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Foreword

 

Phytoremediation Potential of Bioenergy Plants is an important collection of scien-
tific papers that demonstrate practical and feasible ways in remediating degraded 
habitat through growing plants that sequester unwanted chemicals and can then be 
harvested for economical byproducts such as biomass for biofuels, pharmaceuticals 
and other products. Today, there is a great need to develop green technologies that 
benefit society directly and indirectly and also economically. Phytoremediation 
using bioenergy plants is a wonderful example of practical sustainability that has a 
bright future around the world.

Dr. Kuldeep, Dr. Bhaskar and Dr. Korstad deserve praise for editing this book 
with 19 chapters that deal with various aspects of energy plants bearing potential for 
phytoremediation. The book has current environmental as well as ecological signifi-
cance and will be of interest among researchers and industrialists.

 

(KK PANT)
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Preface

The global burgeoning population necessitates production of more goods and ser-
vices to fulfill the expanding demands of human beings which have resulted in 
urbanization and industrialization. Uncontrolled industrialization has caused two 
major problems: an energy crisis and accelerated environmental pollution through-
out the world. Presently, there are technologies that have been proposed or shown to 
tackle both problems. Researchers continue to seek more cost-effective and envi-
ronmentally beneficial pathways. Plants are considered as a potential feedstock for 
development of renewable energy through biofuels. Another important aspect of 
plants is their capacity to sequester carbon dioxide and absorb, degrade and stabilize 
environmental pollutants such as heavy metals, polyaromatic hydrocarbons, 
polyaromatic biphenyls, radioactive materials and other chemicals. Thus, plants 
may be used to provide renewable energy generation and pollution mitigation. An 
approach that could amalgamate the two aspects can be achieved through phytore-
mediation (using plants to clean up polluted soil and water) and subsequent genera-
tion of energy from the phytoremediator plants. This would be a major advance in 
achieving sustainability that focuses on optimizing ‘people’ (social issues), ‘planet’ 
(environmental issues) and ‘profit’ (financial issues). The ‘Phytoremediation- 
Cellulosic Biofuels’ (PCB) process will be socially beneficial through lessening 
pollution impacts on people, ecologically beneficial through pollution abatement 
and economically viable through providing revenue that supplies an energy source 
that is renewable and also provides less dependence on importing foreign energy 
(energy independence). The utilization of green plants for pollution remediation 
and energy production will also tackle some other important global concerns like 
global climate change, ocean acidification and land degradation through carbon 
sequestration, reduced emissions of other greenhouse gases, restoration of degraded 
lands and waters, and more. This book addresses the overall potential of major 
plants that have the potential to fulfill the dual purposes of phytoremediation and 
energy generation. The nonedible bioenergy plants that are explored for this dual 
objective include Jatropha curcas, Ricinus communis, Leucaena leucocephala, 
Millettia pinnata, Cannabis sativa, Azadirachta indica and Acacia nilotica.

Ranchi, India Kuldeep Bauddh 
Ranchi, India   Bhaskar Singh 
Tulsa, OK, USA   John Korstad 



xi

Acknowledgement

All the authors made a challenging assignment for me to make this dream a reality 
by their kind contribution and cooperation. I express my deep sense of gratitude to 
my Ph.D. supervisor Prof. Rana Pratap Singh and M.Sc. supervisor Dr. Narendra 
Kumar, Department of Environmental Science, BBAU, Lucknow, and Dr. Manoj 
Kumar, Head, Centre for Environmental Sciences, CUJ, Ranchi, for their pivotal 
direction, precious advice and interest which are responsible for the accomplish-
ment of this book.

I would like to thank the coeditors of this book Dr. Bhaskar Singh, CUJ, Ranchi, 
and Prof. John Korstad, USA, for their wonderful, critical and helpful encourage-
ment to complete this exciting task.

Words are not enough to express my grateful appreciation for my parents (Mr. 
Suresh Baboo and Mrs. Shyama Devi), elder sister (Mrs. Kalpana Devi), brother-in- 
law (Mr. Ajay Hans), younger brother (Jagdeep), nieces (Ananya, Komal and 
Akshay) and all of my relatives. Their dreams and ambition made me strong to 
complete the target. Their endless inspiration, support, affection and encourage-
ment have made it possible.

I am thankful to my loving wife Sweta. Her cheering praise always prompts me 
to conclude the dispensed project.

I pay my joyful thanks to all of my friends whose well wishes stay with me.

(Kuldeep Bauddh)

I would like to acknowledge and thank each one of the authors who contributed 
their time and expertise to this book.

I especially thank my fellow editors (Dr. Kuldeep Bauddh and Prof. John 
Korstad) of the book for their vision and foresight, which inspired me to complete 
this book along with them.

I acknowledge my family – my parents (Mrs. Usha Kiran and Mr. S.N. Singh), 
my brother’s family (Mrs. Smriti, Mr. Pawan Kumar, Master Jai Kishan), my sister’s 
family (Mrs. Anupama Singh, Mr. S.K. Kashyap, Ms. Raj Nandini and Mr. Gaurav) 
and my loving, caring and beautiful wife Ragini along with my delightful little 
Daughter Riyansika. They all kept me going and encouraged me throughout my 
work. I acknowledge the love and encouragement of my first cousin Mr. Rajesh 
Kumar in my academic and personal accomplishments. 



xii

I earnestly thank my Ph.D. guide and supervisor, Prof. Y.C. Sharma, who is a role 
model to me and keeps encouraging me to do progressive things.

I take the opportunity to acknowledge the service of the team of Springer 
Publishing and everyone who collaborated in producing this book.

(Bhaskar Singh)

First and foremost, I honour Jesus Christ, my Lord and Saviour, who has called me 
to seek to do everything excellently through Him. ‘And don’t just do the minimum 
that will get you by. Do your best. Work from the heart for your real Master, for 
God…’ (Colossians 3:23, Message Bible). I am thankful to my wife (Sally) and 
family for their unending support and encouragement. You give me great joy and 
fulfillment! To my colleagues, current and former students and friends, thank you 
for helping me grow as a servant-leader.

(John Korstad)

Acknowledgement



xiii

 1  Phytoremediation: A Multidimensional and Ecologically  
Viable Practice for the Cleanup of Environmental  
Contaminants .......................................................................................... 1
Poulomi Chakravarty, Kuldeep Bauddh, and Manoj Kumar

 2  Bioenergy: A Sustainable Approach for Cleaner Environment .......... 47
Abhishek Guldhe, Bhaskar Singh, Nirmal Renuka, Poonam Singh,  
Rohit Misra, and Faizal Bux

 3  Phytoremediation of Heavy Metal- Contaminated Soil  
Using Bioenergy Crops ........................................................................... 63
Ambuj Bhushan Jha, Amarendra Narayan Misra, and Pallavi Sharma

 4  Phytoremediation of Soil Contaminants by the Biodiesel  
Plant Jatropha curcas .............................................................................. 97
O.P. Abioye, U.J.J. Ijah, and S.A. Aransiola

 5  Ricinus communis: An Ecological Engineer  
and a Biofuel Resource ........................................................................... 139
Dhananjay Kumar, Poonam, Kuldeep Bauddh, Jaya Tiwari,  
D.P. Singh, and Narendra Kumar

 6  Bioenergy and Phytoremediation Potential of Millettia pinnata ......... 169
Dipesh Kumar, Bhaskar Singh, and Yogesh Chandra Sharma

 7  Phytoremediation Potential of Leucaena leucocephala  
(Lam.) de Wit. for Heavy Metal-Polluted and Heavy  
Metal- Degraded Environments .............................................................. 189
Jamilu Edrisa Ssenku, Muhammad Ntale, Ingvar Backeus,  
and H. Oryem-Origa

 8  Phytoremediation Potential of Industrially Important  
and Biofuel Plants: Azadirachta indica and Acacia nilotica ................ 211
Jaya Tiwari, Atul Kumar, and Narendra Kumar

 9  Efficiency of an Industrially Important Crop Hibiscus  
cannabinus for Phytoremediation and Bioenergy Production ............ 255
Neha Vishnoi and D.P. Singh

Contents



xiv

 10  Cannabis sativa: A Plant Suitable for Phytoremediation  
and Bioenergy Production ...................................................................... 269
Sanjeev Kumar, Ritu Singh, Virendra Kumar, Anita Rani,  
and Rajeev Jain

 11  Phytoremediation and Bioenergy Production Efficiency  
of Medicinal and Aromatic Plants ......................................................... 287
C.K. Jisha, Kuldeep Bauddh, and Sushil Kumar Shukla

 12  A Sustainable Approach to Clean Contaminated Land  
Using Terrestrial Grasses ....................................................................... 305
Anju Patel and D.D. Patra

 13  Macrophytes for the Reclamation of Degraded Waterbodies 
with Potential for Bioenergy Production .............................................. 333
Sangeeta Anand, Sushil Kumar Bharti, Neetu Dviwedi,  
S.C. Barman, and Narendra Kumar

 14  Efficiency of Bioenergy Plant in Phytoremediation  
of Saline and Sodic Soil........................................................................... 353
Priyanka Bharti, Bhaskar Singh, Kuldeep Bauddh,  
R.K. Dey, and John Korstad

 15  Managing Waste Dumpsites Through Energy Plantations ................. 371
Vimal Chandra Pandey

 16  Biotechnological Intervention to Enhance the Potential  
Ability of Bioenergy Plants for Phytoremediation ............................... 387
Gulshan Singh, Poonam Singh, Abhishek Guldhe,  
Thor Axel Stenström, Faizal Bux, and Sheena Kumari

 17  Sustainability of Oil Seed-Bearing Bioenergy Plants  
in India (Jatropha, Karanja, and Castor) for Phytoremediation:  
A Meta-analysis Study ............................................................................ 409
Dipesh Kumar, Nitesh Bhatia, and Bhaskar Singh

 18  Phycoremediation: An Eco-friendly Algal Technology  
for Bioremediation and Bioenergy Production .................................... 431
Sanjay Kumar Gupta, Amritanshu Sriwastav, Faiz Ahmad Ansari,  
Mahmoud Nasr, and Arvind Kumar Nema

 19  Coupling Phytoremediation Appositeness with Bioenergy  
Plants: A Sociolegal Perspective ............................................................ 457
Rashwet Shrinkhal

Contents



xv

Contributors

O.P. Abioye Department of Microbiology, Federal University of Technology, 
Minna, Nigeria

Sangeeta Anand Department of Environmental Sciences|, Babasaheb Bhimrao 
Ambedkar University, Lucknow, India

Faiz Ahmad Ansari Institute for Water and Wastewater Technologies, Durban 
University of Technology, Durban, South Africa

S.A. Aransiola Bioresources Development Centre, National Biotechnology 
Development Agency, Ogbomoso, Nigeria

Ingvar Backeus School of Natural Sciences, Technology and Environmental 
Studies, Sodertorn University, Huddinge, Sweden

Department of Plant Ecology and Evolution, Uppsala University, Uppsala, Sweden

S.C. Barman Environmental Monitoring Division, Indian Institute of Toxicology 
Research, Lucknow, India

Kuldeep Bauddh Centre for Environmental Sciences, Central University of 
Jharkhand, Ranchi, Jharkhand, India

Priyanka Bharti Centre for Environmental Sciences, Central University of 
Jharkhand, Ranchi, Jharkhand, India

Sushil Kumar Bharti Department of Environmental Sciences, Babasaheb 
Bhimrao Ambedkar University, Lucknow, India

Nitesh Bhatia Centre for Business Studies, Central University of Jharkhand, 
Ranchi, Jharkhand, India

Faizal Bux Institute for Water and Wastewater Technology, Durban University of 
Technology, Durban, South Africa

Poulomi Chakravarty Centre for Environmental Sciences, Central University of 
Jharkhand, Ranchi, Jharkhand, India

R.K. Dey Centre for Applied Chemistry, Central University of Jharkhand, Ranchi, 
Jharkhand, India



xvi

Neetu Dviwedi Department of Environmental Studies, Sri Aurobindo College, 
Delhi University, Delhi, India

Abhishek Guldhe Institute for Water and Wastewater Technology, Durban 
University of Technology, Durban, South Africa

Sanjay Kumar Gupta Environmental Engineering, Department of Civil 
Engineering, Indian Institute of Technology, Delhi, India

U.J.J. Ijah Department of Microbiology, Federal University of Technology, Minna, 
Nigeria

Rajeev Jain Forensic Toxicology Division, Central Forensic Science Laboratory, 
Ministry of Home Affairs, Government of India, Guwahati, Assam, India

Ambuj Bhushan Jha Crop Development Centre/Department of Plant Sciences, 
University of Saskatchewan, Saskatoon, SK, Canada

C.K. Jisha Centre for Tribal Folklore, Language and Literature, Central University 
of Jharkhand, Ranchi, Jharkhand, India

John Korstad Department of Biology and Renewable Energy, Oral Roberts 
University, Tulsa, OK, USA

Atul Kumar Department of Electrical and Electronic Engineering, Universiti 
Teknologi Petronas, Perak, Malaysia

Dhananjay Kumar Department of Environmental Sciences, Babasaheb Bhimrao 
Ambedkar University, Lucknow, India

