food production. 
At present, the biochar application in soil remediation is not cost-effective. The 
financial feasibility could be improved by developing a cascaded use of biochar, as 
discussed in this chapter. The inherent properties of biochar make it suitable for 
(a) recovering nutrients from the wastewater, (b) improving the activated sludge 
treatment to reduce the energy use for aeration and to improve the settling ability of 
sludge, (c) increasing the energy recovery from sludge through anaerobic diges-
tion, and (d) enhancing the quality of the biosolids for soil application. There are 
reports of biochar application having agronomic benefits in fertilizer management, 
yield, and soil biota [15–20]. Biochar, as a sound absorbent, also holds promise for 
low-cost wastewater treatment as an alternative to activated carbon [21–24]. The 
integrated use of biochar in wastewater treatment addresses the current issues 
with the management of wastewater. However, the benefit of using biochar varies 
with its type and characteristics, which depends on the biomass, and the pyrolysis 
conditions [25].

This chapter provides insights on the use of biochar in a wastewater treatment 
process to enhance the treatment as well as recover valuable byproducts. The chap-
ter will discuss biochar production and properties, mechanisms involving removal 
of organic and inorganic compounds from the effluent phase, and role in activated 
sludge treatment and anaerobic digestion.
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2. Biochar properties for wastewater treatment

Biochar is a carbon-rich solid material produced from biomass through a 
thermochemical process called pyrolysis. During pyrolysis, lignin, cellulose, 
hemicellulose, fat, and starch in the feedstock are thermally broken down forming 
three products: biochar (solid), bio-oil (partly condensed volatile matter), and 
non-condensable gases (CO2, CO, CH4, and H2) [26, 27]. The bio-oil and gases can 
be captured to produce energy and depending on the feed valuable coproducts like 
wood preservatives, food flavoring, adhesive, or biochemical compounds [28]. The 
yield of biochar and the properties, however, depends on the pyrolysis condition. 
Slow pyrolysis at moderate temperature (350–500°C) and slow heating rate results 
in higher yield (30%) of biochar than around 10% or less yield with fast pyrolysis 
(600–700°C and fast heating rate) or gasification (temperature 700°C or above) 
[29]. The feedstock type and pyrolysis condition used during the production of 
biochar notably change the physiochemical properties such as surface area, polarity, 
atomic ratio, pH, and elemental composition [25, 30, 31]. These properties deter-
mine the effectiveness of biochar in wastewater treatment.

Biochar has wide applications in water and wastewater treatment because of its 
distinctive characteristics, for example, adsorption capacity, specific surface area, 
microporosity, and ion exchange capacity [30, 32]. The removal mechanisms of 
different pollutants are governed by their interactions with various attributes of 
biochar, which depends on pyrolysis temperature and feedstock type [33]. Pyrolysis 
temperature greatly affects the properties of biochar. The increase in pyrolysis 
temperature results in higher carbon content, hydrophobicity, aromaticity, surface 
area, and microporosity in biochar [34]. Similarly, the pH of the biochar increases 
with increasing pyrolysis temperature due to enrichment of ash content in the 
biochar [35, 36]. High-temperature (>500°C) biochar has low polarity and acid-
ity due to loss of O- and H-containing functional groups [34]. Lower pyrolysis 
temperature (<500°C) facilitates partial carbonization, thus yielding biochar with 
smaller pore size, lower surface area, and high O-containing functional groups [36]. 
Lower temperature biochar contains a higher content of dissolved organic carbon, 
relatively low polarity and C/N ratio [30, 34, 37].

Biochar often compromises of both positively and negatively charged surfaces 
(zwitterionic) [34, 35]. The negatively charged functional groups contribute to 
cation exchange capacity (CEC) whereas anion exchange capacity (AEC) is also 
exhibited by O-containing functional groups (oxonium heterocycles) in biochar 
[36, 38]. Oxygen (O) containing alcohol, carbonyl, and carboxylate functional 
groups are generally believed to contribute to biochar cation exchange capacity 
because they carry a negative charge and serve as Lewis bases for the sorption of 
cations. Whereas, it is believed that oxonium functional groups contribute to pH-
independent anion exchange and that both pyridinic functional groups and nonspe-
cific proton adsorption by condensed aromatic rings contribute to pH-dependent 
anion exchange capacity in biochars [38].

Biochar derived from woody biomass and crop residues has a higher surface area 
compared to that of solid municipal wastes and animal manure [30]. Apart from 
the usual pyrolysis method, different engineering methods have been developed 
and used to expand biochar’s applications. Engineered biochar is the derivative of 
biochar that is modified by physical, chemical, and biological methods to improve 
its physical, chemical, and biological properties (e.g., specific surface area, poros-
ity, cation exchange capacity, surface functional group, pH etc.) and its adsorption 
capacity [37, 39, 40]. Some of the modification includes anaerobic digestion of 
feedstock before pyrolysis, steam/gas activation, pyrolysis using microwave heat-
ing, ball milling, magnetic modification, chemical modification using hydrogen 
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reports of biochar application having agronomic benefits in fertilizer management, 
yield, and soil biota [15–20]. Biochar, as a sound absorbent, also holds promise for 
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three products: biochar (solid), bio-oil (partly condensed volatile matter), and 
non-condensable gases (CO2, CO, CH4, and H2) [26, 27]. The bio-oil and gases can 
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Biochar has wide applications in water and wastewater treatment because of its 
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different pollutants are governed by their interactions with various attributes of 
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temperature greatly affects the properties of biochar. The increase in pyrolysis 
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with increasing pyrolysis temperature due to enrichment of ash content in the 
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ity due to loss of O- and H-containing functional groups [34]. Lower pyrolysis 
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groups are generally believed to contribute to biochar cation exchange capacity 
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cations. Whereas, it is believed that oxonium functional groups contribute to pH-
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Biochar derived from woody biomass and crop residues has a higher surface area 
compared to that of solid municipal wastes and animal manure [30]. Apart from 
the usual pyrolysis method, different engineering methods have been developed 
and used to expand biochar’s applications. Engineered biochar is the derivative of 
biochar that is modified by physical, chemical, and biological methods to improve 
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capacity [37, 39, 40]. Some of the modification includes anaerobic digestion of 
feedstock before pyrolysis, steam/gas activation, pyrolysis using microwave heat-
ing, ball milling, magnetic modification, chemical modification using hydrogen 
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peroxide, alkali or acid, and impregnation/coating with chemicals [41]. The detail 
about the modified biochar for wastewater treatment will be discussed in the fol-
lowing sections.

2.1 Biochar modification

Researchers have discussed several methods for modifying the properties of 
biochar [42]. These methodologies include treatments with steam, acids, bases, 
metal oxides, carbonaceous materials, clay minerals, organic compounds, and 
biofilms [43].

2.1.1 Physical activation of biochar

Physical activation methods such as steam activation involve high-temperature 
steam forced through the pores of the biochar. Steam activation, which is car-
ried out after pyrolysis, is a common modification method used to increase the 
structural porosity of the biochar and remove impurities such as products of 
incomplete combustion. According to [44], higher water flow rates and longer 
activation times at 800°C increased the sorption of Cd, Cu, and Zn on the sur-
face of biochar from poultry manure feedstocks pyrolyzed at 700°C. In another 
study, comparison of Cu2+ adsorption for biochar from Miscanthus before (500°C 
pyrolysis) and after (800°C) steam activation showed no significant change [45]. 
It was found that steam activation of the biochar increased the surface area and 
aromaticity alongside a decrease in the abundance of functional groups [45]. 
Similarly, steam-activated biochar from pine sawdust increased the surface area 
but had little effect on the surface functional group as a result of which adsorp-
tion capacity of biochar for phosphate was reduced due to electrostatic repulsion 
by the negatively charged surface of biochar [46]. The steam-activated invasive 
plant (Sicyos angulatus L.)-derived biochar produced at 700°C showed 55% 
increase in sorption capacity of veterinary antibiotics (sulfamethazine) compared 
to that of nonactivated biochar produced at the same temperature [47]. Hence, 
steam activation could be a process for increasing the porosity and surface area of 
biochar along with aromaticity to obtain better adsorption of inorganic material 
in the wastewater.

2.1.2 Chemical activation using acidic and alkaline solutions

The biochar activation using acidic solutions forms carboxylic groups on the 
biochar surface [48] and develops micropores, thus increasing the surface area [49]. 
The increase of oxygenated functional groups on biochar surfaces increases the 
potential of biochar to bind positively charged pollutants through specific adsorp-
tion chemically. The pH dependence of Cu2+ sorption capacity for HNO3-activated 
cactus fiber biochar indicated chemical sorption on oxygen-containing functional 
groups on the biochar surface [48]. Higher O/C ratio in the post-activation of rice 
straw with H2SO4 and HNO3 showed evidence of oxygen-containing functional 
group incorporated into the carbon structure [50]. Acid treatment of pine tree 
sawdust with diluted H3PO4 prior to pyrolysis increased the surface area, the total 
pore volume, and volume of micropores area along with P-O-P incorporation in the 
C structure [51]. This increased the Pb sorption capacity of the phosphoric-treated 
biochar by 20% in comparison to a nontreated sample, mainly due to phosphate 
precipitation and surface adsorption [51]. Similarly, almost double increase in 
cation exchange capacity was observed for pinewood biochar treated with 30% 
H2O2 because the oxygen-containing functional groups in the surface of biochar, 
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which were more abundant in the activated biochar, exchanged with cations 
in solution [52]. Treating a hydrochar, a carbon-enriched solid produced from 
hydrothermal carbonization of peanut hull, with a 10% H2O2 solution increased Pb 
sorption capacity compared to the unmodified hydrochar, which can be attributed 
to a greater abundance of carboxyl functional groups that can form complexes with 
Pb [53]. However, the introduction of acid or oxidizing agents dissolves mineral 
components (CO3

2−, SiO4
2−, PO4

3−) in the biochar structure and removes them from 
the biochar matrix. These minerals in biochar are particularly important for the 
removal of metal cations from water due to precipitation [54], the affinity of which 
could be reduced by the acid treatment.