Dipesh Kumar Centre for Environmental Sciences, Central University of 
Jharkhand, Ranchi, Jharkhand, India

Manoj Kumar Center for Environmental Sciences, Central University of 
Jharkhand, Ranchi, Jharkhand, India

Narendra Kumar Department of Environmental Sciences, Babasaheb Bhimrao 
Ambedkar University, Lucknow, India

Sanjeev Kumar Department of Environmental Science, Central University of 
Rajasthan, Ajmer, Rajasthan, India

Santhosh Kumar Department of Biotechnology and Food Technology, Durban 
University of Technology, Durban, South Africa

Virendra Kumar Centre for Environmental Sciences, Central University of 
Jharkhand, Brambe, Ranchi, India

Sheena Kumari Institute for Water and Wastewater Technology, Durban University 
of Technology, Durban, South Africa

Amarendra Narayan Misra Centre for Life Sciences, Central University of 
Jharkhand, Ranchi, Jharkhand, India

Contributors



xvii

Rohit Misra Institute for Water and Wastewater Technology, Durban University of 
Technology, Durban, South Africa

Mahmoud Nasr Sanitary Engineering Department, Faculty of Engineering, 
Alexandria University, Alexandria, Egypt

Arvind Kumar Nema Environmental Engineering, Department of Civil 
Engineering, Indian Institute of Technology, Delhi, India

Muhammad Ntale Department of Chemistry, College of Natural Sciences, 
Makerere University, Kampala, Uganda

H. Oryem-Origa Department of Plant Sciences, Microbiology and Biotechnology, 
College of Natural Sciences, Makerere University, Kampala, Uganda

Vimal Chandra Pandey Plant Ecology and Environmental Science Division, 
CSIR-National Botanical Research Institute, Lucknow, India

Anju Patel School of Earth Sciences, Banasthali University, Vanasthali, Rajasthan, 
India

D.D. Patra Bidhan Chandra Krishi Viswavidyalaya, Nadia, West Bengal, India

Poonam Department of Environmental Science, Babasaheb Bhimrao Ambedkar 
University, Lucknow, India

Anita Rani Department of Botany, Dyal Singh College, University of Delhi, New 
Delhi, India

Nirmal Renuka Institute for Water and Wastewater Technology, Durban University 
of Technology, Durban, South Africa

Pallavi Sharma Centre for Life Sciences, Central University of Jharkhand, 
Brambe, Ranchi, Jharkhand, India

Yogesh Chandra Sharma Department of Chemistry, Indian Institute of Technology 
(BHU), Varanasi, India

Rashwet Shrinkhal Centre for Tribal and Customary Law, Central University of 
Jharkhand, Ranchi, India

Sushil Kumar Shukla Centre for Environmental Sciences, Central University of 
Jharkhand, Ranchi, Jharkhand, India

Bhaskar Singh Centre for Environmental Sciences, Central University of 
Jharkhand, Ranchi, Jharkhand, India

D.P. Singh Department of Environmental Sciences, Babasaheb Bhimrao Ambedkar 
University, Lucknow, India

Gulshan Singh Institute for Water and Wastewater Technology, Durban University 
of Technology, Durban, South Africa

Contributors



xviii

Poonam Singh Institute for Water and Wastewater Technology, Durban University 
of Technology, Durban, South Africa

Ritu Singh Department of Environmental Science, Central University of Rajasthan, 
Ajmer, Rajasthan, India

Amritanshu Sriwastav Environmental Engineering Department of Civil 
Engineering, Indian Institute of Technology, Kanpur, India

Jamilu Edrisa Ssenku Department of Plant Sciences, Microbiology and 
Biotechnology, College of Natural Sciences, Makerere University, Kampala, 
Uganda

Thor Axel Stenström Institute for Water and Wastewater Technology, Durban 
University of Technology, Durban, South Africa

Jaya Tiwari Department of Environmental Sciences, Asian Institute of Public 
Health, Bhubaneswar, Odisha, India

Neha Vishnoi Department of Environmental Sciences, Babasaheb Bhimrao 
Ambedkar University, Lucknow, India

Contributors



xix

Kuldeep Bauddh is currently an assistant professor of environmental science at the 
Centre for Environmental Sciences, Central University of Jharkhand, Ranchi, India. He 
received his Ph.D. in environmental science from the Babasaheb Bhimrao Ambedkar 
University, Lucknow, UP, India, in 2014. Dr. Bauddh is currently engaged in teaching 
the thrust areas of environmental sciences like environmental pollution and manage-
ment, environmental chemistry, environmental toxicology, soil science and hazardous 
waste management. He is also working as associate editor of the journal Climate 
Change and Environmental Sustainability and coeditor of the magazine Kahaar. Dr. 
Bauddh is serving as secretary of the Ranchi chapter of the society ‘Professor HS 
Srivastava Foundation for Science and Society’, joint secretary of the ‘Society for 
Science of Climate Change and Sustainable Environment’ and joint secretary of 
‘Professor HS Srivastava Foundation for Science and Society’. His main research areas 
are phytoremediation, restoration of contaminated sites and slow-release fertilizers. He 
has published one book (edited) with Springer titled Algae and Environmental 
Sustainability, more than 28 research papers in national and international journals, 6 
book chapters and 6 popular articles in magazines. Dr. Bauddh is reviewer of several 
international research journals like International Journal of Phytoremediation; 
Chemosphere; Ecological Engineering; Sustainability of Water Quality and Ecology; 
CLEAN – Soil, Air, Water; Land Development and Degradation; Acta Physiologiae 
Plantarum; and Climate Change and Environmental Sustainability.

Bhaskar Singh received his Ph.D. from the Indian Institute of Technology (BHU), 
Varanasi, UP, India, in 2010 and M.Phil. from Pondicherry (Central) University, 
India, with a gold medal (2006). Dr. Bhaskar did his postdoctoral fellowship in 
Durban University of Technology, Durban, South Africa. He is currently serving as 
an assistant professor at the Centre for Environmental Sciences, Central University 
of Jharkhand, Ranchi, India. Dr. Singh is currently engaged in teaching in the thrust 
area of environmental sciences like environmental earth science, natural 
resources management, environmental chemistry, environmental pollution monitor-
ing and control technologies, environmental management and sustainable develop-
ment and environmental law and legislation. He is reviewer of several international 
journals such as Fuel, Energy, Renewable Energy, Renewable & Sustainable Energy 
Reviews, Energy & Fuels, Journal of Cleaner Production, Materials Chemistry and 

About the Editors



xx

Physics, Biofuel Research Journal, Oceanologia and Journal of Agricultural 
Biotechnology and Sustainable Development. Dr. Singh is serving as treasurer of 
the Ranchi chapter of the society ‘Professor HS Srivastava Foundation for Science 
and Society’. His current interests lie in the application of biodiesel synthesis from 
plant oil and algal biomass, development of heterogeneous and green catalysts and 
corrosion aspects of biodiesel fuel. Dr. Bhaskar has coedited one book with Springer 
titled Algae and Environmental Sustainability along with Dr. Kuldeep Bauddh and 
Prof. Faizal Bux. His publications include 35 research and review papers in peer- 
reviewed and high-impacted international journals along with 9 book chapters with 
reputed international publishers. As per Scopus, the current h-index of publications 
of Dr. Bhaskar Singh is 16.

John Korstad is a professor of biology and past director of the honours programme 
at Oral Roberts University in Tulsa, Oklahoma (USA). His educational background 
is a B.A. in geology and B.S. in biology from California Lutheran University; an 
M.S. in environmental science from California State University, Hayward; and an 
M.S. and Ph.D. in zoology from the University of Michigan. His specialty is limnol-
ogy (lake ecology) with specific expertise in nutrient-phytoplankton (microalgae)-
zooplankton interactions. He has vast experience in aquaculture, including two 
sabbatical years doing research at the Foundation for Scientific and Industrial 
Research (SINTEF) in Trondheim, Norway, resulting in three published and numer-
ous technical publications. He started doing algae to biofuels research during his 
Fall 2009 sabbatical leave. His desire is to connect various industries like local oil 
refineries, electrical power plants and cement factories that produce carbon dioxide 
waste and local industries like waste management landfills and the city’s sewage 
treatment plants with high nutrient loads in their wastewater and cultivate algae for 
biofuels. The algae would improve the air and water quality by taking up the waste 
CO2 and nutrients and then be of benefit by providing a feedstock for biodiesel and/
or ‘high-end’ products like omega-3 fatty acids. This would essentially be a win- 
win situation and would hopefully develop into a vibrant industry that brings added 
jobs and revenue to the local area.

About the Editors



1© Springer Nature Singapore Pte Ltd. 2017
K. Bauddh et al. (eds.), Phytoremediation Potential of Bioenergy Plants, 
DOI 10.1007/978-981-10-3084-0_1

P. Chakravarty • K. Bauddh (*) • M. Kumar 
Centre for Environmental Sciences, Central University of Jharkhand, Ranchi-835205, 
Jharkhand, India
e-mail: kuldeep.bauddh@cuj.ac.in

1Phytoremediation: A Multidimensional 
and Ecologically Viable Practice 
for the Cleanup of Environmental 
Contaminants

Poulomi Chakravarty, Kuldeep Bauddh, and Manoj Kumar

Abstract
The humungous load of pollutants added to the environment every day by the 
human activities is one of the major menaces facing by the world. Toxic sub-
stances released into the ecosystems are said to create imbalance to the equilib-
rium of the environment. Phytoremediation is a set of processes which have been 
considered as one of the most sustainable approaches to combat the problem of 
contaminants. Phytoremediation is considered to be more effective in compari-
son with traditional techniques because of the added benefits provided by the 
plants. The mechanisms adapted by the plants for extraction, accumulation, sta-
bilization and degradation of contaminants from the polluted sites have been 
explored in this chapter. Various floral species which have been reported by sev-
eral researchers that have the potential to remediate contaminated sites are listed 
in this report. The bioenergy crops, medicinal plants, trees and weeds have been 
found to be the best options for phytoremediation. Phytoremediation has proven 
to have a holistic approach which can help in restoration of contaminated sites 
with production timber, essential oils, energy, and employment to the rural peo-
ples and with several other ecosystem services.

Keywords
Bioenergy • Electrokinesis • Heavy metals • Phytoremediation • Pollution • 
Transgenic plants

mailto:kuldeep.bauddh@cuj.ac.in


2

1.1  Introduction

The world population has exceeded seven billion and is rapidly approaching eight 
billion. This ever-increasing population has exerted tremendous chaos on the exist-
ing natural resources and has created immeasurable amount of wastes across the 
globe. When pollution is in manageable amount, the terrestrial, aquatic and atmo-
spheric ecosystems can dilute, degrade or absorb the contaminants naturally. The 
rising burden of pollutants requires additional measures to curb the detrimental 
effects of pollution (Glick 2003; Glick 2010). Contaminants pose a threat to the 
environment because of their abundance and recalcitrant nature. Rampant industri-
alization and urbanization are the main culprits for the gradual degradation in envi-
ronmental quality. The release of natural and anthropogenic contaminants is a major 
concern in the last few decades. There are numerous contaminants that continuously 
cause problems, some of which are easily curable but many are not. Plants act as 
Green Livers for the ecosystem clarifying any ill effects caused by contaminants 
and toxicants in the ambient environment (Sanderman 1994).

1.1.1  Contaminants: Sources, Types and Effects

A pollutant is anything that is present in the environment in excess to its original 
concentration. Waste generation by anthropogenic activities is so diverse in nature 
that it is difficult to categorize them effectively. Contaminants that create nuisance 
in soil and water are usually industrial wastes, municipal solid wastes, agricultural 
runoffs and leachates (organic pollutants) and radioactive wastes. The organic pol-
lutants, heavy metals and radioactive wastes are dealt here as they are potentially the 
most problematic pollutants in terms of soil and water. They cause adverse effects 
directly to the plants as well as animals including human beings and sometimes 
indirectly by changing the natural composition of ecosystems (Fig. 1.1).

1.1.2  Heavy Metals

Heavy metals have been reported as one of the major nemeses for the environment. 
Apart from natural processes, maximum number of anthropogenic activities 
releases heavy metals (Tangahu et al. 2011). The problem lies when contaminants 
migrate to pristine areas in the form of metal dust or leachates as in the case of soil 
and also as sewage sludge (Gaur and Adholeya 2004). Heavy metals are those ele-
ments which have an atomic number more than 20. Metals are also present natu-
rally in soil. Many of them are essential for growth and sustenance of soil flora and 
fauna. Zinc, copper, manganese, nickel and cobalt are imperative for survival of 
the plants. The importance of some metals such as cadmium, lead and mercury is 
unknown in respect to plants (Lasat 2000; Gaur and Adholeya 2004). Heavy metals 
are non- biodegradable, therefore creating problems in the overall biological sys-
tems. Heavy metals such as lead, cobalt and cadmium are more deleterious in 
nature because of their high bioaccumulation rate even at lower concentration 
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(Pehlivan et al. 2009; Tangahu et al. 2011). Heavy metals may cause negative 
impact on plant growth and soil microflora (Roy et al. 2005). Arsenic is one major 
environmental pollutant which falls under the category of heavy metal having 
atomic number 33. Arsenic is found in the environment as organic arsenic species, 
inorganic arsenic compounds and arsine gas. Arsenic is a very toxic element, and 
its toxicity is usually dependents on the species. The inorganic compounds of arse-
nic are usually more toxic than its organic counterparts. Arsenites are more toxic in 
nature than arsenates as they are more prone to cause DNA breakdown (Ampiah-
Bonney et al. 2007; Vaclavikova et al. 2008). Arsenates are found to be more stable 
thermodynamically than arsenites; therefore, they cause groundwater contamina-
tion (Chutia et al. 2009). Arsenic compounds are carcinogenic in nature and cause 
dermatitis where the groundwater is contaminated. Lead with atomic number 82 is 
a highly toxic element which is non-biodegradable and remains in the environment 
for a very long time and accumulates in the first 8 in. of the soil and remains immo-
bile. Sources of lead include natural sources, industrial sites, leaded fuels and 
orchards where the use of lead arsenate takes place (Traunfeld and Clement 2001; 
Tangahu et al. 2011). The harmful effects of lead are spread across a wide range of 
organisms such as humans, animals, plants and microbes. In terms of human 

Fig. 1.1 Adverse impacts of contaminants on the environment
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health, lead causes major adverse impacts such as mental retardation and brain 
damage (Cho-Ruk et al. 2006). Mercury is another heavy metal that is notoriously 
toxic and is available in soil in three soluble forms. It is a toxic element with a high 
bioaccumulation potential in living organisms such as human beings, fish and other 
animals. Mercury is found in naturally as well as by anthropogenic activities in the 
environment. Mercury pollution in the environment is caused by mining, petro-
chemical, painting industries, also from fertilizers, medical instruments, etc. 
(Resaee et al. 2005). Usually terrestrial plants are not very sensitive to the adverse 
impacts of mercury, but it has been found that mercury interferes with electron 
transport in mitochondria and chloroplasts and adversely affects oxidative metabo-
lism and photosynthesis. Mercury acts as an inhibitor of aquaporin activities and 
causes reduction in water uptake in plant. In human beings, the toxic impacts of 
mercury include neurological and renal disorders (Resaee et al. 2005). As toxic 
metallic species cannot be degraded, there is a requirement of physical removal or 
transformation to lesser toxic or non-toxic compounds.

1.1.3  Organic Pollutants

Organic pollutants are synthetic and recalcitrant in nature. These organic xenobiot-
ics are persistent in the environment and are highly toxic. They are known as per-
sistent organic pollutants (POPs) as they are not easily degradable. Pesticides, 
petroleum products, pharmaceuticals, polyaromatic hydrocarbons (PAHs) and 
polychlorinated biphenyls (PCBs) are some of the existing organic pollutants 
(Abhilash and Singh 2009). Twelve major POPs are known as the ‘dirty dozen’ 
which have been called for elimination and phasing out by the United Nations 
Environmental Program (US EPA 2005). Aldrin, dieldrin, chlordane, DDT, endrin, 
heptachlor, mirex, toxaphene, PCBs, HCBs, dibenzodioxins and dibenzofurans are 
the twelve most dangerous pollutants in respect to organic contaminants. Organic 
pollutants are a real menace for the ecosystem because of their persistence in the 
environment, lipophilic nature and high bioconcentration potential. These pollut-
ants tend to get deposited in the adipose tissues of organisms (POPs, WHO Report 
2008). Over a period of time, the pollutants reach a high level of toxicity because 
of their high bioconcentration potential, even though the exposure is limited. The 
pollutants move up the food chain as a result of biomagnification. Therefore, it is 
reported that the apex consumers reveal the maximum amount of organic pollutant 
concentration in their tissues. Marine mammals are known to have the highest 
concentration of these pollutants which caused reproductive disorders and higher 
susceptibility to infections resulting from microbes. The soil that is contaminated 
by organic pollutants causes death of soil microflora and reduction in plant growth 
and yield. Leaching of these pollutants causes groundwater contamination. 
Fertilizers when reaching the surface water bodies cause eutrophication by nutrient 
enrichment. The algal bloom caused by this nutrient enrichment reduces the dis-
solved oxygen level of the water bodies culminating in the death of aquatic flora 
and fauna. These are just few of the impacts of organic pollutants; there can be 
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numerous direct and indirect effects of these contaminants. It is essential to remove 
these harmful toxicants from the environment to continue the balanced functioning 
of the ecosystems.

1.1.4  Radioactive Contaminants

Radioactive contaminants are introduced into the environment mostly by anthropo-
genic activities. Although radioactive elements are present in the environment natu-
rally, they are not as harmful as contamination caused by anthropogenic causes 
because in nature, they are in a very low concentration. The environment is contami-
nated by radionuclides by nuclear weapon testing, disposal of nuclear wastes, emis-
sions from nuclear power plants and also from spillage from plant operations such 
as nuclear fuel mining, milling and nuclear testing fallout, etc. In the process of oil 
drilling, sometimes radionuclides that occur naturally are brought up to the surface 
of the Earth (Fulekar et al. 2010). Chernobyl disaster in 1986 was one of the first 
nuclear power plant disasters which exposed the devastating effects of nuclear acci-
dents to the world. The most recent nuclear accident occurred at Fukushima, Japan, 
during an earthquake at 2011; at Fukushima, an explosion was caused by failure of 
emergency cooling. Radionuclides are highly unstable nuclei possessing additional 
energy. There is a constant radioactive decay experienced by the radionuclides 
which forms alpha, beta and gamma particles as a result (Ghosh and Singh 2005; 
Fulekar et al. 2010). Consumption of food crops and water contaminated by radio-
nuclides is one of the major causes of exposures to humans. The persistence of 
radiation in the environment can be over billions of years; therefore, it can cause 
irreparable damage to organisms as well as the ecosystem (Fig. 1.2) (Malhotra et al. 
2014). Generally, the radiation released by the radionuclides can be carcinogenic 
and mutagenic in nature and is also known to cause birth defects and abnormalities 
in humans over a long period of exposure. Uranium-238 the most common natural 
isotope of uranium has a half-life of 4.46 billion years that is used in nuclear weap-
ons and nuclear fuel. It is known to cause birth defects, cancer and mutations in the 
genes of humans (Jadia and Fulekar 2008). Thorium-232 is the most stable isotope 
with a half-life of 14 billion years, is used in nuclear fuel and alloying agent and is 
found to be carcinogenic in nature. Spinks and Woods (1990) state that radium-226 
has a half-life of 1600 years and is used in an abundant fashion in our daily lives in 
the form of luminous paints and in dials of watches. An exposure for a long duration 
may cause fatal diseases like bone cancer, lymphoma, aplastic anaemia and leukae-
mia. During the Chernobyl accident, several radionuclides were released into the 
atmosphere; among them were isotopes of caesium-134 and caesium-137. These 
isotopes are retained by the soil and not washed away even by the heaviest rainfall. 
Isotopes of caesium are taken up by the plants, and they easily enter the food chain; 
also adverse effects are caused when there is an exposure to the contaminated soil 
surface (Westhoff 1999). The beta and gamma radiations of the radionuclides are 
highly dangerous and can cause ulcers, erythema or tissue necrosis in humans.

1 Phytoremediation: A Multidimensional and Ecologically Viable Practice…
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1.2  Contaminant Remediation Techniques

The above-mentioned problems are just the tip of the iceberg, and there are several 
underlying issues related to these contaminants that can cause direct or indirect 
impact on the environment. It is highly imperative to remediate the contaminated 
spheres of the environment. There are several conventional methods and techniques 
applied for the remediation of the contaminated areas. Some of the traditional meth-
ods to combat the problem of contaminated soil include:

 1. Soil excavation: Treatment or removal of contaminants in the case of soil is done 
by onsite management or by excavation of the contaminated soil and by its dis-
posal at a landfill site. This method of disposal is not a real solution of the prob-
lem as it merely dislocates the contaminants from one area to another (Tangahu 
et al. 2011).

 2. Soil washing: As an alternative to the dislocation of contamination from the 
source to a landfill area, an onsite management method is applied. Soil washing 
is carried out by two processes: first of them is by dissolution or suspension of 
contaminated soil in a wash solution which is chemical in nature and the second 
process concentrates the contaminants into a smaller volume of soil by tech-
niques such as gravity separation, particle size separation and attrition scrub-
bing. Heavy metals, organic xenobiotics and radionuclides can be removed by 
this process. This method is not cost-effective, and residues rich in contaminants 
require additional treatment. Therefore, this process is not extensively used 
(Tangahu et al. 2011).

 3. Stabilization/solidification: In this process, the contaminants present in the soil 
are stabilized or solidified either by physical or chemical interactions between 
the contaminant and a stabilizing agent (Gomes 2012).

Radionuclides

Cesium-
134,137
Ulcers, 

erythema, 
tissue necrosis 

Thorium-232

Carcinogenic

Radium-226
Bone cancer, 
lymphoma, 

aplastic anaemia 
and leaukemia

Uranium -238 
Carcinogenic,

mutagenic,

birth defects

Fig. 1.2 Adverse impacts 
of radionuclides on 
humans
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 4. Vitrification: In the process of vitrification, heat is used for melting and subse-
quently solidifying the contaminants in a solid material which is glasslike in 
nature. Vitrification can be carried out onsite (in situ vitrification) and also 
aboveground in a separate treatment unit (ex situ vitrification).

 5. Electrokinetic treatment: The electrokinetic remediation technique is solely in 
situ-based where direct electric potential is applied using cathodes and anodes. 
According to Cameselle et al. (2013), various reactions take place in the con-
taminated soil due to the electric potential; as a result, the contaminants move 
towards the cathode or anode. The mobilization or transport mechanisms in elec-
trokinetic treatment are of two types, electro-osmosis and electromigration. 
When there is a combined effect of electric charge and electric field on soil par-
ticle surface, it results in an electro-osmotic flux which causes the movement of 
negatively charged particles towards the cathode. In the electromigration mecha-
nism, movement of ionic species takes place in the electric field towards the 
oppositely charged electrode (Cameselle and Reddy 2012).

Some other methods such as incineration and chemical oxidation/reduction 
are also used for the remediation of contaminated soil, but most of these tradi-
tional methods are not feasible because of high cost and problems regarding 
disposal of contamination-rich residues. Some of these techniques also destroy 
the soil biota causing the area to become devoid of life. Hence, it is essential for 
the sake of the environment to find alternative technologies that are environ-
ment-friendly and green in approach. These technologies must be cost-effective 
and reduce the pollutant load in the environment, and at the same time, the tech-
nique should have features which help them to resolve other major concerns like 
fuel crisis, emission of greenhouse gases, etc.

1.3  Phytoremediation: A Successful and Environment- 
Friendly Approach

Everyday new technologies are being developed by humans to vanquish the evil 
effects of pollution created by humans themselves. The solution lies in the hands of 
nature itself; plants are the nature’s best defence against all man-made pollution. 
The word phytoremediation originates by combining two words Phyto (Greek) 
meaning plants and remedium (Latin) meaning removal or correction of evil. In 
general words, phytoremediation means removal, degradation or stabilization of 
pollutants using plants. At current time, plants have regained their former status of 
importance because of their multifaceted applications. The contaminants are 
removed from soil, water and sediments using plants. Certain plant root systems 
have special uptake capabilities, and also the shoot systems are capable in transloca-
tion, accumulation and degradation of the contaminants. These features allow effi-
cient uptake and removal of harmful toxicants from the environment. 
Phytoremediation is a solar energy-driven process and does not require external 
energy, so it is cost-effective and less (zero) polluting in comparison with traditional 
methods. There are several definitions of phytoremediation given by various 
researchers; few have been compiled in Table 1.1.

1 Phytoremediation: A Multidimensional and Ecologically Viable Practice…
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1.3.1  Types of Phytoremediation

1.3.1.1  Phytoextraction
In terms of economic opportunities, phytoextraction presents the largest benefits 
(Raskin et al. 1997; Ismail 2012). Phytoextraction is considered as the most efficient 
method for removal of an isolation of contaminants from the polluted medium that 
is the soil where the fertility and structure of the soil is retained (EPA 2000). In the 
process of phytoextraction, the plant absorbs contaminants from the soil/water 
through roots and transfers or translocates them to the aerial parts of the plants. The 
aerial parts can be burnt to gain energy, and the metal can be recycled from the ash 
(Liu et al. 2000; Prasad and Freitas 2003 Erakhrumen and Agbontalor 2007; Moreno 
et al. 2008). Phytoextraction is most effective in large areas which have a contami-
nation level of low to medium range, and the depth is also shallow (Kumar et al. 
1995a, b; Blaylock and Huang 2000). The plant must possess some special charac-
teristics to be efficient in the process of phytoextraction. These characteristics 
include tolerance towards the specific contaminant, efficient translocation of con-
taminants to aerial and harvestable parts of the plant and ability of plant to survive 
in stress conditions like soil pH, salinity, soil structure, water content and resistance 
to pests (Brooks 1994; Ismail 2012).