Activation of biochar using alkali (most commonly KOH and NaOH) increases 
adsorption by increasing porosity, surface and oxygenated functional group at the 
surface. Oxygenated functional groups provide proton-donating exchange sites 
where cation such as Pb2+ adsorbs chemically [55]. The activation of ipomoea plant 
biochar with KOH, followed by pyrolysis (350–550°C) demonstrated an increase 
adsorption of Cd from aqueous solution [56]. Further evidence of kinetics of 
sorption fitting a pseudo-second-order model and thermodynamic studies indicat-
ing spontaneous endothermic process showed that Cu sorption on KOH-activated 
biochar was due to chemical adsorption [57]. The adsorption capacity of As(V) on 
municipal solid waste biochar was increased by 1.3 times after activation with 2 M 
KOH [58]. It can be concluded that activation by alkali greatly enhanced the surface 
area and altercation of the functional group at the surface.

2.1.3 Biochar-based composites

The biochar composites are prepared by embedding different materials into the 
biochar structure pre- or post-pyrolysis. Generally, biochar has a higher surface 
area, high pH, and a negative surface charge. This facilitates specific adsorption of 
metal ions via oxygenated functional groups, electrostatic attraction to aromatic 
groups, and precipitation on the mineral ash components of the biochar. But at the 
same time biochar is usually a poor adsorbent for oxy-anions contaminants like 
NO3

−, PO4
3−, and AsO4

3− [44]. This can be improved by the homogenous spread of 
metal oxide on biochar surfaces. It can be done by soaking biochars or the feed-
stocks in a solution of metal nitrate or chloride salt solution (common examples 
FeCl3, Fe, Fe(NO3)3, and MgCl2) and heated under atmospheric condition within 
a temperature range of 50–300°C. This process ensures removal of nitrite and 
chlorine leaving behind metals in the biochar matrix. Ca-, FeO-, and Fe3+-modified 
biochar from soaked rice husk and municipal biomass in CaO, iron powder, and 
FeCl3 respectively, increased the capability of biochar to remove As(V), but not as 
high for Cr(VI), from aqueous solution [59]. Taking into consideration that one of 
the main mechanisms for Cr(VI) removal is the electrostatic interaction to the posi-
tively charged functional groups on the surface of adsorbents, high Cr(VI) removal 
is observed at low pH values [60]. It is rather possible that the high pH values of 
the RH-Ca2þ, RH-Fe0, and SW-Fe0 solutions are related to the deprotonation of 
their functional groups and the repelling of the negatively charged Cr(VI) [60]. 
Similarly, a 20-time increase in the sorption of As(V) was observed when corncob 
biochar was modified with Fe(NO3)3 [61]. Despite the lower surface area, modifica-
tion of biochars from garden wood waste and wood chips as well as corncob showed 
the increased PO4

3− sorption by a factor of 12–50% [58]. Further research has been 
carried out for preparing biochar-based composites by impregnation or coating the 
surface of the biochar with metal oxides of Al, Mn, and Mg [58]; clay minerals [62]; 
complex organic compounds, such as chitosan [63] or amino acids [64]; or inocula-
tion with microorganisms [65].
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It was found that steam activation of the biochar increased the surface area and 
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plant (Sicyos angulatus L.)-derived biochar produced at 700°C showed 55% 
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steam activation could be a process for increasing the porosity and surface area of 
biochar along with aromaticity to obtain better adsorption of inorganic material 
in the wastewater.
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The biochar activation using acidic solutions forms carboxylic groups on the 
biochar surface [48] and develops micropores, thus increasing the surface area [49]. 
The increase of oxygenated functional groups on biochar surfaces increases the 
potential of biochar to bind positively charged pollutants through specific adsorp-
tion chemically. The pH dependence of Cu2+ sorption capacity for HNO3-activated 
cactus fiber biochar indicated chemical sorption on oxygen-containing functional 
groups on the biochar surface [48]. Higher O/C ratio in the post-activation of rice 
straw with H2SO4 and HNO3 showed evidence of oxygen-containing functional 
group incorporated into the carbon structure [50]. Acid treatment of pine tree 
sawdust with diluted H3PO4 prior to pyrolysis increased the surface area, the total 
pore volume, and volume of micropores area along with P-O-P incorporation in the 
C structure [51]. This increased the Pb sorption capacity of the phosphoric-treated 
biochar by 20% in comparison to a nontreated sample, mainly due to phosphate 
precipitation and surface adsorption [51]. Similarly, almost double increase in 
cation exchange capacity was observed for pinewood biochar treated with 30% 
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to a greater abundance of carboxyl functional groups that can form complexes with 
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KOH [58]. It can be concluded that activation by alkali greatly enhanced the surface 
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Thus, the selection of biochar and modification methods for the application in 
wastewater treatment requires a considerable understanding of the biochar proper-
ties and mechanism by which it supports the treatment process at different stages of 
wastewater treatment.

3. Role of biochar use in wastewater treatment process

Biochar could be used at different stages of wastewater treatment (Figure 1) 
to improve the treatment efficiency and recovery of value-added byproducts. 
Biochar application in wastewater treatment could be governed by the mechanism 
of adsorption, buffering, and immobilization of microbial cells. If used on the 
treated effluents, suitably modified biochar could efficiently adsorb nutrients like 
nitrogen and phosphorus, which can later be used as a nutrient-enriched material 
for soil remediation. When used in the activated sludge treatment process, biochar 
could play a role for improving the treatment and settling ability of the sludge by 
adsorption of inhibitors and toxic compounds or provide a surface for immobiliza-
tion of microbes. Addition of biochar in the biological system could eventually help 
to improve the soil amendment properties of the biosolid as well. As interest grows 
in the use of biochar in soil applications, its use in wastewater treatment could 
expand the value chain and create additional economic benefits [66]. The following 
section will discuss the role of biochar for various applications in the wastewater 
treatment plant.

3.1 Organic pollutant removal

In recent years, significant amount of research has been done to examine 
the application of biochar for removal of various organic compounds from 
water, which includes agrochemicals, antibiotics/drugs, polycyclic aromatic 

Figure 1. 
Use of biochar at different stages of wastewater treatment.
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hydrocarbons (PAHs), volatile organic compounds or (VOCs), cationic aromatic 
dyes [67–70]. Similarly, removal of organic compounds present in specific waste 
streams such as estrogen compounds in animal manure and sewage, inhibitory 
compounds of biomass degradation (furfural, hydroxymethylfurfural, phenolic 
compounds), and toxic organic compounds in landfill leachate has been studied 
using biochar [71, 72]. Figure 2 schematically shows different interactions of the 
organic pollutant with biochar.

Biochar produced at higher pyrolysis temperature is found better for removal of 
nonpolar organic compounds due to higher surface area and microporosity [30, 73]. 
In contrast, biochar produced at a temperature below 500°C contains more O- and 
H-containing functional groups; thus, they are likely to have a high affinity to polar 
organic compounds [26]. For example, rice husk and soybean-derived biochar 
(600–700°C) facilitates removal of nonpolar carbofuran (pesticide) and trichloro-
methylene (VOC) from contaminated water [26]. Efficient removal of pyrimethanil 
and diesopropylatrazine (fungicide/pesticide) was observed with red-gum wood 
chips and broiler litter-derived biochar at temperature >700°C, whereas the same 
biochar at temperature <500°C was inefficient [74, 75]. On the other hand, removal 
of polar insecticide and herbicide like 1-naphthol, norflurazon, and fluridone was 
observed with biochar produced at <300°C, due to interaction of pollutant and the 
functional groups of biochar [76, 77]. Likewise, higher sorption of aromatic cat-
ionic dyes like methyl-violet and methyl-blue was observed with biochar containing 
more O- and H-functional groups (<400°C) but the mechanism was highly depen-
dent on pH [70, 78]. The sorption of polar antibiotic sulfamethazine (SMZ) by 
hardwood/softwood-derived biochars (produced at 300–700°C) has pH-dependent 

Figure 2. 
Biochar interaction with organic and inorganic compounds in wastewater (adapted from Ahmad et al. [33]).
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interactions [79]. It can be said that pH is the most important factor for biochar 
interactions and removal of polar organic pollutants.

3.2 Inorganic pollutant removal

Inorganic pollutant in wastewater includes heavy metals (Cr, Cu, Pb, Cd, Hg, 
Fe, Zn, and As ions) and compounds like nitrate (NO3), nitrite (NO2), ammonium 
(NH4), phosphorus (P), and hydrogen sulfide (H2S) that cause significant risk to 
public health and environment [80]. Biochar produced at lower pyrolysis tem-
perature (<500°C) has properties that are better suited for removal of inorganic 
compounds. The chemical composition and the morphological structure play an 
important role in the sorption nature of biochar [81]. Figure 2 summarizes the 
interaction methods for inorganic pollutant and biochar.

3.2.1 Heavy metals

Biochar with high organic carbon content (at non-carbonized fraction), spe-
cific porous structure, and numerous functional groups interacts with heavy met-
als in many ways [82]. The sorption of heavy metals by biochar is mainly by surface 
interaction through ion exchange and complexation between biochar functional 
groups (e.g., OH, COOH, R-OH) and heavy metal ions [83, 84], moreover forma-
tion of metal precipitates with inorganic constituents [83–85] and coordination of 
metal ions with π electrons (C〓C) of biochar [74]. The physiochemical proper-
ties of biochar affect the adsorption throughout its matrix and are dependent on 
pyrolysis temperature, feedstock type, pH, and application rate. Cu2+ showed high 
affinity toward COOH▬ and OH▬ groups of hardwood and crop-derived biochars 
with dependency on pH and feedstock types [86]. Similarly, sida hermaphrodita-, 
guayule shrub-, soybean straw-, and wheat straw-derived biochars were effective 
for removal of Cd2+, Ni2+, and Zn2+ along with Cu2+ [87]. The higher efficiency of 
the above-mentioned biochar was due to high C and O contents, high O/C molar 
ratio, and polarity index, which were mainly regulated by pH [88, 89]. Alkaline 
biochars derived from various agricultural residues (e.g., soybean straw, corncob, 
cocoa husk, corn stover, switchgrass) and manure were efficient for Hg2+ removal. 
Animal manure-derived and cocoa husk biochar was highly effective for Hg2+ 
removal due to high sulfur (SH groups and sulfate) to precipitate 90% of Hg2+ 
as Hg(OH)2 or HgCl2 mainly through coprecipitation with anions (Cl, O, S) of 
biochar [73, 90].