1.3.1.2  Phytostabilization
There are certain plant species that specialize in immobilizing contaminants in the 
soil or groundwater itself. These plants absorb and accumulate the contaminants in 
plant tissues, adsorb on the root surface or precipitate them within the root zone 
thereby preventing migration of contaminants in the soil and their movement by 
erosion (Liu et al. 2000; Prasad and Freitas 2003; Erakhrumen and Agbontalor 
2007; Moreno et al. 2008). This method of phytoremediation is also known as phy-
torestoration. The plants used for phytostabilization must be weak in translocating 
the contaminants from the root to the aerial parts; must grow fast, having developed 
root systems and canopies, and must be tolerant towards abiotic and biotic stresses 
(Ismail 2012).

Table 1.1 Definitions of phytoremediation

No. Definition Reference

1 Phytoremediation is a set of techniques or processes where plants are 
used for extracting, containing, degrading/destroying or immobilizing 
contaminants from the medium (soil, water or sediments)

EPA (2000)

2 The usage of plants for remediation of toxicants found in groundwater, 
contaminated soil, sludge, wastewater, surface water and sediments

Rodriguez et al. 
(2005)

3 Phytoremediation is a technology that makes use of plants to purify 
contamination from water, sediments or soil

Tangahu et al. 
(2011)

4 The application of plants for extraction and sequestration followed by 
detoxification of the contaminants

Ismail (2012)

5 A sustainable and green process in which live plants are used for 
removing or degrading contaminants from the environment

Cameselle et al. 
(2013)
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9

1.3.1.3  Phytofiltration
The process of phytofiltration can be of two types, one through the roots that is 
known as rhizofiltration and another one by seedlings that is known as blastofiltra-
tion. The roots or seedlings of the plant accumulate the contaminants from the efflu-
ents when grown in water that is aerated (Raskin et al. 1997). In this technique, 
plants are grown hydroponically; then they are transplanted in polluted water where 
they accumulate the contaminants (Dushenkov et al. 1995; Salt et al. 1995; Flathman 
and Hannza 1998). The phytoremediation of effluent or domestic wastewater is car-
ried out using rhizofiltration. The contaminants are adsorbed or precipitated onto 
the plant roots and also in some cases absorbed and sequestered in the roots of 
plants present in constructed wetland for purification of effluent and wastewater 
(Liu et al. 2000; Prasad and Freitas 2003 Erakhrumen and Agbontalor 2007; Moreno 
et al. 2008). Ideally for rhizofiltration, plants must have roots that are fast growing 
and have higher efficiency in accumulation of contaminants over a longer time 
period. The toxic contaminants form a precipitate over the root surface which is 
then harvested and disposed (Flathman and Hannza 1998). The process of blastofil-
tration belongs to the second generation of water treatment technology which is 
plant based. After germination as there is an immense increase in the surface and 
volume ratio, the seedlings more effectively absorb or adsorb larger amounts of 
contaminants in ionic form making it more efficient than rhizofiltration (Raskin 
et al. 1997).

1.3.1.4  Phytovolatilization
In the process the contaminant is taken up by the plant and released by the process 
of transpiration either in the same form or in a modified form. In the process of 
phytovolatilization, the plant uptakes water which includes the contaminants, and 
the contaminants when reaching the aerial parts of the plants move out by transpira-
tion (Liu et al. 2000; Prasad and Freitas 2003 Erakhrumen and Agbontalor 2007; 
Moreno et al. 2008). Some toxic contaminants exist in the atmosphere in gaseous 
form, for example, metallic species-like arsenic, mercury and selenium. In case of 
heavy metals, the plants adsorb metals in their elemental form, and then they are 
biologically converted into gaseous species which is known as biomethylation to 
create volatile molecules that are released into the atmosphere. There is a major 
disadvantage of this process in that volatile gaseous species may return to the eco-
system by precipitation thus creating havoc by spreading the toxic metals to a wider 
range of area (Henry 2000).

1.3.2  Mechanism of Phytoremediation

The basic steps involved in metal detoxification include metal ion binding on the 
cell wall of roots, metal ion transportation to the shoots and chelation of contami-
nants in cytosol (Fig. 1.5). The first step of mechanism of contaminant accumula-
tion is the adsorption of metals on the root surface of the plants. Numerous metal 
transporters are located in the cell wall which allows metal ions to move inside the 
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cell. Metal transporters can be grouped into ZIP family, NRAMP family and CTR 
family. IRT1 was found in Arabidopsis thaliana that belongs to the ZIP family 
expressed to accumulate higher amount of Fe at the time of Fe deficiency (Eide 
et al. 1996; Zaal et al. 1999; Guerinot 2000; Vert et al. 2002). This element has also 
been found to be characterized in A. thaliana and responsible for the accumulation 
and transport of Mn, Zn and Cd (Cohen et al. 1998; Korshunova et al. 1999; Zaal 
et al. 1999). Nishida et al. (2011) reported that expression of AtIRT1 enhances Ni 
accumulation in Saccharomyces cerevisiae. NRAMP is another metal transporter 
family which helps the plants to transport a number of metals like Cd, Ni, Zn, Fe, 
Cu, etc. (Nevo and Nelson 2006; Krämer et al. 2007).

In metal accumulator and hyperaccumulator plants, there are several defence 
mechanisms involved like (1) production of antioxidative components, e.g. ascor-
bate peroxidase (ASP), catalase (CAT), superoxide dismutase (SOD), glutathione 
S-transferase (GST), glutathione reductase (GR), proline, etc. (Ni et al. 2013; 
Shanmugaraj et al. 2013; Yu et al. 2013; Bauddh and Singh 2012a, b, 2015a, b), 
(2) production of phytochelatins (Cobbett 2000; Lee et al. 2003; Manara 2012), (3) 
production of metallothioneins (Nordberg 2004; Zimeri et al. 2005; Zhigang et al. 
2006), (4) production of ferritins (Ravet et al. 2009; Liu et al. 2010; Yin et al. 2008; 
Rastgoo and Alemzadeh 2011), etc. These systems make a plant tolerant and 
enhance the metal-accumulating ability of plants at an even higher contamination 
level.

The production of metallothioneins in metal accumulator plants has been 
reported, and it is found that this component has the ability to detoxify the metal ion 
(Cobbett and Goldsbrough 2002; Papoyan and Kochian 2004; Zhigang et al. 2006; 
Mijovilovich et al. 2009). Many studies showed a substantial role of MTs in detoxi-
fication of Cu in many plants like Nicotiana tobacum, N. caerulescens, Thlaspi 
caerulescens, etc. (Kägi 1991; Maiti et al. 1991; Roosens et al. 2004; Papoyan and 
Kochian 2004; Mijovilovich et al. 2009; Leitenmaier and Küpper 2013).

It has been observed that during exposure to a biotic stresses like heavy metals, 
drought, salinity, etc. plants experience the overproduction of reactive oxygen spe-
cies (ROS), e.g. superoxide radical (O2

−), hydroxyl radical (OH•), hydrogen perox-
ide (H2O2), singlet oxygen (1O2), etc. (Fig. 1.3) which can lead to a number of 
abnormalities like peroxidation of lipids and damage of proteins, enzymes, cell 
wall, etc. (Mittler 2002; Sharma and Dubey 2005; Asada 2006; Vanderauwera et al. 
2011; Sharma et al. 2012; Noctor et al. 2014; Arora et al. 2016).

To overcome these adverse changes caused by ROS, plants produce antioxidative 
defence system which comprises of both enzymatic components like superoxide 
dismutase (SOD), catalase (CAT), peroxidase, ascorbate peroxidase (APX), gluta-
thione reductase (GR), guaiacol peroxidase (GPX), etc. and several non-enzymatic 
components like ascorbate, carotenoids, glutathione (GSH), phenolics, tocopherols, 
etc. (Fig. 1.4) (Asada 2006; Slater et al. 2008; Sharma et al. 2012; Sewelam et al. 
2016).

Phytochelatins are low molecular weight cysteine-rich proteins synthesized from 
glutathione by an enzyme phytochelatin synthase during prolonged exposure of 
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heavy metals (Tommasini et al. 1998; Cobbett 2000; Clemens 2001; Schützendübel 
and Polle 2002; Harada et al. 2002; Gao et al. 2013). Phytochelatins contain gamma 
glutamylcystein and glycine in its structure (γ-Glu-Cys)n-Gly) (Kondo et al. 1984; 

Fig. 1.3 Overproduction 
of reactive oxygen species 
(ROS) under biotic and 
abiotic stresses (Ashry and 
Mohamed 2012; Sharma 
et al. 2012; Noctor et al. 
2014)

Fig. 1.4 The mechanism of formation of reactive oxygen species and their removal by antioxi-
dants and antioxidative enzymes. AA ascorbic acid, DHA dehydroascorbic acid, GHS glutathione, 
GSSG oxidized glutathione, SOD superoxide dismutase (Adopted from Slater et al. 2008; Page No. 
230)
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Grill et al. 1986). An enhanced transcription of genes which synthesizes the precur-
sor (glutathione reductase) of PCs was reported by Xiang and Oliver (1998) which 
confirmed the role of PCs as metal detoxifier (Hartley-Whitaker et al. 2001; 
Andresen et al. 2013). Further, Gao et al. (2013) demonstrated that the synthesis of 
PCs in plant Phytolacca americana is Cd dose dependent.

Ferritins are the proteins which have the ability to bind excess content of Fe in 
plants (Briat 1996; Fabisiak et al. 1999; Briat et al. 2006; Ravet et al. 2009; Briat 
et al. 2010). Phytoferritins are basically found in the mitochondria (Zancani et al. 
2004, 2007) and non-photosynthetic plastids such as chromoplasts, proplastids, 
etioplasts, etc. (Seckback 1982; Ragland et al. 1990). Deák et al. (1999) proposed 
that ferritin can protect the plant from oxidative damage persuaded by a number of 
abiotic as well as biotic stresses (Fig. 1.5).

On the other hand, many plants secrete exudates from their roots which can che-
late the metals and in soil only and prevent metal uptake inside the cell (Fig. 1.6) 
(Marschner 1995; Salt et al. 2000; Jung et al. 2003; Liao and Xie 2004, Schwab 
et al. 2005; Bais et al. 2006; Dong et al. 2007). The production of several organic 
acids as root secretion like malate, citrate, succinic, malonic, oxalate, etc. have been 

Fig. 1.5 The properties which make a plant metal accumulator/hyperaccumulator (Harada et al. 
2002; Vert et al. 2002; Manara 2012; Gao et al. 2013)
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also reported to serve as a line of defence against toxic metals (Bidwell et al. 2002; 
Hall 2002; Pittman 2005; Hinsinger et al. 2006; Sun et al. 2006; Verbruggen et al. 
2009; Gao et al. 2013). Verbruggen et al. (2009) suggested that these organic acids 
help in vacuolar transportation of heavy metals especially for Cd. Phytosiderophores 
have been reported by many authors that they produced specially by roots of legu-
minous crops during exposure of several heavy metals like Cu, Zn, Cd, etc. and play 
an important role in restricting the entry of metal ions inside the cell (Awad and 
Römheld, 2000; Shenker et al. 2001 Chaignon et al. 2002; Xu et al. 2005; 
Phytotechnology Mechanism 2005). Active metal efflux system in metal excluder 
plants also helps to restrict the entry of toxic metals (Baker 1981; van Hoof et al. 
2001; Tong et al. 2004; Yang et al. 2005; Kushwaha et al. 2016).

1.3.2.1  Factors That Affect Uptake Mechanisms
The uptake mechanisms of plants used in phytoremediation are affected by several 
factors. The knowledge of these factors can be used to increase the efficiency of the 
phytoremediation potential of the plants.

1.3.2.1.1 Plant Species
Certain species of plants have superior remediation properties than other species; 
therefore, more efficient species must be selected for phytoremediation of contami-
nants. The plants that are most suitable must be hyperaccumulators and must pro-
duce more amounts of biomass (Rodriguez et al. 2005).

1.3.2.1.2 Properties of Growing Medium
Development of agronomical practices is carried out for enhancement of phytore-
mediation; factors such as pH, chelators and fertilizers are adjusted to increase the 
phytoremediation efficiency (Prasad and Freitas 2003).

Fig. 1.6 Mechanism of 
metal excluder plants 
(Marschner 1995; Salt 
et al. 2000; Jung et al. 
2003, Liao and Xie 2004, 
Schwab et al. 2005; Bais 
et al. 2006; Dong et al. 
2007)
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1.3.2.1.3 Root Zone
Root zone is the main site for extraction, accumulation and stabilization of the con-
taminants. Therefore, the root zone must be well developed with high extraction, 
accumulation and stabilization efficiency. Sometimes, the degradation of contami-
nants takes place by enzymes that are exuded by the plant roots (Merkl et al. 2005).

1.3.2.1.4 Uptake Mechanism by Vegetative Parts
The environmental factors play a critical role in the uptake mechanism by vegeta-
tive parts. The growth enzymes are affected by the temperature which in turn 
affects the root length. The fate of metabolic activities of the contaminants inside 
the plants is very important in deciding the phytoremediation potential and efficacy 
(Mwegoha 2008).