For Cd2+, Zn2+, Pb2+, and Cu2+ dosage of biochar also affects the removal of 
heavy metals. The higher removal efficiency is observed with increasing biochar 
loading in the aqueous system, due to increased pH and surface area with biochar 
addition [54, 91].

3.2.2 Nitrogen and phosphorus

The high surface charge density allows biochars to retain cations by cation 
exchange and the high surface area, internal porosity, and presence of both polar 
and nonpolar surface sites on biochar enable it to adsorb nutrients [92]. In the 
limited studies carried out without soil, biochar has shown the absorption NH4

−, 
NO3

−, and PO4
3− despite the different charges and properties of these nutrients [93]. 

Some examples include digested sugar beet tailing biochar pyrolyzed at 600°C that 
adsorbed PO4 ions most likely in binding sites contained in colloidal and nano sized 
MgO particles on the biochar surface [94]. Also, orange peel biochars pyrolyzed 
between 250 and 700°C removed between 8 and 83% of phosphate from solution 
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[95]. NH4 was adsorbed to biochars produced from rice husk [96] and a mixture 
of tree trunks and branches [97], albeit weakly, as the partitioning coefficients 
between water and biochar were low (Freundlich coefficients of 0.251 mg g−1). 
Similarly, NO3

− has been adsorbed to bamboo charcoal biochar in the concentration 
range of 0–10 mg L−1 [98].

3.3 Activated sludge treatment

One of the most utilized systems for treatment of municipal wastewater is 
biological treatment process like activated sludge system (ASS) because of its 
cost-effectiveness and comparatively more straightforward operation to advance 
systems. Activated sludge process is a suspended growth treatment where aerobic 
microorganism decomposes the organic matter in wastewater, which eventually 
settles as solids by gravity. Currently, increasing concerns are being raised about the 
presence of various micro-pollutants from pharmaceuticals, personal care prod-
ucts (PCPs), pesticides, disinfectants, and antiseptic in domestic and municipal 
wastewaters. These pollutants are alien to the biota in the system, and the conven-
tional treatment process often leads to inadequate removal of these compounds. 
Correspondingly, discharge requirements are currently being stringent for protec-
tion of receiving waters from possible contamination and public health hazard. 
There have been several modifications and changes in the activated sludge system 
to address the problem. One such method is AS-PACT (Activated Sludge with 
Powdered Activated Carbon Treatment) where powdered activated carbon is added 
to the aeration basin of activated sludge system. The larger surface area of carbon 
provides various benefits including adsorption of toxic substances such as phar-
maceuticals and industrial chemicals, immobilization of bacteria, and increased 
sedimentation of activated sludge [99, 100]. Such system, however, requires a 
continuous makeup of fresh carbon [101].

Despite the benefits, the higher cost of activated carbon limits its use in 
municipal wastewater treatment [101]. The biochar could be a low-cost substitute 
to activated carbon [102], but its merits are less known. The addition of biochar 
to a biological treatment system, such as within the aeration tank, could result in 
increased process stability by (a) adsorption of inhibitors (heavy metals, polycyclic 
aromatic hydrocarbon), (b) increasing the buffering capacity of the system, and (c) 
immobilization of microbial cells [103]. Limited studies done on the use of biochar 
in the aeration tank showed increased settling ability of activated sludge [104]. 
Dissolved organic matter in the biochar could also provide additional carbon to 
promote denitrification [105]. The availability of organic matter, however, depends 
on the type of biomass and pyrolysis conditions used for producing biochar. 
Furthermore, the cascading benefits of using biochar in activated sludge treatment 
could also be seen on anaerobic digestion of the sludge and in the final quality of the 
biosolids.

3.4 Anaerobic digestion

In the case of anaerobic digestion, the addition of biochar has shown increases 
in the rate and amount of biogas production [106–108]. This is attributed to the 
buffering properties of biochar, promoting methanogenesis for higher biogas yield 
[109, 110]. Several studies have suggested increases in microbial metabolism and 
growth because of the support provided by the biochar [107, 111]. The biochar could 
also play a significant role in reducing the mobility or availability of the inhibitors 
like heavy metals, pesticides, antibiotics, and other organic compounds by bind-
ing them in its porous structure and maintain proper microbial activity for the 
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digestion process [103]. Further, the adsorption of nutrients in biochar and its slow 
release increase the availability of nutrients to the soil while preventing leaching to 
surrounding water bodies, as it is prevalent in the case of biosolids [103]. Therefore, 
the addition of biochar in the biological system could eventually help to improve the 
soil amendment properties of the biosolid as well.

4. Conclusion

Biochar is a unique renewable resource, which can be used in a wide variety of 
applications from addressing various environmental problems like climate change, 
remediation of pollutants in water and soil to an alternative fuel source. The cascad-
ing use of biochar as a byproduct of pyrolysis for wastewater treatment and nutrient 
recycling can synergistically improve soil and water quality, carbon sequestration, 
greenhouse gas emissions, nutrient cycling, and fuel crisis. The approach perfectly fits 
the ideas of the circular economy: reuse and recycle of waste, keeping material and 
product in use. This approach is connected with three natural cycles: water, carbon, 
and nutrient and has a direct impact on energy, water, and food systems. While much 
work has been done in modifying the biochar for adsorption of desired organic or 
inorganic compounds, very less is known on its application in activated sludge treat-
ment, anaerobic digestion, and the overall quality of the biosolids. As the benefits of 
the integrated use of biochar in wastewater treatment to soil application is established 
in this chapter, future experimental research work could verify its effectiveness.
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Application of Biochar for 
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with Polar Halogenated Organic 
Pollutants
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Abstract

Application of biochar and ionic liquid-impregnated biochar was successfully 
tested for removal of nonbiodegradable polar halogenated aromatic contaminants 
(anti-inflammatory agents diclofenac and flufenamic acid and azo dye Mordant 
Blue 9) from contaminated aqueous solutions. The time dependence of removal 
efficiencies and adsorption isotherms were evaluated, and the effect of applied 
ionic liquids (quaternary ammonium salts) was considered. The determined 
removal efficiencies of the abovementioned contaminants based on the application 
of biochar or biochar combined with quaternary ammonium salts were compared 
with the action of commercially available active carbon and/or published results 
obtained by the action of additional low-cost sorbents. It was demonstrated that 
a more laborious two-step technique, based on the initial preparation of impreg-
nated biochar by the action of R4NCl with subsequent application of this modified 
sorbent, is much less effective than simple mixing of biochar with R4NCl directly in 
the treated wastewater solution.

Keywords: drug, water treatment, sorption, diclofenac, flufenamic acid, anionic azo 
dye, mordant blue 9

1. Introduction

An increase number of nonbiodegradable and often biologically active organic 
pollutants of anthropogenic origin, such as synthetic dyes and pharmaceuticals, 
have been detected in the natural environment and wastewaters. The occurrence of 
these artificial persistent or even biocidal pollutants in aqueous effluents of sewage 
treatment plants represents possible health hazard not only for the living aquatic 
organisms but also for terrestrial animals and people [1].

The representatives of these pollutants are polar and highly mobile halogenated 
aromatic carboxylic (e.g., diclofenac and flufenamic acid) or sulfonic acids and 
their salts (e.g., Mordant Blue 9 acid dye), respectively (Table 1). These ionizable 
polar compounds (their aqueous solubility strongly depends on the pH of the aque-
ous solution) are broadly used as remedies or colorants.
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Specifically in the case of the painkiller diclofenac (DCF), studies have shown 
that conventional treatment processes are relatively ineffective in removing DCF 
from water sources and wastewater treatment plants [2]. Kasprzyk-Hordern et al. 
[2] observed no diclofenac removal in wastewater treatment using trickling filters 
and activated sludge. Rosal et al. in [3] reported only 5% of DCF removal after 
biological treatment of urban wastewater.

The concentration of ionizable contaminants, especially of alkaline salts of 
organic acids, in aqueous mother liquors from the production of these chemicals 
is frequently high, especially in the case of acid dyes (including Mordant Blue 9) 
isolated from the aqueous reaction medium by the so-called salting-out process [4]. 
Adsorption serves as the common and broadly used technique applicable for the 
treatment of water streams contaminated with these nonbiodegradable pollutants. 
The adsorption technique requires, however, high quantities of sorbent for effective 
water treatment which is accompanied by significant material costs. Therefore, 
carbonaceous rest, obtained by pyrolysis of waste biomass (biochar), potentially 
offers possible utilization in water treatment processes based on sorption as an 
alternative low-cost sorbent in comparison with activated carbon. For biochar, a 
porous structure with a sufficient specific area (above 400 m2/g) is typical. Biochar 
poses polyaromatic systems substituted with some functional groups on its surface 
(COOH, OH, C=O) and even inorganic impurities (metal oxides) capable of engag-
ing in hydrogen-bonding or π-π interactions with polar compounds.

Another notable attribute is biochar’s affinity with the cationic surfactants 
(quaternary ammonium salts) [5].

This ability is of great interest for us due to the feasible utilization of cationic 
surfactants as liquid ion exchangers for chemisorption of the abovementioned 
chlorinated organic acid salts [6]. Ionizable halogenated contaminants produce ion 
pairs with only limited aqueous solubility and a good affinity with the biochar by 
the action of quaternary ammonium salts [7, 8].

The price of biochar is reasonably lower (around 1000 EURO/t) in comparison 
with active carbon (the cost of active carbon is approximately 2000 EUROs/t [9]).

Applied contaminant (Mr [g/mol]) Chemical structure

Diclofenac sodium salt (304.1)

Flufenamic acid sodium salt (303.2)

Mordant Blue 9 (551.28)

Table 1. 
Structures of chlorinated aromatic acid salts.
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Due to the abovementioned reasons, good cationic surfactant affinity of biochar 
seems to be very useful for uptake of ionizable contaminants using combined ion 
exchange (chemisorption) and the sorption mechanism.