1.3.2.1.5 Chelating Agents
The addition of chelating agents can enhance the capacity of the plants to extract 
and accumulate contaminants from the soil. Even micronutrients can be added 
along with the chelators to increase uptake. Chelating agents like EDTA are 
added in case of heavy metal contaminants. There is a chance of leaching in case 
of addition of chelators which are synthetic in nature (Van Ginneken et al. 2007; 
Tangahu 2011).

1.3.3  Indices Used for Assessment of Phytoremediation 
Potential

The suitability of plant for the purpose of phytoremediation depends on several fac-
tors: some of them are intrinsic plant characteristics; others are dependent on the 
environment or the contaminants. It is of utmost importance for the plants to accu-
mulate a large amount of contaminants from the site. Also the ability of the plant to 
translocate the contaminants from the roots to shoots is of concern. Enrichment 
coefficient and translocation factor are two methods to measure the amount of con-
taminant accumulated and translocated by the plant. The amount or degree of heavy 
metal concentration/accumulation in the plants which are grown on contaminated 
sites is determined by enrichment coefficient (Kisku et al. 2000).

 
EC =

Metal concentration in roots or shoots

Metal concentratioon the siteat  
(1.1)

Translocation factor (TF) is the ratio which defines the movement or mobiliza-
tion of metal from roots to shoots of any plant. Equation 1.2 gives the formula for 
calculation of TF (Barman et al. 2000; Gupta et al. 2008; Shi et al. 2011).

 
TF =

Metal concentration in plant shoots

Metal concentration iin plant roots  
(1.2)
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Tolerance index is another major index which determines the suitability of any 
plant for the purpose of phytoremediation. It is imperative for a plant to exhibit 
healthy growth for its own survival and for extraction and accumulation of toxi-
cants. The TI of any plant is based on the biomass produced by the plant. Equation 
1.3 states the formula for the calculation of tolerance index (de Souza et al. 2012).

 
TI =

Biomass of plants cultivated in contaminanted soil

Biomasss of plants cultivated in control conditions  
(1.3)

These indices are used by the researchers to test the potential of the desired 
plants for phytoremediation.

1.3.4  Different Aspects of Phytoremediation

1.3.4.1  Application of Edible Crops
In the present world, the availability of land as a resource is a major cause of con-
cern due to the exponential population rise. It is imperative that land usage should 
be judicious and serve multidimensional benefits. Therefore, researchers have tried 
hitting two birds with one stone and have developed phytoremediation techniques 
using edible crops. Application of edible crops for remediation will serve several 
benefits such as decontamination of the land, food production, and efficient land 
usage. The edible crops studied for phytoremediation potential by various research-
ers include wheat (Khan et al. 2011), maize (Mojiri 2011), sunflower (Liphadzi 
et al. 2003), Indian mustard (Sainger et al. 2014), Amaranthus (Shevyakova et al. 
(2011), tobacco (Chitra et al. 2011), tomato (Uera et al. 2007), Trapa (Sweta et al. 
2015), etc. Tabulation of these examples has been done in Table 1.2. These are just 
few examples of the edible crop plants utilized for phytoremediation; there are 
plenty of literatures available on many other plants as well. Albeit, numerous stud-
ies have been carried out testing the phytoremediation potential of edible crops; 
there are some major demerits associated with them. According to Bauddh et al. 
(2015a, b), the first obvious demerit is the bioaccumulation of toxicants in the edible 
plant which can further lead to biomagnification and move up the food chain caus-
ing toxicity to animals and humans. Other negative traits of edible crops regarding 
phytoremediation include short life span, low biomass production and high palat-
ability. For efficient remediation of contaminants, the plants ideally must have a 
long life span, should be unpalatable and must produce larger amount of biomass 
for higher accumulation of contaminants (Pandey and Singh 2011). The above- 
mentioned problems of edible crops reduce the overall feasibility of phytoremedia-
tion by using these crops. If these problems can be solved like containing the 
contaminants in the unpalatable portions of the plant and increasing the biomass by 
technological interventions (biotechnological), only then edible crops may also be 
effectively used for the remediation purposes.

1 Phytoremediation: A Multidimensional and Ecologically Viable Practice…
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1.3.4.2  Application of Weeds
Phytoremediation can effectively curb the toxic impacts of the environmental con-
taminants. Researchers have tried developing methods of phytoremediation using 
weeds. Terrestrial as well as aquatic weeds have been experimented with, and 
encouraging results have been recorded. If aquatic weeds efficiently remove con-
taminants from effluents, it will prove to be a boon as they are fast growing, and 
surface water can be easily treated by using them. Several researchers have used 
aquatic weeds such as alligator weed, duckweed, water lettuce, water hyacinth and 
Azolla spp. for the remediation of several toxicants from water (Cho-Ruk et al. 
2006; Skinner et al. 2007; Zhang et al. 2008; Rahman et al. 2008). Terrestrial weeds 
such as Parthenium hysterophorus, Tridax procumbens, Cyperus procera, Euphorbia 
hirta and Datura stramonium are just few of the examples which have been studied 
for their phytoremediation potential against heavy metals (Kumar et al. 2013). Table 
1.3 describes some of the successful experiments on remediation of contaminants 
by terrestrial as well as aquatic weeds.

In the studies conducted by Kumar et al. (2012 and 2013), emphasis has been 
given on EC and TF of the contaminants in the plant bodies. Enrichment coefficient 
gives an accurate estimation of the total contaminant (heavy metal accumulated by 
the plants from a contaminated site). If the EC is high, the plant is considered to be 
suitable for phytoremediation. Eichhornia crassipes showed high values of EC and 
TF when tested with heavy metals such as Cr, Pb, Ni and Cd making this aquatic 
weed most suitable among other weeds for phytoremediation of heavy metals 
(Kumar et al. 2012). Among the terrestrial weeds, Tridax procumbens, Cyperus 
procera, Euphorbia hirta, Parthenium hysterophorus and Datura stramonium 
exhibited higher EC in that order and were found suitable for phytoremediation 
purpose by Kumar et al. (2013). According to Baker (1981) if the translocation fac-
tor is more than one, then the plant is termed as metal accumulator, and if it is below 
one, the plant is known as metal excluder. Kumar et al. (2013) in their study found 
that TF of the terrestrial weeds ranged between 0.119 for Cd in T. procumbens and 
3.86 for lead in S. oleracea (described in Fig. 1.7). P. hysterophorus and S. oleracea 
exhibited TF more than one for all the heavy metals studied (Cu, Pb, Cd and Ni) 
which made them ideal metal accumulators. The Cyprus spp. (C. procera and C. 
rotundus) recorded all the TF values less than one making the weeds unsuitable for 
phytoremediation.

The aquatic weeds studied by Kumar et al. (2012) presented impressive results 
regarding TF. It was found that most of the aquatic weeds had TF above one. The 
study of the average TF (Fig. 1.8) for all these aquatic weeds disclosed the fact that 
Marsilea minuta (2.82), Bacopa monnieri (1.84) and Hydrilla verticillata (1.69) 
were most efficient in translocation of heavy metals from the roots to shoots and 
thus can be used for remediation of heavy metal-contaminated sites.

1.3.4.3  Application of Trees
Trees are considered as one of the most important entities in terms of phytoremedia-
tion. Trees have higher biomass and extensive root system which enable them to 
accumulate more contaminants from the surrounding soil. Many authors have 

P. Chakravarty et al.
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Fig. 1.7 Translocation factor (TF) of the terrestrial weeds grown naturally in the metal- 
contaminated sites (Kumar et al. 2013)
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Fig. 1.8 Translocation factor (TF) of the aquatic weeds (macrophytes) naturally growing in the 
drain receiving tannery effluent (Kumar et al. 2012)

studied the phytoremediation potential of the trees extensively, and few of the stud-
ies have been compiled in Table 1.4. The species of trees from the Salicaceae family 
(willow, poplar) were found to be most appropriate for the phytoremediation pur-
pose of contaminants. More research needs to be carried out using multipurpose 
trees that would help in remediation of contaminants in addition to carbon seques-
tration and employment generation.

De Souza et al. (2012) studied three species of leguminous plants Erythrina spe-
ciosa, Schizolobium parahyba and Mimosa caesalpiniaefolia for their lead toler-
ance at seedling stage. The indices studied by the author were TF, BCF and TI. The 
tolerance index is calculated on the basis of the biomass yield of the plant (Shi et al. 
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2011). The biomass yield of the controlled plant and plants grown in a contaminated 
site are compared. The author found that the tolerance index of Mimosa caesalpini-
aefolia recorded the highest readings of 1.20, 1.28 and 1.29 for 250, 500 and 
1000 mg Kg−1 of lead; Erythrina speciosa recorded 0.71, 0.78 and 0.65 for 250, 500 
and 1000 mg Kg−1 of lead; and Schizolobium parahyba recorded 0.84, 0.76and 0.67 
for the similar Pb concentrations. Therefore, it can be concluded that Mimosa cae-
salpiniaefolia was the most tolerant species followed by Schizolobium parahyba 
and Erythrina speciosa. The TI of the three species is represented in Fig. 1.9.

1.3.4.4  Application of Bioenergy Crops
Holistic approach should be applied for remediation of toxicants from the environ-
ment. It is of utmost importance to detoxify the contaminants using sustainable 
means. Amalgamation of phytoremediation techniques with sustainable approach 
would provide multidimensional benefits for the entire Earth. Using bioenergy 
crops or trees is one such measure that is sustainable in approach and can be effec-
tively tapped for phytoremediation. Several bioenergy crops have been tested for 
phytoremediation potential by the researchers in the recent past. If bioenergy crops 
are used for phytoremediation, it would save contaminated sites from being dis-
carded; also it would generate employment and increase the interest of the people in 
plantation of such crops. Both edible and nonedible energy crops have been tested 
for their phytoremediation potential by researchers with encouraging results (Rowe 
et al. 2009; Shi and Cai 2009; Meers et al. 2010; Bauddh and Singh 2012a, b, 2015a, 
b; Bauddh et al. 2015a, b, 2016a, b). The use of edible crops for phytoremediation 
poses a bit of a concern because it is assumed that toxicants might enter the food 
chain. The study conducted by Meers et al. (2010) showed that the grains, the edible 
part of maize, accumulated the lowest amount of heavy metals. The researcher 
attributed this result to the defence mechanism of the plant to restrict toxicity from 
reaching the reproductive parts and seeds and constraining them within the vegeta-
tive parts of the plants. More research needs to be carried out to test the phytoreme-
diation potential of the bioenergy crops as it would help in detoxifying the 
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Fig. 1.9 Tolerance index 
(TI) of some tree species 
growing in lead- 
contaminated soil (Source: 
de Souza et al. 2012)
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environment along with the generation of clean fuel and lower the carbon emission 
into the atmosphere. Using bioenergy crops would provide the most wholesome 
results in comparison with all other plants combined (Table 1.5).

1.3.4.5  Aromatic Plants Used in Phytoremediation
It is of preference to use nonedible crops for the purpose of phytoremediation 
because of the obvious reasons of avoiding bioaccumulation and biomagnifications 
of toxicants. Very recently few aromatic plants have been tested for their potential 
to remediate contaminants. This will serve the dual purpose of providing essential 
oils derived from the plant along with cleansing the environment. The plants such 
as Ocimum basilicum (basil), Cymbopogon martinii (palmarosa), Vetiveria zizanioi-
des (vetiver), Cymbopogon flexuosus (lemon grass), Mentha sp. (geranium mint) 
(citronella) and Cymbopogon winterianus have been considered for their phytore-
mediation potential. Gupta et al. (2013) suggest that the likes of basil are viable and 
feasible for phytoremediation, and other aromatic grasses (lemon grass, citronella, 

Table 1.5 Bioenergy crops used for phytoremediation

Plant species Family Contaminants Remarks References

Ricinus 
communis 
(castor)

Euphorbiaceae Cadmium and 
nickel

Ricinus communis 
extracted large 
amounts of Ni from 
the soil because of its 
high above- and 
belowground biomass.