2. Origin of the tested biochar

Gasification is a thermochemical process that converts a (waste) woody biomass 
into a producer gas and ash or carbonaceous residue (char). It can be used for 
combined heat and power production. The carbonaceous residue of the gasification 
process (called char) can match requirements classified as biochar [10]. The quality 
of both biochar and producer gas is highly dependent on the gasification technology 
selected, most of all, on the design and operation parameters of the gasifier.

Gasification is a complex process that can be divided into four basic stages. The 
first stage is drying. The second stage, taking place in the absence of oxygen and at 
temperatures above 250°C, is called pyrolysis. The waste woody biomass is con-
verted into volatile matter and a carbonaceous residue (char) during the pyrolysis. 
The third stage is exothermic partial oxidation of the char and the volatile matter 
with an oxidizing agent (basically air). This exothermic process produces heat. The 
last (fourth) stage, called char gasification, is the sum of the endothermic reactions 
of char with CO2 and/or H2O driven by the heat from the third stage leading to the 
additional formation of H2 and CO.

The space separation of these four stages in a gasifier with proper process control 
can be used to optimize the outputs of the gasification process. The space separation 
and optimization of these four stages of the gasification process are the principle of 
the so-called multistage gasification. One concept used for multistage gasification 
is a twin-fire gasifier. The gas generator at the commercial heating plant (Figure 1) 

Figure 1. 
Commercial twin-fire Gasifier [1].
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is built on this principle [11]. This type of gasifier is composed of two autothermic 
stages, each with a separate air intake, creating two separate “fires,” therefore 
“twin-fire.” The first air intake used for the partial combustion of the waste biomass 
is directed into the upper stage of the gasifier and produces the heat necessary for 
“autothermal” pyrolysis. The secondary air inlet, for partial oxidation of volatile 
matter, is directed to the top of the lower part of the gasifier, and the temperature 
of its “fire” exceeds 1200°C. Partial oxidation takes place in the free space above the 
char bed and produces heat for char gasification at the bottom of the second stage 
of the gasifier, reaching a temperature of approximately 950°C. The partial oxida-
tion stage cracks down volatile matter into gases (i.e., CO, H2, CH4, CO2, and H2O) 
and thereby minimalizes the tar content. In the last stage, the hot products of the 
partial oxidation flow through the char bed and react with it, causing a temperature 
drop from 950 to 750°C due to the endothermic gasifying reactions. Optimization 
of this step can enhance the properties of the produced solid carbonaceous residue 
(biochar) by increasing its specific surface and due to its “activation” by the reac-
tions with H2O and CO2. Moreover, the prolonged residence time (about 1 h) of the 
char at a high temperature of 750°C helps to achieve the stringent requirements on 
the content of polycyclic aromatic hydrocarbons in the produced biochar. For safety 
measures (to prevent producer gas leakage), the whole gasification unit and gas 

Characteristics Value

Bulk density (g/mL) 166

Specific area, SBET (m2/g) 444

Specific total pore volume, Vtot (mm3
liq/g) 293

Specific micropore volume, Vmicro (mm3
liq/g) 157

Specific mesopore volume, Vmeso (m2/g) 142

pH 11.4

Electrical conductivity, EC (μS/cm) 1450

Ash (wt. %) 9.63

Carbon content, C (wt. %) 86.8

Organic carbon content, C (wt. %) 83.8

H/Corg ratio 0.0890

O/C ratio 0.0205

Sulfur content, S (wt. %) Less than 0.1

Content of combustible sulfur (mg/kg) 401

Chlorine content, Cl (mg/kg) 867

Fluorine content, F (mg/kg) 11.4

Content of P (g/kg) 0.65

Content of K (g/kg) 3.1

Content of Ca (g/kg) 15.7

Content of Mg (g/kg) 2.5

Sum PAH16 (mg/kg) Less than 0.5

Water content (wt. %) 1.18

Table 2. 
Characteristics of the produced biochar.
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treatment line are operated at pressure slightly below atmospheric pressure (pres-
sure difference—0.1–10 kPa) ensured by a fan (ventilator). The input material to 
the gasification generator is spruce wooden chips (waste biomass produced from 
spent packaging and pallets) with a water content max. 10 wt.%. The produced 
biochar (Tables 2 and 3) meet the European Biochar Certificate (EBC) standard of 
regulation (EU) 2019/1009 and the Central Institute for Supervising and Testing 
in Agriculture (Czech Certification Institute, the certification valid in the EU). 
The produced biochar can be grinded and is conveyed into a magnetic separator 
to eliminate any possible remaining metal particles. Lian and Xing published that 
increasing pyrolysis temperature above 700°C results in high aromaticity and 
porosity of obtained biochars structure, high carbon content, and progressive 
decreasing of nitrogen and oxygen content in produced biochar [12]. The described 
biochar produced in twin-fire gasifier is a typical high-temperature biochar with 
high carbon content, increased pH value, high porosity, increased ash content, and 
specific surface area (Table 2) [10]. As could be seen in Tables 2 and 3, elemental 
composition of produced highly porous biochar is mainly composed of C and very 
low contents of H, N, and O, with significant content of minerals. In comparison 
with starting wooden biomass, significant decrease in molar ratios of both H/C and 
O/C is observed in biochar due to the dehydration and thermolysis reactions caused 
by temperature above 700°C.

3.  Preliminary experiments comparing sorption kinetics for removal of 
ionizable halogenated contaminants using biochar and quaternary 
ammonium chlorides in batch sorption

The above described biochar seems to be an interesting candidate for utiliza-
tion in sorption processes due to the high porosity and specific surface comparable 
with active carbon (Table 2). This study is focused on the removal of ionizable 
organic compounds (halogenated organic acid salts) mentioned in the introduc-
tion chapter (Table 1). Due to the abovementioned high aqueous solubility of the 
studied sodium salts of chlorinated aromatic acids, the preliminary experiments 
were performed by the addition of high quantity (20 g/L) of the above-described 

Inorganic oxide Content of noncombustible part (wt. %)

Al2O3 8.89

CaO 32.6

Fe2O3 6.74

K2O 6.69

MgO 5.78

MnO 1.20

Na2O 4.49

P2O5 2.21

SiO2 20.9

TiO2 2.93

Total amount 92.5

Table 3. 
Composition of noncombustible matter (ash) in the produced biochar according to XRF.
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biochar to the concentrated aqueous solutions of contaminants simulating effluents 
from industrial production sites. These preliminary experiments indicated that the 
maximum efficiency of contaminant removal was obtained after more or less than 
90 minutes of biochar action in batch sorption under vigorous stirring (Figure 2). 
The removal efficiency for each contaminant reached more than 40% in all cases 
after 1 h of action. This means that these efficiencies are quite low even using this 
huge quantity of biochar. These results correspond with known high polarity of 
tested fully ionizated contaminants at pH above 8.5 and their low affinity to the 
low-polar surface of biochar. In contrast, however, it was published earlier that 
the addition of cationic surfactants to the wastewater contaminated with soluble 
organic acid salts can significantly improve removal efficiency due to the electro-
static attraction between negatively charged contaminant anions and positively 
charged cations of cationic surfactants [7, 8, 13].

Subsequently, possible enhancement of the removal efficiency of biochar 
caused by co-action with a cationic surfactant was tested. The sorption kinetics and 
removal efficiencies of the contaminant based on chlorinated carboxylic acid salts, 
biochar, and biochar in combined action with frequently used cationic surfactant 
quaternary ammonium salt (R4NCl) benzalkonium chloride (alkylbenzyldimeth-
ylammonium chloride, AlkBzMe2NCl) for removal of diclofenac sodium salt 
(NaDCF) and of flufenamic acid sodium salt (NaFLUFA) were compared.

The results for the removal rates of NaDCF and NaFLUFA are mentioned 
in Figure 3. As is apparent, after 30 min of action, the removal of NaDCF and 
NaFLUFA from aqueous solutions is completed. Whereas the application of sole 
biochar in quantity 20 g/L reduces the quantity of NaDCF (or NaFLUFA, respec-
tively) with efficiency less than 45%, using a combination of cationic surfactant 
and biochar, the removal efficiency reaches over 65%. It should be said that the effi-
ciency of NaDCF or NaFLUFA removal using sole cationic surfactant AlkBzMe2NCl 
without the addition of charcoal is much worse, below 34%. This observation could 
be explained by the known fact that NaDCF reacts smoothly with low-polar R4NCl 

Figure 2. 
Rate of removal of tested ionizable halogenated contaminants from 10 mM aqueous solutions (from 25 mM 
solution in case of NaDCF) using biochar in quantity 20 g/L.
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by ion exchange reaction producing high molecular (and less soluble) ion pairs R4N.
DCF (R4N.FLUFA, respectively) according to the scheme:

Contaminant-COONa + R4NCl ― > NaCl + Contaminant-COONR4 (ion-pair).
NaDCF + R4NCl ― > NaCl + R4N.DCF (ion pair).
NaFLUFA + R4NCl ― > NaCl + R4N.FLUFA (ion pair).