Bauddh 
and Singh 
(2015b)

In a comparative study 
between two plants, 
Ricinus communis and 
Brassica juncea for 
Cd, drought and 
salinity tolerance, it 
was found that Ricinus 
communis was more 
tolerant to the stresses 
applied singly or in a 
combination than 
Brassica juncea

Bauddh 
and Singh 
(2012b)

Linum 
usitatissimum

Linaceae Cadmium The plant showed high 
bioconcentration 
factor values and 
highest values for 
translocation factor of 
54–66% and was 
overall tolerant in 
Cd-contaminated soil. 
Flax accumulated a 
high amount of Cd 
from soil; the values 
were >100 mg/kg

Shi and 
Cai (2009)

(continued)
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Table 1.5 (continued)

Plant species Family Contaminants Remarks References

Cannabis sativa
(hemp)

Cannabaceae Cadmium In the study, BCF was 
found to be highest for 
hemp roots and low in 
shoots. Due to higher 
biomass, Cd 
accumulation was 
high in hemp. TI was 
moderate for hemp

Shi and 
Cai (2009)

Zea mays (maize) Poaceae Zinc, 
cadmium and 
lead

Overall accumulation 
and tolerance for 
heavy metals by the 
plants showed 
promising results. The 
accumulation of heavy 
metals in the grains 
was found to be the 
lowest that was 
attributed to the 
defence mechanism of 
the plant. If energy 
was produced at the 
site from maize, 
renewable energy of 
33,000–46,000 kW h 
ha_1 y_1 could be 
generated

Meers 
et al. 
(2010)

Arachis 
hypogaea 
(peanut)

Fabaceae Cadmium Maximum amount of 
Cd was accumulated 
by peanut plant in the 
shoots making it 
efficient for 
phytoremediation of 
Cd. The highest values 
for Cd uptake were 
recorded in peanut; 
the values were 
56.0–68.9 μg/ plant

Shi and 
Cai (2009)

Salix 
calodendron 
(willow)

Salicaceae Cadmium and 
zinc

The Zn and Cd present 
in the contaminated 
soil could be reduced 
at the rate of 96 and 
5.6 mg Kg−1, 
respectively, over the 
period of 20 years

Rowe et al. 
(2009)

palmarosa and vetiver) are perennial in nature as well as stress tolerant. These quali-
ties make them appropriate for removal of toxicants from the environment. These 
perennial herbs can be planted at the contaminated sites, and they can accumulate 
contaminants in the biomass. The plants can be harvested, and their essential oil can 

1 Phytoremediation: A Multidimensional and Ecologically Viable Practice…



26

be extracted by steam distillation. In this process, the essential oil forms a separate 
layer on the top, and the water containing the contaminants is left in the lower layer; 
the essential oil can be separated and used after its quality assessment (Pandey et al. 
2015).

1.3.4.6  Plants as Hyperaccumulators
Certain plants have the tendency to accumulate larger amount of contaminants from 
the environment without showing adverse effects. These plants can be considered to 
be most ideal in terms of suitability for removal of toxicants. Different researchers 
have put forth several definitions for hyperaccumulator plant species; the plant spe-
cies that can accumulate contaminants (metals, metalloids, etc.) at levels 50–500 
times higher than their concentrations in soil are considered as hyperaccumulators 
(Clemens 2006, Kotrba et al. 2009). Another variation is mentioned by Brooks et al. 
(1998) who state that hyperaccumulators are those plant species which accumulate 
any element from the substrate at concentration 100 times higher than the substrate 
or medium. There are certain standards set for considering any plant as a hyperac-
cumulator; specifically for metals the concentration must be 0.1 weight % as dry 
weight; for Cd it is variable up to 0.01 weight % and 1 % for Zn (Reeves and Baker 
2000). More than 45 families of plants are known to belong to hyperaccumulating 
species and over 450 plants. The number of hyperaccumulating plants is less in 
context to the problem of pollution because of their biomass which is low, their 
slower growth rate and being specific in contaminant accumulation (Chaney et al. 
2005). Few examples of hyperaccumulating plant species have been tabulated in 
Table 1.5. It is seen that the plant family Brassicaceae is dominant in producing 
hyperaccumulators; other families such as Fabaceae and Crassulaceae also contain 
hyperaccumulators. Certain plants that are hyperaccumulators can be made more 
efficient with genetic engineering and with biological amendments (Table 1.6).

1.3.5  Application of Chemical and Biological Amendments 
to Enhance Phytoremediation

Although phytoremediation is an excellent option for the effective removal of con-
taminants from the environment, there are few drawbacks of this technique too. One 
of the major drawbacks is the time taken for complete remediation of a particular 
site which could be as long as 15–20 years, even if hyperaccumulating species are 
used. At the recent past, certain amendments in the process of phytoremediation are 
applied to make it more effective in terms of time and efficiency. Even highly effi-
cient plants exhibit deleterious effects of heavy dosage of contaminants. There is 
usually a reduction in growth and yield of plants due to over accumulation of the 
contaminants. The phytoremediation potential of plant species as well as other 
organisms is being thoroughly studied to find methods to eliminate the risk of 

P. Chakravarty et al.



27

ever- increasing contaminant load. Algae, fungi and bacteria are few organisms 
which have the ability to speed up the process of phytoremediation. Since the past 
few years, researchers are working on making biological amendments to plant spe-
cies to increase their efficiency in remediation of toxicants. The importance of bac-
teria and fungi in increasing plant efficiency for phytoremediation has been dealt in 
this chapter.

1.3.6  Role of Bacteria in Enhancement of Phytoremediation 
Potential of Plants

According to Glick (2010), there are rich population of bacteria near the rhizo-
sphere because of the release of nutrient-rich exudates; these bacteria can degrade 
organic contaminants by phytostimulation or rhizodegradation (Kuiper et al. 2004). 
In context to phytoremediation, the biodegradative bacteria and bacteria that pro-
mote plant growth are very useful. Bacterial species such as Pseudomonas spp. are 
capable of degrading organic xenobiotics with the help of several enzymes pro-
duced on its plasmids (Cork and Krueger 1991; Glick 2010). The bacteria that are 
degradative in nature are capable of converting nonhalogenated compounds in eas-
ily metabolizable compounds catechol or protocatechuate. Halogen-based aro-
matic compounds which are the main constituents of biocides are very slowly 
degraded by plasmid-encoded enzymes (Glick 2010). Growth-promoting bacterial 
species releases phytohormones such as auxin which have a direct effect on the 
plant (Brown 1974; Patten and Glick 1996). A higher concentration of the heavy 
metals in the plant body causes synthesis of stress ethylene and deficiency in iron 
content (Glick 2010). A few bacteria release an enzyme ACC deaminase that is 
capable of lowering the phytohormone ethylene in a plant that is subjected to stress 
(Glick 2010). Another such enzyme IAA is released by IAA bacteria which helps 
in adventitious and lateral root elongation and prevent environmental stress-related 
adverse effects (Lindberg et al. 1985; Frankenberger and Arshad 1995). Table 1.5 
represents few examples of bacteria and associated plants used for phytoremedia-
tion (Table 1.7).

Table 1.6 Example of hyperaccumulator plants used for phytoremediation

Plant species Family Contaminants Reference

Brassica juncea Brassicaceae Ni, Cd, Pb and Zn Sainger et al. (2014)

Astragalus racemosus Fabaceae Heavy metals and 
metalloids

Reeves and Baker 
(2000)

Sedum alfredii Crassulaceae Zn2+ Yang et al. (2006)

Thlaspi caerulescens Brassicaceae Zn2+, Ni2+ and Cd2+ Milner and Kochian 
(2008)

Alyssum sp. Brassicaceae Heavy metals and 
metalloids

Reeves and Baker 
(2000)

1 Phytoremediation: A Multidimensional and Ecologically Viable Practice…
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1.3.7  Role of Fungi in Enhancement of Phytoremediation 
Potential of Plants

According to Glick (2010) almost 90 % of plants that are terrestrial have mycor-
rhizal association. Therefore it is prudently suggested that the beneficial impacts of 
fungi in regard to phytoremediation must also be taken into account to increase the 
efficiency of the plants for the remediation of harmful toxicants. The species of 
fungi that form mycorrhizal association with the plants have proven to increase the 
accumulation and tolerance of contaminants from the soil or water. Few examples 
of fungi and plant association that remediates contaminants have been listed in 
Tables 1.7 and 1.8.

1.3.8  Technological Interventions in Plants Used 
for Phytoremediation

It is said that plants have intrinsic qualities that enable them to detoxify contami-
nants, but there is a lacuna in terms of catabolic pathway which they lack, inhibiting 
complete degradation of the contaminants. Microbes are efficient in this matter and 
can completely degrade xenobiotics (Abhilash et al. 2009). Genetic engineering 
plays a pivotal role in enhancement of the plants’ ability to accumulate and detoxify 
contaminants. Transgenic plants as well as electrokinetic techniques have been 
employed to enhance the phytoremediation potential, and it has been successfully 
implemented. The role of transgenic crops and electrokinetic process in enhance-
ment of phytoremediation potential has been briefly described in this section. For 
the enhancement of phytoremediation potential, another approach has been fol-
lowed by Bauddh and Singh (2015a). The authors have used inorganic fertilizers, 
biofertilizers (Bacillus subtilis and Azotobacter chrocoocum), slow-release fertiliz-
ers and vermicompost to study their effects on accumulation and partitioning capac-
ity of Brassica juncea and Ricinus communis for cadmium. It was found that protein 
content that decreased due to Cd stress was recovered by using biofertilizers. The 
use of biofertilizers increased metal accumulation, whereas vermicompost decreased 
bioaccumulation by the plants. The biofertilizers and vermicompost increased the 
overall health of the plants. Ricinus communis was found to be more tolerant and 
accumulated more Cd than Brassica juncea.

1.3.8.1  Transgenic Plants and Phytoremediation
Earlier applied only for inorganic pollutants; gradually, transgenic plants have pro-
gressed towards remediation of organic pollutants such as explosives, chlorinated 
solvents and hydrocarbons (Salt et al. 1998; Pilon-Smits 2005). Heavy metals were 
the first contaminants to be remediated by transgenic plants using tobacco plant 
which expressed a metallothionein gene to create higher tolerance for cadmium and 
Arabidopsis thaliana plant which overexpressed a reductase gene mercuric ion for 
creating more tolerance to Hg ( Misra and Gedamu 1989; Rugh et al. 1996). The 
plants that have been developed with transgenes are used in two ways for 

1 Phytoremediation: A Multidimensional and Ecologically Viable Practice…



30

Ta
b

le
 1

.8
 

M
yc

or
rh

iz
al

 f
un

gi
 u

se
d 

fo
r 

en
ha

nc
em

en
t o

f 
ph

yt
or

em
ed

ia
tio

n

Pl
an

t s
pe

ci
es

Fa
m

ily
Fu

ng
i

C
on

ta
m

in
an

ts
R

em
ar

ks
R

ef
er

en
ce

s

A
pi

um
 g

ra
ve

ol
en

s 
(c

el
er

y)
A

pi
ac

ea
e

G
lo

m
us

 
m

ac
ro

ca
rp

um
C

d
T

he
 C

d2+
 a

cc
um

ul
at

io
n 

in
cr

ea
se

d 
in

 th
e 

ro
ot

s,
 b

ut
 

it 
w

as
 f

ou
nd

 th
at

 th
e 

tr
an

sl
oc

at
io

n 
of

 th
e 

m
et

al
 to

 
sh

oo
ts

 w
as

 d
im

in
is

he
d

K
ap

oo
r 

an
d 

B
ha

tn
ag

ar
 (

20
07

)

O
ry

za
 s

at
iv

a
Po

ac
ea

e
G

lo
m

us
 v

er
si

fo
rm

e,
 

G
. m

os
se

ae
 a

nd
 G

. 
di

ap
ha

nu
m

Z
n,

 P
b,

 C
u 

an
d 

C
d

T
he

 r
oo

t a
nd

 s
ho

ot
 b

io
m

as
s 

in
cr

ea
se

d 
w

he
n 

th
e 

pl
an

ts
 w

er
e 

in
oc

ul
at

ed
 w

ith
 th

e 
ar

bu
sc

ul
ar

 
m

yc
or

rh
iz

al
 f

un
gi

, a
nd

 th
e 

ac
cu

m
ul

at
io

n 
of

 th
e 

he
av

y 
m

et
al

s 
in

 th
e 

ro
ot

s 
w

as
 f

ou
nd

 to
 b

e 
hi

gh
, 

bu
t l

ow
er

 tr
an

sl
oc

at
io

n 
w

as
 f

ou
nd

 in
 th

e 
ae

ri
al

 
pa

rt
s

Z
ha

ng
 e

t a
l. 

(2
00

5)

Z
ea

 m
ay

s
Po

ac
ea

e
G

lo
m

us
 m

os
se

ae
C

d
T

he
 C

d 
up

ta
ke

 b
y 

th
e 

pl
an

ts
 in

cr
ea

se
d 

by
 

in
oc

ul
at

io
n 

of
 G

. m
os

se
ae

M
al

ek
za

de
h 

et
 a

l. 
(2

01
1)

P
te

ri
s 

vi
tt

at
a

Pt
er

id
ac

ea
e

G
lo

m
us

 in
tr

ar
ad

ic
es

, 
G

. g
eo

sp
or

um
 a

nd
 G

. 
m

os
se

ae

A
s

T
he

 s
tu

dy
 f

ou
nd

 th
at

 p
la

nt
 g

ro
w

th
 in

cr
ea

se
d,

 a
nd

 
ni

tr
og

en
, p

ho
sp

ho
ru

s 
an

d 
ch

lo
ro

ph
yl

l c
on

te
nt

s 
al

so
 w

er
e 

fo
un

d 
to

 b
e 

si
gn

ifi
ca

nt
ly

 h
ig

he
r

L
eu

ng
 e

t a
l. 