Chemical structures of tested R4NCls are depicted in Figure 4. The effect of 
cation size of different cationic surfactants R4NCl (AlkBzMe2NCl, hexadecy-
ltrimethylammonium chloride (AlkMe3NCl), and methyltrialkylammonium 
chloride, Aliquat 336) on removal efficiency of NaDCF and NaFLUFA is depicted 
in Figures 5 and 6. It is evident that the branched structure (quantity of long 
alkyl chains) of the used cationic surfactants and primarily the aqueous solubil-
ity of the produced ion pairs based on tetraalkylammonium salts R4N+ play an 
important role in the removal efficiencies of the studied contaminants. This fact 
could be well described by comparison of the solubility of discussed pollutants 
and corresponding ion pairs in water and in low-polar solvent (octan-1-ol) using 
distribution coefficient between these two solvents (Figure 7, Eq. (1)). Octan-1-ol/
water distribution ratio is the most common way of expressing the lipophilicity of a 
compound, and it is defined as the ratio of the concentration of a solute in a water-
saturated octanolic phase to its concentration in an octanol-saturated aqueous 
phase. Pow is defined as in Eq. (1) [14]:

  log  P  ow   =    c  octanol   _  c  aqueous phase       (1)

The observed removal efficiencies of the co-action of different R4NCl with 
biochar (Figure 5) correspond well with the measured distribution coefficients 
between octan-1-ol and water of NaDCF and ion pairs R4N.DCF produced by 
the ion exchange of NaDCF with R4NCl, as could be demonstrated in Figure 7. 
The less hydrophobic quaternary cation produces less hydrophobic and more 
water soluble ion pair contaminant-COONR4 (with lower value of log POW, 

Figure 3. 
Rate of NaDCF (25 mM aq. solution) and NaFLUFA (10 mM aq. solution) removal from aqueous solutions 
using biochar (20 g/L) or a combination of AlkBzMe2NCl (1 g/L) with biochar (20 g/L).
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The results for the removal rates of NaDCF and NaFLUFA are mentioned 
in Figure 3. As is apparent, after 30 min of action, the removal of NaDCF and 
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Figure 2. 
Rate of removal of tested ionizable halogenated contaminants from 10 mM aqueous solutions (from 25 mM 
solution in case of NaDCF) using biochar in quantity 20 g/L.
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by ion exchange reaction producing high molecular (and less soluble) ion pairs R4N.
DCF (R4N.FLUFA, respectively) according to the scheme:

Contaminant-COONa + R4NCl ― > NaCl + Contaminant-COONR4 (ion-pair).
NaDCF + R4NCl ― > NaCl + R4N.DCF (ion pair).
NaFLUFA + R4NCl ― > NaCl + R4N.FLUFA (ion pair).

Chemical structures of tested R4NCls are depicted in Figure 4. The effect of 
cation size of different cationic surfactants R4NCl (AlkBzMe2NCl, hexadecy-
ltrimethylammonium chloride (AlkMe3NCl), and methyltrialkylammonium 
chloride, Aliquat 336) on removal efficiency of NaDCF and NaFLUFA is depicted 
in Figures 5 and 6. It is evident that the branched structure (quantity of long 
alkyl chains) of the used cationic surfactants and primarily the aqueous solubil-
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the ion exchange of NaDCF with R4NCl, as could be demonstrated in Figure 7. 
The less hydrophobic quaternary cation produces less hydrophobic and more 
water soluble ion pair contaminant-COONR4 (with lower value of log POW, 
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Rate of NaDCF (25 mM aq. solution) and NaFLUFA (10 mM aq. solution) removal from aqueous solutions 
using biochar (20 g/L) or a combination of AlkBzMe2NCl (1 g/L) with biochar (20 g/L).



Applications of Biochar for Environmental Safety

248

Figure 5). Benzalkonium chloride (AlkBzMe2NCl) which is readily soluble in 
water enables, for example, the worse removal of NaDCF in comparison with 
in-water insoluble Aliquat 336 (albeit the combination of the ion exchange 
with adsorption is still more effective in comparison with adsorption on sole 
biochar).

The highest value of log Pow was determined for low-polar and water immis-
cible ion pairs produced by the action of Aliquat 336 (A336). In contrast, A336 
is extremely viscous (honey-like) material and together with its low aqueous 

Figure 5. 
Rate of NaDCF removal from 25 mM aq. Solution using biochar (20 g/L) or a combination of different 
R4NCls (1 g/L) and biochar (20 g/L).

Figure 4. 
Chemical structures of tested cationic surfactants (quaternary ammonium chlorides, R4NCls) with different 
quantity of long alkyl chains (different cation size).
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solubility is non-applicable for precise addition of appropriate quantity to treated 
wastewater. We tested, however, that A336 is well soluble in 50 wt.% aqueous 
AlkBzMe2NCl solution and the obtained mixture is less viscous and enables precise 
addition of R4NCls into the stirred aqueous solution. Due to these reasons, the 
mixtures of A336 and 50 wt.% aqueous AlkBzMe2NCl in two different weight ratios 
(2/3 or 3/2) were examined (see Figures 5 and 6). The low solubility of ion pairs 
A336.DCF produced by ion exchange reaction between A336 with NaDCF enables 
in particular extremely effective subsequent removal from the aqueous solution by 

Figure 7. 
Differences between the measured distribution coefficients log Pow between NaDCF and ion pairs produced by 
ion exchange of NaDCF with the corresponding R4NCl (R4N.DCF).

Figure 6. 
Rate of NaFLUFA removal from 10 mM aqueous solution using biochar (20 g/L) or a combination of different 
R4NCls (1 g/L) and biochar (20 g/L).
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the addition of biochar. The surface of biochar sorbs produced A336.DCF better 
than AlkBzMe2N.DCF, as could be seen in Figure 5.

In accordance with the above described facts, the best removal efficiency of 
NaFLUFA was obtained using a combination of mixture of 3/2 (w/w) of A336 
and 50% aq. AlkBzMe2NCl. The lowest effect of AlkMe3NCl on the removal of 
NaFLUFA corresponds, in contrast, with the least branched structure of AlkMe3N+ 
cation (Figure 6).

The same relationship between the structure of the used cationic surfactants 
and removal efficiency was observed in the case of the anionic textile dye Mordant 

Figure 8. 
Rate of mordant blue 9 removal from 10 mM aqueous solution using biochar (20 g/L) or a combination of 
different R4NCls (1 g/L) and biochar (20 g/L).

Figure 9. 
Differences of measured distribution coefficients log Pow between commercial textile dye MB9 and ion pairs 
produced by ion exchange of MB9 with corresponding R4NCl.
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Blue 9 (MB9). Subsequently, the measured log Pow values for MB9 and ion pairs 
R4N.MB9 are in good agreement once again with the measured removal efficiencies 
(Figures 8 and 9).

4.  A comparison of adsorption isotherms measured for removal 
efficiencies of diclofenac or flufenamic acid sodium salts using active 
carbon, biochar, and biochar in co-action with RNX

The abovementioned differences in removal capacity of active carbons, biochar, 
modified biochar, and biochar in co-action of RNCls possessing quaternary cations 
with different bulkiness are illustrated in Figure 10 for removal of NaDCF. The 
tested sorbents (active carbons or biochar) were used in quantity 10 g/L (with 
appropriate co-action of 1 g/L of R4NCl(s)).

Figure 10 illustrates that the sorption capacity (q) showed the following 
behavior: PAC > [Biochar + AlkBzMe2NCl with Aliquat 336 (2:3)] > [Biochar + 
AlkBzMe2NCl with Aliquat 336 (3:2)] > [Biochar + AlkBzMe2NCl] > GAC > Biochar 
> [Modified biochar AlkBzMe2NCl].

The worst removal capacity poses modified biocharAlkBzMe2NCl prepared by 
mixing biochar with aqueous AlkBzMe2NCl solution, subsequent washing with 
water, and drying [15] (for more details see Experimental section) probably due to 
the low concentration of AlkBzMe2N-cations immobilized on surface of prepared 
modified biochar. Figure 10 compared the effect of the addition of highly hydro-
phobic A336 added in different quantities to the hydrophilic 50% aq. AlkBzMe2NCl 
on the sorption capacity of biochar/ R4NCl mixture (which means sorption capac-
ity of in situ-prepared biochar modified with added R4NCls). In agreement with 
the abovementioned effect of different R4NCls, using a higher quantity of A336 
enables an increase of sorption capacity of biochar after the addition of R4NCls. In 
addition, the comparison of the effectiveness of traditional charcoal (granulated 

Figure 10. 
The dependence of sorption capacity of powdered (PAC) and granulated (GAC) active carbons, biochar, 
modified biochar and biochar in co-action with R4NCls on the equilibrium concentration of the NaDCF 
solution.
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the low concentration of AlkBzMe2N-cations immobilized on surface of prepared 
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phobic A336 added in different quantities to the hydrophilic 50% aq. AlkBzMe2NCl 
on the sorption capacity of biochar/ R4NCl mixture (which means sorption capac-
ity of in situ-prepared biochar modified with added R4NCls). In agreement with 
the abovementioned effect of different R4NCls, using a higher quantity of A336 
enables an increase of sorption capacity of biochar after the addition of R4NCls. In 
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solution.
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Hydraffin CC8x30 GAC and powdered PAC Silcarbon CW20) and tested biochar 
and biochar with the co-action of the most effective mixture of cationic surfactants 
AlkBzMe2NCl with A336 is depicted in Figure 10 using initial NaDCF concentra-
tion 0.25–8 g /L. It is evident that the combination of the aqueous surfactants 
mixture 50% aq. AlkBzMe2NCl and A336 in weight ratio 2/3 (used in quantity 
1 g/L) with biochar (10 g/L) exhibits a similar sorption capacity as powdered active 
carbon Silcarbon CW20 (10 g/L) and a higher sorption capacity than granulated 
active carbon Hydraffin CC8x30 (10 g/L).

Similarly, studying removal efficiencies of NaFLUFA (initial concentration 
0.25–7 g FLUFA/L) using active carbons (10 g/L), biochar (10 g/L), modified bio-
char (10 g/L), and biochar (10 g/L) with co-action of R4NCls (1 g/L), we observed 
that the activity of these sorbents was similar to the abovementioned removal 
of NaDCF (Figure 11). The sorption capacity has the rank order PAC mixture 
Aliquat 336 in 50% aq., AlkBzMe2NCl 3/2 with biochar mixture Aliquat 336 in 50% 
aq., and AlkBzMe2NCl 2/3 with biochar mixture of AlkBzMe2NCl with biochar 
AlkBzMe2NCl biochar. This similarity with NaDCF removal is not surprising; the 
chemical structures of both NaDCF and NaFLUFA are very similar (see Table 1). 
On the other hand, the sorption experiments using NaDCF and NaFLUFA were 
performed at different pH due to the low aqueous solubility of FLUFA at pH bellow 
10. High removal efficiencies of A336/AlkBzMe2NCl mixtures with biochar even 
at high pH values are in agreement with our observation and the observation of 
Kosaiyakanon that the effect of pH is not crucial using separation method based on 
the formation of ion pairs [7, 8, 15].

Sorption capacity q (mg/g) was calculated according to the following Eq. (2) [15]:

  q =    ( c  0   − c)  . V _ m     (2)

where c0 is the initial concentration (mg/L), c is the equilibrium concentration 
(mg/L), m is the mass of biochar (g), and V is the volume of treated model waste-
water (L).

Figure 11. 
The dependence of sorption capacity of biochar, in-situ modified biochar two types of active carbons 
(powdered (PAC) Silcarbon CW20 and granulated (GAC) Hydraffin CC8x30 on the equilibrium 
concentration of the NaFLUFA solution).

253

Application of Biochar for Treating the Water Contaminated with Polar Halogenated…
DOI: http://dx.doi.org/10.5772/intechopen.92760

Langmuir and Freundlich isotherm models were fitted to the data. The Langmuir 
model describes monolayer adsorption on a homogenous surface. The Freundlich 
model describes multilayer adsorption on a heterogeneous surface. The Freundlich 
and Langmuir models are expressed in Eqs. (3) and (4), respectively:

  q =  k  F    c   1/n    (3)

    q _  q  max     =    k  L   c _ 1 +  k  L   c     (4)

Here, q is the amount of adsorbed contaminant on the adsorbent at equilib-
rium (mg/g), qmax is the maximum adsorption of contaminant on the adsorbent 
(mg/g), c is the residual contaminant concentration at equilibrium (mg/L), kL is the 
Langmuir constant related to the energy of adsorption (L/mg), kF is the Freundlich 
constant indicating the adsorption capacity, and n is the Freundlich exponent 
accounting for the adsorption intensity or the energetic heterogeneity of the 
adsorbing surface [15].

The correlation coefficients suggest that the Freundlich model fits the data 
better than the Langmuir model (Tables 4 and 5). This can be an indication that 
NaDCF and NaFLUFA and/or ion pairs R4N.DCF (R4N. FLUFA, respectively) were 
adsorbed in multilayers into the active sites of the biochar surface.

The maximum contaminant sorption capacities (qcont) of the biochar, both 
tested active carbons, and biochar with co-action of R4NCls at final pH of 8.7 were 
determined according to the Freundlich model (calculated for maximum applied 
concentration of contaminant using Eq. (3)). The differences in the action of sole 
biochar and biochar modified by different cationic surfactant(s) could be summa-
rized by the ratio of increasing sorption capacity qcont/qcont

* [6] (Table 6).
For the tested active carbons, the qcont values obtained by the same method were 

661.6 mg NaDCF/g for granulated active carbon Hydraffin CC 8x30 and 742.3 mg 
NaDCF/g for powdered active carbon Silcarbon CW20.

Interestingly, in all the cases, modified biochar prepared independently (ex situ) 
by impregnation of biochar with aqueous solution of R4NCls exhibited lower activ-
ity than the sequential addition of biochar and cationic surfactant(s) to the aqueous 

Freundlich Langmuir

Sorbent kF (mg/g 
(L/mg)1/n)

n R2 qmax 
(mg/g)

kL  
(L/mg)

R2

PAC 2.14 1.03 0.954 833.3 0.0075 0.862

GAC 1.85 1.16 0.949 714.2 0.0034 0.811

Biochar 0.98 1.23 0.996 555.6 6.6 10−4 0.886

Modified 
biocharAlkBzMe2NCl

1.95 0.73 0.975 400.0 5.3 10−4 0.714

Biochar + 
AlkBzMe2NCl

1.25 1.01 0.978 1250.0 0.0012 0.865

Biochar +2/3 A336/ 
50% aq. AlkBzMe2NCl

1.22 0.93 0.986 1428.6 5.7 10−4 0.418

Biochar +3/2 A336/ 
50% aq. AlkBzMe2NCl

1.12 0.99 0.983 1111.1 0.0022 0.577

Table 4. 
Identified parameters in Langmuir and Freundlich isotherm models for NaDCF (used in initial concentration 
range 0.25–8 g/L) adsorbed by sorbents.
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solution contaminated with NaDCF (Figure 10). This could be explained by the 
possible parallel action of:

1. Rapid ion exchange reaction between the added R4NCl and NaDCF accom-
panied by coagulation of the produced ion pairs R4N.DCF (this reaction was 
proved by isolation of mentioned R4N.DCF ion pairs by extraction and by 
subsequent NMR analysis)

2. The effect of polyvalent metal cations from inorganic components of biochar 
on additional precipitation of insoluble DCF salts (with composition M+n.
(DCF)n) [12] (M+n = CaII, MgII, AlIII, FeIII, etc., see the content of minerals in 

Contaminant Sorbent qcont 
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(mg/g)

kL  
(L/mg)

R2

PAC 2.06 0.77 0.949 1000.0 0.010 0.702

GAC 1.13 1.01 0.997 833.3 0.0029 0.634

Biochar 0.85 1.11 0.987 666.7 0.0018 0.766

Modified 
biocharAlkBzMe2NCl

0.95 1.07 0.996 714.3 0.0023 0.728

Biochar + AlkBzMe2NCl 1.62 1.07 0.982 833.3 0.0027 0.770

Biochar +2/3 A336/ 50% aq. 
AlkBzMe2NCl

1.88 1.04 0.968 909.1 0.0032 0.748

Biochar +3/2 A336/ 50% aq. 
AlkBzMe2NCl

1.84 0.97 0.969 909.1 0.0044 0.635

Table 5. 
Identified parameters in Langmuir and Freundlich isotherm models for NaFLUFA (used in initial 
concentration range 0.25–7 g/L) adsorbed by sorbents.
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biochar in Tables 2 and 3) (effect of the well-known insolubility of DCF salts 
with the mentioned polyvalent metal cations)

3. The effect of negative charge-assisted H-bonds which were published as the 
main mechanism for sorption of ionizable organic compounds at alkaline pH 
area (pH above zero point of charge of biochar [12, 16, 17])

4. Subsequently the high affinity of biochar to the produced ion pair R4N.DCF 
[15] (caused by decreasing of polarity of produced R4N.DCF ion pairs in com-
parison of NaDCF with subsequent increasing of their affinity to surface of 
tested biochar, as we were observed)

The abovementioned results demonstrated that using a two-step procedure to 
enhance the biochar’s adsorption capacity using AlkBzMe2NCl as a modification 
agent is not effective and is more laborious in comparison with the addition of a sole 
biochar.

5.  A comparison of adsorption isotherms measured for removal 
efficiencies of textile dye mordant blue 9 using active carbons, 
biochar, and biochar in co-action with R4NX

In order to test the removal potential of active carbons (10 g/L), biochar 
(10 g/L), and biochar (10 g/L) with co-action of R4NCls (1 g/L), broad concen-
trations (0.25–5.5 g/L) of MB9 in model aqueous solutions were chosen for the 
performed experiments, similar to the tested drugs. It is well-known that anionic 
dyes are efficiently removable from wastewater using adsorption on charcoal at low 
pH due to the suppression of their ionization. As the pH of the mixture increases, 

Figure 12. 
The dependence of sorption capacity of powdered (PAC) and granulated (GAC) active carbons, biochar, 
modified biochar and biochar in co-action with R4NCls on the equilibrium concentration of the MB9 solution.
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tested biochar, as we were observed)

The abovementioned results demonstrated that using a two-step procedure to 
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the formation of negatively charged MB9 anions increases due to the ionization. 
The surface site of charcoal does not favor the adsorption of dye anions due to the 
electrostatic repulsion [18].

It has been observed, however, by Kosyiyakanon et al. that the addition of 
R4NCls to the biochar enables the high efficiency of acid dyes removal even in a 
broad pH area from 3 to 9 [15].

This fact could be explained by the formation of low-soluble high-molecular 
ion pairs (dye-SO3NR4) by the ion exchange reaction between the added R4NCl and 
-SO3Na groups bound in the structure of dye according to the scheme:

dye-SO3Na + R4NCl ― > NaCl + dye-SO3NR4 (ion-pair).

As could be seen in Figure 12, biochar is the worst sorbent; however, using 
R4NCls selected similarly to abovementioned separation of chlorinated aromatic 
carboxylic acids sodium salts, the sorption capacity rises efficiently.

As the sorption capacities for the removal of chlorinated aro-
matic sulfonic acid sodium salt MB9 were (biochar +3/2 A336/50% aq. 

Freundlich Langmuir

Sorbent kF (mg/g 
(L/mg)1/n)

n R2 qmax 
(mg/g)

kL  
(L/mg)

R2

PAC 0.91 1.08 0.984 500.0 0.0042 0.772

GAC 1.03 1.17 0.995 526.3 0.0015 0.611

Biochar 0.96 1.36 0.995 384.6 8.2 10−4 0.739

Modified 
biocharAlkBzMe2NCl

0.90 1.24 0.995 357.1 0.0032 0.611

Biochar + 
AlkBzMe2NCl

0.85 1.20 0.986 476.2 0.0014 0.550

Biochar +2/3 
A336/ 50% aq. 
AlkBzMe2NCl

0.88 1.09 0.985 500.0 0.0035 0.742

Biochar +3/2 
A336/ 50% aq. 
AlkBzMe2NCl

1.19 0.99 0.985 555.6 0.0058 0.768

Table 8. 
Identified parameters in Langmuir and Freundlich isotherm models for MB9 (used in initial concentration 
range 0.5–5.5 g/L) adsorbed by sorbents.