(2
01

0)

C
al

op
og

on
iu

m
m

uc
un

oi
de

s
Fa

ba
ce

ae
G

lo
m

us
 e

tu
ni

ca
tu

m
Pb

T
he

 in
oc

ul
at

ed
 p

la
nt

s 
sh

ow
ed

 h
ig

he
r 

co
nc

en
tr

at
io

n 
of

 m
et

al
s 

in
 th

e 
ro

ot
s 

bu
t l

ow
er

 
co

nc
en

tr
at

io
n 

in
 th

e 
sh

oo
ts

de
 S

ou
za

 e
t a

l. 
(2

01
2)

P. Chakravarty et al.



31

phytoremediation purpose: first is the use of transgenes for metabolizing the con-
taminants and second is the use of transgenes to increase the resistance of the plants 
towards the toxicants (Abhilash et al. 2009). Some examples of transgenic plants 
used for remediation of contaminants have been listed below in Tables 1.7 and 1.9.

1.3.8.2  Role of Electrokinesis for Enhanced Phytoremediation
In situ treatment of contaminated sites can be done by the techniques associated 
with electrokinetic remediation (Reddy and Cameselle 2009). In this technique the 
contaminated soil is subjected to electric potential directly by inserting electrodes 
into the ground. Various transport processes and reactions are induced by the elec-
tric potential; this causes the movement of contaminants towards the oppositely 
charged electrodes. The mobilization of the toxicants occurs by two processes: (a) 
electromigration is a process in which the contaminants move towards the elec-
trodes of opposite charge and (b) electro-osmosis is a process in which the net flux 
of water is induced by electric field through structure of soil that is porous in nature. 
Usually, the particles of soil are charged negatively; thus they move towards the 
cathode (Cameselle and Reddy 2012). Phytoremediation coupled with electroki-
netic techniques have a promising future and need to be researched further for con-
taminants like heavy metals and others as well. Several researchers imply 
electrokinetics during cultivation of plants in contaminated sites and have been 
found that the application of electrokinetics enhanced the bioaccumulation of con-
taminants (Tables 1.8 and 1.10).

1.3.9  Multitasking Approach of Phytoremediation

It is known that all plants provide innumerable benefits to the ecosystem. We are 
aware of only a small fraction of ecosystem services that is provided by the plants. 
Hence, the preference of plants over traditional techniques for remediation of con-
taminants is understandable. The traditional methods would only address the prob-
lem of the contaminants, but when plants are applied for the same purpose, several 
added advantages would be achieved (Fig. 1.10). The first and the foremost advan-
tage of phytoremediation is the release of oxygen by the plant which would be a 
major boon. The second merit would be the carbon sequestration by the plants. It is 
well known that plants are the major storehouses of carbon. If trees are used for 
phytoremediation, a large amount of CO2 can be fixed by the plants which would 
help in curbing the greenhouse effect. The use of bioenergy crops for phytoremedia-
tion would remove the contaminant along with energy generation; this would be a 
very major advantage for the people as well as the environment. As phytoremedia-
tion is a solar energy-driven process, using plants, the energy may be used up in 
application of the traditional methods. If the plants used for the remediation of con-
taminants are cash crops, they would provide employment for the masses. This is 
the most important merit for the humans especially the ones living in the developing 
countries. Employment generation would boost the application of plants for 

1 Phytoremediation: A Multidimensional and Ecologically Viable Practice…



32

Ta
b

le
 1

.9
 

T
ra

ns
ge

ni
c 

cr
op

s 
us

ed
 in

 p
hy

to
re

m
ed

ia
tio

n

Pl
an

t s
pe

ci
es

Fa
m

ily
G

en
e

C
on

ta
m

in
an

ts
R

em
ar

ks
R

ef
er

en
ce

s

N
ic

ot
ia

na
 

ta
ba

cu
m

So
la

na
ce

ae
N

fs
l

T
ri

ni
tr

ot
ol

ue
ne

T
he

 g
en

e 
re

le
as

ed
 th

e 
ni

tr
or

ed
uc

ta
se

 e
nz

ym
e 

w
hi

ch
 

re
m

ov
ed

 a
 la

rg
e 

am
ou

nt
 o

f 
T

N
T

 f
ro

m
 th

e 
so

lu
tio

n 
an

d 
re

du
ce

d 
T

N
T

 to
 f

or
m

 4
-h

yd
ro

xy
la

m
in

o-
2,

 
6-

di
ni

tr
ot

ol
ue

ne

H
an

ni
nk

 e
t a

l. 
(2

00
1)

, (
20

07
)

O
ry

za
 s

at
iv

a
Po

ac
ea

e
C

Y
P1

A
1

Si
m

az
in

e 
an

d 
at

ra
zi

ne
C

yt
oc

hr
om

e 
P4

50
 m

on
oo

xy
ge

na
se

 e
nz

ym
e 

w
as

 
su

cc
es

sf
ul

ly
 in

co
rp

or
at

ed
 to

 r
em

ed
ia

te
 x

en
ob

io
tic

s 
si

m
az

in
e 

an
d 

at
ra

zi
ne

K
aw

ah
ig

as
hi

 e
t a

l.
(2

00
5)

So
la

nu
m

 
tu

be
ro

su
m

So
la

na
ce

ae
C

Y
P1

A
1,

 
C

Y
P2

B
6 

an
d 

C
Y

P2
C

19

H
er

bi
ci

de
s 

an
d 

su
lp

ho
ny

lu
re

a
T

he
 e

nz
ym

e 
cy

to
ch

ro
m

e 
P4

50
 m

on
oo

xy
ge

na
se

 
in

cr
ea

se
d 

re
si

st
an

ce
 o

f 
th

e 
pl

an
ts

 to
w

ar
ds

 s
ul

ph
on

yl
ur

ea
 

an
d 

ot
he

r 
he

rb
ic

id
es

In
ui

 a
nd

 O
hk

aw
a 

(2
00

5)

B
ra

ss
ic

a 
ju

nc
ea

B
ra

ss
ic

ac
ea

e
γ-

E
C

S,
 G

S 
γ-

1-
ch

lo
ro

-2
,4

- 
di

ni
tr

ob
en

ze
n,

 
ph

en
an

th
re

ne
, 

m
et

ol
ac

hl
or

 a
nd

 
at

ra
zi

ne

T
he

 tw
o 

en
zy

m
es

 g
lu

ta
m

yl
cy

st
ei

ne
 s

yn
th

et
as

e 
an

d 
gl

ut
at

hi
on

e 
sy

nt
he

ta
se

 d
er

iv
ed

 f
ro

m
 th

e 
ge

ne
 s

ou
rc

ed
 

by
 th

e 
pl

an
t i

ts
el

f 
re

su
lte

d 
in

 in
cr

ea
se

d 
to

le
ra

nc
e 

to
w

ar
ds

 1
-c

hl
or

o-
2,

4-
 di

ni
tr

ob
en

ze
ne

, p
he

na
nt

hr
en

e,
 

m
et

ol
ac

hl
or

 a
nd

 a
tr

az
in

e

Fl
oc

co
 e

t a
l. 

(2
00

4)

N
ic

ot
ia

na
 

ta
ba

cu
m

So
la

na
ce

ae
L

A
C

B
is

ph
en

ol
 A

 a
nd

 
PC

P
T

he
 e

nz
ym

e 
la

cc
as

e 
w

as
 s

ec
re

te
d 

in
to

 th
e 

rh
iz

os
ph

er
e,

 
an

d 
th

is
 h

el
pe

d 
in

 r
em

ov
al

 o
f 

th
e 

po
llu

ta
nt

s 
bi

sp
he

no
l A

 
an

d 
PC

P

So
no

ki
 e

t a
l. 

(2
00

5)

A
da

pt
ed

 a
nd

 m
od

ifi
ed

 f
ro

m
 A

bh
ila

sh
 e

t a
l. 

(2
00

9)

P. Chakravarty et al.



33

Table 1.10 Plants used in phytoremediation treated with electric current

Plant species Family Contaminants Remarks References

Lactuca sativa 
(lettuce)

Asteraceae Cd In the hydroponic 
culture, the nutrient 
solution and Cd were 
added; the plant was 
subjected to 1 V cm −1 
AC current for 60 days 
for remediation of Cd

Bi et al. (2010)

Lolium sp. 
(ryegrass )

Poaceae Cu, Cd and As The DC of 30 V was 
applied after 5 days 
of germination for 90 
days or remediation 
of As, Cu and Cd

O’Connor et al. 
(2003)

Solanum 
tuberosum

Solanaceae Zn, Pb, Cd and 
Cu

For remediation of 
the heavy metals, AC 
or DC 500 mA for 90 
days after 30 days of 
plantation was 
applied

Aboughalma 
et al. (2008)

Brassica 
juncea

Brassicaceae Zn, Pb, Cd and 
Cu

For a period of 16 
days,8 h a day each 
direct current was 
applied for 
remediation of the 
heavy metals

Lim et al. (2004)

Poa pratensis 
(Kentucky 
bluegrass)

Poaceae Pb Remediation of Pb 
was done after adding 
urea to the plants and 
applying DC 
continuously for 15 
days at 500 mA 
intensity

Putra et al. 
(2013)

Adapted and modified from Cameselle et al. (2013)

phytoremediation as the plants can be harvested for their parts, and the pollutants 
can be removed at the same time. It would help in the overall societal development 
and improve the ambient environment.

1.3.10  Economic Feasibility of Phytoremediation 
Over Conventional Methods

Any technology or process needs to be economically feasible to be practically 
applied. It is same in the case of the phytoremediation also as the process needs to 
be beneficial in terms of monetary gains as well. It has been found that using plants 
for remediating pollutants has indeed been superior to traditional techniques in 
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monetary terms. Table 1.9 is a compilation of comparison of the cost between phy-
toremediation and traditional techniques of studies conducted by several authors 
like Black (1995), Jipson (1996), Plummer (1997), Wang and Wan (2013), etc. 
Traditional techniques have cost more than the phytoremediation processes making 
phytoremediation feasible for implementation. Phytoremediation is more economi-
cally beneficial than traditional techniques because of the additional merits such as 
energy generation, food production, essential oil production, timber production and 
several other ecosystem and societal services (Table 1.11).

Phytoremediation

Removal of 
Contaminants

Societal 
Development

Employment 
Generation

Carbon 
Sequestration

Energy  
Generation and 
Energy Saving 

Fig. 1.10 Additional merits of phytoremediation

Table 1.11 Cost comparison between phytoremediation and traditional methods for contaminant 
removal

Contaminants

Estimated cost 
of traditional 
techniques

Estimated cost of 
phytoremediation Reference

Petroleum hydrocarbons $850,000 $70,000 Jipson (1996)

Heavy metals $250 per cubic 
yard

$80 per cubic yard Black (1995)

Lead (10 acres) $12 million $500,000 Plummer 
(1997)

Nitrogen and phosphorous 
(present in water causing 
eutrophication and algal 
bloom)

– 121.1 Yuan/ton of water 
hyacinth (shadow price) 
1,332,581 Yuan (annual 
cost)

Wang and 
Wan (2013)
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1.3.11  Constraints of Phytoremediation

All technologies and processes comprise of some pros and cons, and this is also 
applicable in the case of phytoremediation. Phytoremediation is a time-taking pro-
cess as a long time taken for maximum removal of contaminants from the site; even 
then complete removal of the contaminants is not guaranteed. After excavation, 
incineration or disposal might take maximum time in months to accomplish the 
task, whereas phytodegradation or phytoextraction might take several years 
(Mwegoha 2008). The phytoremediation process is dependent on edaphic factors 
and soil chemistry where the soil pH, conductivity, porosity, nutrient levels and 
presence of soil microbes are instrumental in deciding the uptake mechanisms of 
the plants. Climatic factors are also very essential in determining the uptake mecha-
nisms, and climatic stress can cause lower phytoremediation potential of the plants. 
Toxicants are known to have detrimental effects on the plant bodies; even hyperac-
cumulators exhibit negative impacts after prolonged exposure to the toxicants. 
Therefore, over a period of time, the efficiency of the plants for phytoremediation 
reduces making the process unfeasible. Another factor that might hamper the phy-
toremediation potential of the plant is the age of the plant. Younger plants are said 
to accumulate more contaminants that the older plants. Some studies suggest that 
older plant having more biomass accumulates more toxicants in total which can 
compensate for their lower physiological activities (Tu et al. 2004). Overall despite 
several constraints, phytoremediation proves to be an environment-friendly and 
sustainable approach which can be implemented effectively.

Time Taking 

Process 

Edaphic Factor

Dependent

Climatic factor 

Dependent

Adverse Impact of 
toxicants on the Plants

Process dependent 

on plant age

•The plants are able to remediate the site after many
seasons of growth, even then complete removal of
contaminants is not confirmed.

• The growth of the plant and phytoremediation potential is
dependent on the edaphic factors . Soil chemistry and factors
such as soil pH, conductivity, porosity, nutrient levels and
presence of soil microbes determine the growth of the plant
and in turn affect phytoremediation potential.

•Cimatic conditions play major role in detrmining the growth
and uptake mechanisms of the plant.
•In times of droughts and floods, the plant may be facing

abiotic and biotic stress and the phytoremediation potential
of the plants will become low.

•Exposure to high levels of toxicants may lower the yield of the
plant and affect the overall health of the plant which would affect
the phytoremediation. The highl evels of toxicant accumulation in
the plants would be very harmful if edible crops are used for
phytoremediation and might cause bioaccumulation and
biomagnification.