Contaminant Sorbent qcont 
(mg/g)

Ratio of increasing 
capacity (qcont/qcont

*)

MB9 Biochar 257.1* —

Modified biocharAlkBzMe2NCl 329.9 1.283

Biochar + AlkBzMe2NCl 369.6 1.437

biochar+2/3 A336/50% aq. AlkBzMe2NCl 411.2 1.599

biochar +3/2 A336/50% aq. AlkBzMe2NCl 448.2 1.743

*Value of sorption capacity defined as qcont*

Table 7. 
A comparison of surface modification technique on increasing sorption capacity of MB9.
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AlkBzMe2NCl) > PAC ~ (biochar+2/3 A336/50% aq.AlkBzMe2NCl) > GAC ~ (bio-
char + AlkBzMe2NCl) > (modified biocharAlkBzMe2NCl) > biochar, this indicated 
that the combined action of the sorted R4NCls mixture and biochar could specifi-
cally increase the sorption capacity for the used biochar above the adsorption 
capacity of commercial powdered active carbon Silcarbon CW20 (Figure 12 and 
Table 7).

Langmuir and Freundlich isotherm models were fitted to the data. Similarly, the 
correlation coefficients suggest that the Freundlich model fits the data better than 
the Langmuir model (Table 8). This indicates that MB9 and/or ion pairs R4N.MB9 
were adsorbed in multilayers into the active sites of the biochar surface.

In case of the tested acid dye, the sorption capacity of the ex situ-prepared 
modified BiocharAlkBzMe2NCl is closer to the sorption capacity of in situ-mixed 
R4NCls with biochar (Figure 12). The observed higher sorption capacity of modi-
fied biocharAlkBzMe2NCl in comparison with biochar agrees with the published 
results by Mi et al. [13] and Kosaiyakanon [15]. This observation is in good agree-
ment with hard and soft acids and bases (HSAB) theory [19]. According to the 
HSAB principle, cations of hard bases (AlkBzMe2N+) prefer to bond to anions of 
hard acids (dye-SO3

−). Probably due to this reason, the observed removal efficiency 
of used modified biocharAlkBzMe2NCl is higher in case of MB9 removal than in the 
application for removal of anions of soft carboxylic acids DCF and FLUFA.

6. Conclusions

Biochar obtained as a by-product in the gasification process of waste biomass 
was verified as a suitable sorbent for the removal of the three tested highly mobile, 
ionizable, and nonbiodegradable chlorinated aromatic acid sodium salts NaDCF, 
NaFLUFA, and MB9 from model wastewater solutions in a broad range of con-
centrations. For increasing biochar’s removal efficiency, biochar was intentionally 
mixed with selected cationic surfactants to produce an in situ-modified sorbent 
designed for the effective removal of the abovementioned negatively charged 
pollutants even from alkaline aqueous solutions. The higher efficiency obtained 
using biochar mixed in situ with selected R4NCls in model wastewater could be 
explained by the multilayer adsorption of ion pairs (contaminant-COONR4 or 
contaminant-SO3NR4, respectively) on the heterogeneous biochar surface described 
by Freundlich isotherms.

We demonstrated that a more laborious two-step technique, based on the initial 
preparation of impregnated biochar by the action of R4NCl with subsequent applica-
tion of this modified sorbent, is much less effective than simple mixing of biochar 
with R4NCl directly in the treated wastewater solution. According to the performed 
experiments, cationic surfactants based on tetraalkylammonium chloride R4NXs 
carrying highly branched R4N+ cations were verified as very effective for the uptake 
of NaDCF, NaFLUFA, and MB9 from aqueous solutions by the co-action of biochar. 
The most effective R4NX for the removal of these contaminants was verified Aliquat 
336, which is, however, highly viscous and nonmiscible with water. Its dilution with 
an organic solvent is prohibited due to environmental reasons. From a practical point 
of view, we successfully tried and chose the application of the mixture containing 
three parts of A336 dissolved in two parts of 50 wt.% aqueous AlkBzMe2NCl, having 
acceptable removal efficiency for the studied contaminants and enabling the simple 
and precise addition of the most effective A336 cationic surfactant together with 
the tested biochar for effective wastewater treatment. This technique based on joint 
addition of selected R4NCls together with biochar enables attainment of removal 
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the formation of negatively charged MB9 anions increases due to the ionization. 
The surface site of charcoal does not favor the adsorption of dye anions due to the 
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R4NCls to the biochar enables the high efficiency of acid dyes removal even in a 
broad pH area from 3 to 9 [15].

This fact could be explained by the formation of low-soluble high-molecular 
ion pairs (dye-SO3NR4) by the ion exchange reaction between the added R4NCl and 
-SO3Na groups bound in the structure of dye according to the scheme:
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As could be seen in Figure 12, biochar is the worst sorbent; however, using 
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AlkBzMe2NCl) > PAC ~ (biochar+2/3 A336/50% aq.AlkBzMe2NCl) > GAC ~ (bio-
char + AlkBzMe2NCl) > (modified biocharAlkBzMe2NCl) > biochar, this indicated 
that the combined action of the sorted R4NCls mixture and biochar could specifi-
cally increase the sorption capacity for the used biochar above the adsorption 
capacity of commercial powdered active carbon Silcarbon CW20 (Figure 12 and 
Table 7).

Langmuir and Freundlich isotherm models were fitted to the data. Similarly, the 
correlation coefficients suggest that the Freundlich model fits the data better than 
the Langmuir model (Table 8). This indicates that MB9 and/or ion pairs R4N.MB9 
were adsorbed in multilayers into the active sites of the biochar surface.

In case of the tested acid dye, the sorption capacity of the ex situ-prepared 
modified BiocharAlkBzMe2NCl is closer to the sorption capacity of in situ-mixed 
R4NCls with biochar (Figure 12). The observed higher sorption capacity of modi-
fied biocharAlkBzMe2NCl in comparison with biochar agrees with the published 
results by Mi et al. [13] and Kosaiyakanon [15]. This observation is in good agree-
ment with hard and soft acids and bases (HSAB) theory [19]. According to the 
HSAB principle, cations of hard bases (AlkBzMe2N+) prefer to bond to anions of 
hard acids (dye-SO3

−). Probably due to this reason, the observed removal efficiency 
of used modified biocharAlkBzMe2NCl is higher in case of MB9 removal than in the 
application for removal of anions of soft carboxylic acids DCF and FLUFA.

6. Conclusions

Biochar obtained as a by-product in the gasification process of waste biomass 
was verified as a suitable sorbent for the removal of the three tested highly mobile, 
ionizable, and nonbiodegradable chlorinated aromatic acid sodium salts NaDCF, 
NaFLUFA, and MB9 from model wastewater solutions in a broad range of con-
centrations. For increasing biochar’s removal efficiency, biochar was intentionally 
mixed with selected cationic surfactants to produce an in situ-modified sorbent 
designed for the effective removal of the abovementioned negatively charged 
pollutants even from alkaline aqueous solutions. The higher efficiency obtained 
using biochar mixed in situ with selected R4NCls in model wastewater could be 
explained by the multilayer adsorption of ion pairs (contaminant-COONR4 or 
contaminant-SO3NR4, respectively) on the heterogeneous biochar surface described 
by Freundlich isotherms.

We demonstrated that a more laborious two-step technique, based on the initial 
preparation of impregnated biochar by the action of R4NCl with subsequent applica-
tion of this modified sorbent, is much less effective than simple mixing of biochar 
with R4NCl directly in the treated wastewater solution. According to the performed 
experiments, cationic surfactants based on tetraalkylammonium chloride R4NXs 
carrying highly branched R4N+ cations were verified as very effective for the uptake 
of NaDCF, NaFLUFA, and MB9 from aqueous solutions by the co-action of biochar. 
The most effective R4NX for the removal of these contaminants was verified Aliquat 
336, which is, however, highly viscous and nonmiscible with water. Its dilution with 
an organic solvent is prohibited due to environmental reasons. From a practical point 
of view, we successfully tried and chose the application of the mixture containing 
three parts of A336 dissolved in two parts of 50 wt.% aqueous AlkBzMe2NCl, having 
acceptable removal efficiency for the studied contaminants and enabling the simple 
and precise addition of the most effective A336 cationic surfactant together with 
the tested biochar for effective wastewater treatment. This technique based on joint 
addition of selected R4NCls together with biochar enables attainment of removal 
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efficiency comparable with commercial active carbons containing at least twice 
higher specific area as biochar. These obtained results agree with the information by 
Xi et al. [20] which observed that the surface area of the used sorbent by the co-
action of R4NX does not play a major role in sorption of anionic contaminants.

7. Experimental details

Additional used chemicals (benzalkonium chloride 50 wt.% aqueous solu-
tion (AlkBzMe2NCl), Aliquat 336 (A336), hexadecyltrimethylammonium 
chloride (AlkMe3NCl), diclofenac sodium salt (NaDCF, 98%+, Mr = 303.21), 
flufenamic acid (FLUFA, 98% + Mr = 281.23), Mordant Blue 9 (MB9, purity, 50% 
Mr = 551.28), and octan-1-ol, etc.) were purchased from Sigma-Aldrich, Czech 
Republic.

Powdered active carbon (PAC) Silcarbon CW20 (specific area 1300 m2/g) was 
obtained from Brenntag Co. Granular active carbon (GAC) Hydraffin CC8x30 
(specific area 1000 m2/g) was purchased from Donau Carbon GmbH & Co.

Demineralized water was used for the preparation of the used aqueous solutions.

7.1 Preparation of used stock solutions

25 mM aqueous diclofenac stock solution was obtained by a dissolution of 8.0 g 
of NaDCF in 1 liter of water; the pH of the stock solution was 8.7. Aqueous 10 mM 
stock sol. of NaFLUFA was obtained by a dissolution of 2.81 g of flufenamic acid 
in 12 mM aqueous NaOH (pH = 10.3). Aqueous 25 mM stock sol. of NaFLUFA 
was obtained by a dissolution of 7 g of flufenamic acid in 30 mM aqueous NaOH 
(pH = 10.3). Aqueous 10 mM solution of MB9 was obtained by a dissolution of 
11.0 g of MB9 (50% purity) in 1 liter of water (pH = 8.2).

7.2 Preparation of the mixtures of A336 with aqueous 50% AlkBzMe2NCl

Solution 3/2 A336/50% aq. AlkBzMe2NCl.
30 g of Aliquat 336 was dissolved in 20 g (21 mL) of 50 wt. % aqueous 

AlkBzMe2NCl under stirring.
Solution 2/3 A336/50% aq. AlkBzMe2NCl.
20 g of Aliquat 336 was dissolved in 30 g (32 mL) of 50 wt. % aqueous 

AlkBzMe2NCl under stirring.

7.3 Preparation of ex situ modified biochar

Modified biocharAlkBzMe2NCl was prepared by impregnation of biochar (20 g) 
using 5 wt.% aqueous AlkBzMe2NCl (100 mL) under vigorous stirring at 500 rpm 
overnight, subsequent filtration, filter cake washing with 400 mL of water, and 
drying of washed filter cake at 105°C to a constant weight.

7.4 Applied analyses

A Hach DR2800 (Austria) VIS spectrophotometer was employed for the absor-
bance measurements using 1 cm glass cuvettes. The concentrations of MB9 and 
R4N.MB9 were determined by measuring at the maximum absorbance (Amax) [7, 8].

Concentration of NaDCF and NaFLUFA was determined by voltammetric deter-
mination at carbon paste electrode in situ modified by AlkMe3NCl cetyltrimeth-
ylammonium bromide (CTAB) [21]. Electrochemical measurements were carried 
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out using an AUTOLAB analyzer (model PGSTAT-128 N; Autolab/Metrohm, the 
Netherlands/Switzerland), coupled with the three-electrode cell incorporating the 
working carbon paste electrode (CPE), containing the hand- homogenized carbon 
paste containing 0.5 g graphite powder (product “CR-5”; Maziva, Czech Republic) 
and 0.3 mL paraffin oil (Uvasol® grade; Merck, USA). This paste mixture was 
then manually filled into a piston-driven electrode body. The remaining electrodes 
were a Ag/AgCl/3.5 M KCl reference and a platinum auxiliary electrode (both from 
Metrohm).

It was confirmed that the anodic oxidation of NaDCF at the CPE gives rise to a 
well-developed signal with a peak potential of about +0.6 V vs. Ag/AgCl/3.5 M KCl 
(further denoted as “ref.”) and anodic oxidation of NaFLUFA at the CPE gives rise 
to a well-developed signal with a peak potential of about +0.78 V vs. ref. Almost 
identical responses for measurements with differential pulse and square-wave 
voltammetry (DPV and SWV, respectively) have indicated that the reaction of 
interest is not kinetically controlled and hence suitable for (electro)analytical pur-
poses. Therefore, measurements of all water samples were performed using DPV. It 
was also found that the most favorable response could be obtained in neutral media, 
whereas more alkaline solutions had already caused a decrease of the first peak and 
the total disappearance of the second one. Thus, pH 7.0 was definitely set as opti-
mal; therefore, phosphate buffer (PBS) at pH 7.0 was used for all measurements.

Because the respective measurements had not sensitive response, electrochemi-
cal measurements were extended to the effect of a modifier on a possible enhance-
ment of the response. Such a modification is very simple as it can be realized in situ; 
i.e., by adding a small amount of surfactant directly to the sample analyzed. This 
can be exemplarily illustrated in Figure 13, portraying the effect of CTAB that had 

Figure 13. 
The main oxidation peak of NaDCF and the effect of the presence of cetyltrimethylammonium bromide 
(CTAB) surfactant in the solution and phosphate buffer baseline (PBS) [19].
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efficiency comparable with commercial active carbons containing at least twice 
higher specific area as biochar. These obtained results agree with the information by 
Xi et al. [20] which observed that the surface area of the used sorbent by the co-
action of R4NX does not play a major role in sorption of anionic contaminants.

7. Experimental details

Additional used chemicals (benzalkonium chloride 50 wt.% aqueous solu-
tion (AlkBzMe2NCl), Aliquat 336 (A336), hexadecyltrimethylammonium 
chloride (AlkMe3NCl), diclofenac sodium salt (NaDCF, 98%+, Mr = 303.21), 
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(specific area 1000 m2/g) was purchased from Donau Carbon GmbH & Co.

Demineralized water was used for the preparation of the used aqueous solutions.

7.1 Preparation of used stock solutions

25 mM aqueous diclofenac stock solution was obtained by a dissolution of 8.0 g 
of NaDCF in 1 liter of water; the pH of the stock solution was 8.7. Aqueous 10 mM 
stock sol. of NaFLUFA was obtained by a dissolution of 2.81 g of flufenamic acid 
in 12 mM aqueous NaOH (pH = 10.3). Aqueous 25 mM stock sol. of NaFLUFA 
was obtained by a dissolution of 7 g of flufenamic acid in 30 mM aqueous NaOH 
(pH = 10.3). Aqueous 10 mM solution of MB9 was obtained by a dissolution of 
11.0 g of MB9 (50% purity) in 1 liter of water (pH = 8.2).

7.2 Preparation of the mixtures of A336 with aqueous 50% AlkBzMe2NCl

Solution 3/2 A336/50% aq. AlkBzMe2NCl.
30 g of Aliquat 336 was dissolved in 20 g (21 mL) of 50 wt. % aqueous 

AlkBzMe2NCl under stirring.
Solution 2/3 A336/50% aq. AlkBzMe2NCl.
20 g of Aliquat 336 was dissolved in 30 g (32 mL) of 50 wt. % aqueous 

AlkBzMe2NCl under stirring.

7.3 Preparation of ex situ modified biochar

Modified biocharAlkBzMe2NCl was prepared by impregnation of biochar (20 g) 
using 5 wt.% aqueous AlkBzMe2NCl (100 mL) under vigorous stirring at 500 rpm 
overnight, subsequent filtration, filter cake washing with 400 mL of water, and 
drying of washed filter cake at 105°C to a constant weight.

7.4 Applied analyses

A Hach DR2800 (Austria) VIS spectrophotometer was employed for the absor-
bance measurements using 1 cm glass cuvettes. The concentrations of MB9 and 
R4N.MB9 were determined by measuring at the maximum absorbance (Amax) [7, 8].

Concentration of NaDCF and NaFLUFA was determined by voltammetric deter-
mination at carbon paste electrode in situ modified by AlkMe3NCl cetyltrimeth-
ylammonium bromide (CTAB) [21]. Electrochemical measurements were carried 
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out using an AUTOLAB analyzer (model PGSTAT-128 N; Autolab/Metrohm, the 
Netherlands/Switzerland), coupled with the three-electrode cell incorporating the 
working carbon paste electrode (CPE), containing the hand- homogenized carbon 
paste containing 0.5 g graphite powder (product “CR-5”; Maziva, Czech Republic) 
and 0.3 mL paraffin oil (Uvasol® grade; Merck, USA). This paste mixture was 
then manually filled into a piston-driven electrode body. The remaining electrodes 
were a Ag/AgCl/3.5 M KCl reference and a platinum auxiliary electrode (both from 
Metrohm).

It was confirmed that the anodic oxidation of NaDCF at the CPE gives rise to a 
well-developed signal with a peak potential of about +0.6 V vs. Ag/AgCl/3.5 M KCl 
(further denoted as “ref.”) and anodic oxidation of NaFLUFA at the CPE gives rise 
to a well-developed signal with a peak potential of about +0.78 V vs. ref. Almost 
identical responses for measurements with differential pulse and square-wave 
voltammetry (DPV and SWV, respectively) have indicated that the reaction of 
interest is not kinetically controlled and hence suitable for (electro)analytical pur-
poses. Therefore, measurements of all water samples were performed using DPV. It 
was also found that the most favorable response could be obtained in neutral media, 
whereas more alkaline solutions had already caused a decrease of the first peak and 
the total disappearance of the second one. Thus, pH 7.0 was definitely set as opti-
mal; therefore, phosphate buffer (PBS) at pH 7.0 was used for all measurements.

Because the respective measurements had not sensitive response, electrochemi-
cal measurements were extended to the effect of a modifier on a possible enhance-
ment of the response. Such a modification is very simple as it can be realized in situ; 
i.e., by adding a small amount of surfactant directly to the sample analyzed. This 
can be exemplarily illustrated in Figure 13, portraying the effect of CTAB that had 

Figure 13. 
The main oxidation peak of NaDCF and the effect of the presence of cetyltrimethylammonium bromide 
(CTAB) surfactant in the solution and phosphate buffer baseline (PBS) [19].
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been found the most effective for this function among all the surfactants tested. The 
observed benefit of CTAB was attributed to the (pre)treatment of CPE by means of 
“erosion effect.” The same modifier effect was observed for NaFLUFA, as could be 
seen in Figure 14.

Typical experimental and instrumental conditions of NaDCF and NaFLUFA 
voltammetric determination (DPV) had included the following parameters: sup-
porting electrolyte 0.1 M PBS + 0.1 mM CTAB, potential scan from +0.2 to 1.2 V vs. 
ref., and scan rate of 50 mV/s.

7.5 Sorption experiments

Sorption experiments were carried out in a magnetically, at 400 rpm, stirred 
250 mL round-bottomed flasks at 25°C using Starfish equipment installed on 
an electromagnetic stirrer Heidolph-Hei-Standart with a temperature sensor 
Pt1000. The appropriate quantity of biochar was added to 100 mL of synthetic 
wastewater (possibly after the addition of R4NCl(s)). In performed kinetic experi-
ments (Figures 2, 3, 5, 6, and 8), the initial concentration of NaDCF in synthetic 
wastewater was 25 mM (8 g NaDCF/L and pH = 8.7), the concentration of FLUFA 
in synthetic wastewater was 10 mM NaFLUFA in 12 mM NaOH (2.81 g FLUFA/L 
and pH = 10.3), and the concentration of MB9 was 10 mM (5.5 g MB9/L). In 
a subsequent comparative study for the construction of adsorption isotherms 
(Figures 10–12), the concentrations of contaminants in starting aqueous solutions 
were 0.25–8 g NaDCF /L, 0.25–7 g -FLUFA/L, and 0.5–5 g MB9/L (for additional 
information see the text and Figures and Tables in the previous chapters). Stirred 
suspensions were immediately filtered and analyzed after an appropriate time 
period.

Figure 14. 
The main oxidation peak of NaFLUFA and the effect of the presence of cetyltrimethylammonium bromide 
(CTAB) surfactant in the solution and phosphate buffer baseline (PBS).
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