•It is observed that younger plants are better at accumulating
toxicants than older plants. so phytoremediation potential
would differ and might reduce with the ageing of the plant.

Fig. 1.11 Constraints of phytoremediation (Tu et al. 2004; Mwegoha 2008)
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1.4  Conclusions

At present era, phytoremediation provides a solution to the most disastrous problem 
of pollution that is faced by mankind. Phytoremediation not only addresses the 
problem of pollution but also provides several ecosystem services along with mak-
ing it a viable and feasible approach. Especially the use of bioenergy crops, aro-
matic plants and tree species can result in a holistic development of the ecosystem 
and its population. Being economically feasible, it can be encouraged to be adapted 
by the masses for decontamination of the sites. A wide range of contaminants can be 
remediated by plants at a lower cost which is a commendable feat. Technological 
and biological amendments can be made to increase the efficiency of the plants for 
the remediation of the contaminants. It is of immense importance for the sake of our 
environment to promote phytoremediation.

Acknowledgement Dr. Kuldeep Bauddh is thankful to UGC for the award of UGC Start-up grant 
(3(B):2202.03.789.03.01.31).
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Abstract
Bioenergy is a renewable form of energy generated from the biomass. It holds 
great potential to provide energy security as it can be produced from locally 
available biomass resource into various forms. This chapter discusses the various 
bioenergy forms, feedstocks such as energy crops and waste biomass, used for 
the bioenergy generation. The chapter also deals with the socio-economic and 
environmental impacts of the bioenergy usage. The integrated approach of cou-
pling phytoremediation and bioenergy production is also discussed.

Keywords
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2.1  Bioenergy

Bioenergy is the sustainable solution for ever-increasing energy demands. Currently 
fossil fuels are catering to the global energy demands. Fossil fuels are limited and 
non-renewable resources and also significantly contribute towards the increased 
carbon dioxide in the atmosphere. In quest for the renewable energy supply and to 
mitigate the climate change constraints globally, bioenergy is gaining interest. 
Currently 14% of the global energy demand is catered by the bioenergy from bio-
mass. Biomass can be converted to the electricity, heat or liquid biofuels with 
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advanced technologies. The International Energy Agency has set its goal to achieve 
25% of the global transportation fuel demand through biofuels by 2050 (Pandey 
et al. 2016). Many countries have set the specifications for blending the biofuels, in 
order to achieve energy security, reduce dependence on fossil fuel and mitigate 
carbon dioxide emission.

Biomass is a broad term which includes energy crops, residues and other biologi-
cal materials which can be used to produce different renewable energy forms. 
During generation of biomass, carbon dioxide is utilized, while use of bioenergy 
emits the carbon dioxide which results in carbon neutral cycle. Biomass can be 
categorized in three types depending upon its origin. Primary biomass includes pho-
tosynthetically generated biomass which is directly taken from the land, e.g. short 
rotation woody crops, oilseeds, herbaceous plants and agriculture and forestry resi-
dues (McKendry 2002). Secondary biomass includes chemically, physically or bio-
logically treated primary biomass. Tertiary biomass includes the waste material 
after use such as used cooking oil, animal fats and grease and solid waste material.

Biomass can be directed towards various forms of bioenergy depending upon its 
composition. The bioenergy includes liquid transportation biofuels such as bioetha-
nol and biodiesel, electricity and heat generated from woodchips and biomass and 
gaseous energy forms such as biomethane and biohydrogen. Liquid biofuels are the 
major section of the bioenergy. Biomass rich in sugars and starch is most suitable 
for bioethanol production. Biomass rich in oil is directed towards the biodiesel pro-
duction. Solid waste biomass can be primarily utilized for biomethane generation 
via anaerobic digestion and also for liquid biofuels.

Energy from biomass is directly associated with the crops, forest and ecosystem 
unlike other renewable energy sources such as wind and solar. Because of this the 
use of biomass has immediate effect on the environment and society both positive 
and negative. The major negative impact is the ‘food vs. fuel’ debate. First-generation 
biomass includes food crops such as corn, vegetable oils, etc. Limited arable land is 
also a major constraint. Thus, growing the energy crops for biomass on nonagricul-
tural land is imperative to mitigate this challenge. Phytoremediation is used for 
contaminated lands. Bioenergy plantation can serve both purposes of biomass gen-
eration as well as phytoremediation. This integrated approach is gathering interest 
for providing energy security and cleaner environment.

2.2  Bioenergy Forms

2.2.1  Combustion: Heat and Power

Heat is a form of energy that is due to the random motion of atoms and molecules, 
whereas power is the rate of energy use. Power is calculated as energy divided by 
time. Biomass on combustion generates heat which can be used for cooking and 
electricity production. In power plants biomass is used to generate high-pressure 
steam via combustion and used to run the turbines. There are two types of engines 
used in transport sector: spark ignition and compression ignition (CI). While the 
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former runs on gasoline, the latter runs on mineral diesel. High fuel conversion 
efficiency is obtained upon combustion of mineral diesel in CI engine as compared 
to combustion of gasoline in spark ignition engine. However, high emission of soot 
and NOX occurs due to rapid auto-ignition of mineral diesel upon combustion when 
compressed inside the cylinder along with heterogeneous air.

Bioenergy is an alternate for the non-renewable and polluting fossil fuel. It is 
reported that 95–97% of the world’s bioenergy is being produced by direct combus-
tion of biomass. However, direct combustion results in generation of high amount of 
ash (on ground and in ambient air) that restricts its application (Vassilev and 
Vassileva 2016). Combustion of fuels containing carbon results in the emission of 
carbon dioxide. The carbon-containing fuel includes biomass, wood, coal, oil, 
petroleum and its subordinates. The oxygen content in biofuels (viz. biodiesel) 
ensures a better combustion as compared to fossil fuels. The oxygen reacts with the 
unburned carbon atoms during combustion, and thereby, a higher concentration of 
CO2 and a lower concentration of CO are produced (Imdadul et al. 2016). The two 
prominent sectors responsible for CO2 emissions are electricity generation and 
transport. Combustion of biomass as fuel retards the net emission of CO2 in the 
atmosphere making it a green fuel (as a subsequent amount of carbon has already 
been sequestered by the plant during photosynthesis when it was alive) (Johnston 
and van Kooten 2016). Schönnenbeck et al. (2016) report that prior to the combus-
tion process, moisture content from the biomass needs to be reduced to abate the 
release of high concentrations of CO, volatile organic compounds and particulates. 
Hence, to enhance the efficiency of biomass as fuel, it needs to be converted or 
transformed to a higher grade (viz. bioethanol, biomethane, biohydrogen, biodiesel) 
by various processes and techniques.

2.2.2  Gaseous Energy Forms

The gaseous energy forms include natural gas and biogas (both of which have meth-
ane as its major constituent), butane and propane. While some of the energy forms 
are non-renewable, others belong to the renewable energy category. Globally, oil 
and natural gas provide 70–80% of primary energy. However, the percentage con-
sumption of oil is quite high in Middle East countries and the coal is the dominant 
fuel in Asian countries. Natural gas exists in trapped form in between shale rocks 
named as ‘shale gas’. It has recently been trapped in the USA and constitutes a sig-
nificant fraction of natural gas supply. Methane is also found in frozen form trapped 
in oceans as methane hydrates. These methane hydrates are found in deep ocean 
waters that are cold enough to provide high pressure and low temperature. Methane 
is also being tried to recover from coal bed where it is present in substantial amount. 
Butane is the main component of petroleum gas that is liquefied and used as fuel for 
heating, cooking and other purposes. Another gaseous fuel is synthetic gas, i.e. a 
mixture of carbon monoxide and water, and is commonly produced by gasification 
of a lower-grade coal.
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Biomass if converted to gaseous energy forms can be used easily for various 
purposes. Various gaseous energy forms can be produced from biomass, viz. bio-
methane, biohydrogen, etc. Among the renewable, biogas, is a mixture of methane 
and carbon dioxide. The common mode of production of biogas is gasification, a 
thermochemical process. Methane is also produced by anaerobic digestion (the 
other name being anaerobic fermentation) of biomass (Botkin and Keller 1996). 
Hydrogen is another renewable gaseous fuel that is produced either from natural gas 
(through steam reforming) or water (through electrolysis, thermolysis or photoly-
sis). Biohydrogen can be produced from the biomass and it is considered as clean 
energy source. The advantage with hydrogen is its being a clean fuel as it gives 
water as a product during combustion. Its major disadvantage is its high manufac-
turing cost and safety issues during transportation. Hence, it is mostly used near the 
site of its production.

2.2.3  Liquid Biofuels

Transportation fuel demands (up to 98%) are mainly supplied by petroleum. Use of 
petroleum fuels is associated with energy security and emission concerns. Biofuels 
such as biodiesel and bioethanol can be locally produced and considered as carbon 
neutral. Liquid biofuels such as biodiesel and bioethanol have the advantage of 
usage in existing vehicle engines without any major modification required in the 
engine. The advantage of liquid biofuels (biodiesel and bioethanol) over gaseous 
biofuels (biomethane and biohydrogen) is the ease of storage and transportation of 
the former over the latter. The liquid biofuels also have high hydrogen content as 
compared to gaseous biofuels (Singh et al. 2014). Among the liquid biofuels, bio-
ethanol production has gained attention specifically in Europe, the USA, Brazil and 
few Asian countries. Bioethanol is produced by fermentation process involving 
feedstocks, such as sugarcane, or any grain (viz. corn, wheat). A litre of ethanol is 
comprised of 66% of energy compared to a litre of petrol (Nigam and Singh 2011). 
Ethanol has higher octane level; thus, if blended with petrol, it improves the perfor-
mance and also reduces the emission. The other liquid biofuel, biodiesel, is obtained 
from a variety of feedstock oil (edible and nonedible, waste cooking and frying oil, 
waste animal and fish oil and microalgae). Biodiesel can also be blended with diesel 
fuel to be used as a transport fuel. It is prepared by the process called transesterifica-
tion using chemical or enzymatic catalysts.

Biofuels can be classified based on the feedstock used for their production. First- 
generation biofuels include bioethanol produced from crops such as sugarcane, 
maize and corn and biodiesel produced from oilseeds. Second-generation biofuels 
are produced from nonedible lignocellulosic biomass or nonedible oil plants. Third- 
generation biofuels are produced from the microorganisms and waste materials. 
First-generation biofuels are currently produced at commercial scale in many coun-
tries. First-generation biofuels are directly associated with the food security con-
cerns. Second-generation biofuels address the food security issue and, however, are 
associated with land requirement and complex conversion process. Third- generation 

A. Guldhe et al.



51

biofuels are still at its early stages and need to be investigated thoroughly for its 
commercial-scale production. Liquid biofuels hold the promising potential to cater 
the energy demand of transportation sector.

2.3  Plant-Based Feedstocks for Bioenergy

2.3.1  Oil Crops

The biodiesel is mono alkyl esters of long-chain fatty acids derived from vegetable 
and nonedible oils in form of acylglycerol via transesterification process. The oil-
seeds contain droplets of lipids which can be extracted for biodiesel generation. The 
lipids mainly include triacylglycerol. The fatty acid chain lengths generally range 
from 10 to 24 carbon atoms. The oil for biodiesel production can be derived from 
vegetable oilseeds such as soybean and rapeseed or nonedible oils such as Jatropha 
oil (Jatropha curcas) and karanja oil (Pongamia pinnata). Currently 85% of the 
world biodiesel production comes from the rapeseed oil, 13% from sunflower oil, 
1% from sunflower oil and 2% from soybean and other oils (Gui et al. 2008). Use of 
edible oil resources for biodiesel generation is not sustainable because of food secu-
rity issue. Various nonedible feedstocks such as jatropha, castor, karanja and rubber 
seed have been gaining interest to resolve the food security concern. Nonedible oil 
crops can be grown on unproductive nonagricultural lands and degraded forests. 
Suitability of oil crop for biodiesel production depends upon a number of factors 
such as oil content, adaptability to the local climate, fatty acid profile, etc.

2.3.2  Woody Feedstock

Wood is the predominant biomass used in developing countries for energy genera-
tion. It is mostly used for non-commercial purposes in heating and cooking stoves. 
Woody biomass is also composed of lignocellulose which can be converted to bio-
ethanol. Cellulosic content of woody biomass can be broken down into fermentable 
sugars which can eventually be converted to bioethanol. Woody biomass can be 
obtained from various sources. These sources include short rotation woody crops, 
forest wood, residues from timber and milling process and sawdust. Short rotation 
woody crops most commonly grown include poplars (Populus spp.) and willow 
(Salix spp.) which are grown for a short duration of time with intensive crop man-
agement. Short rotation woody crops along with biofuel production are also used 
for paper and pulp industry and saw timber. Energy from woody biomass contrib-
utes to only 3–4% of total energy in industrialized countries, while it accounts for 
more than 30% of the total energy in developing countries (Rockwood et al. 2004). 
In many parts of the world, wood is the only locally available energy source. Woody 
biomass can be easily collected and converted to usable forms. Increasing energy 
demands are causing deforestation to supply woody biomass. There is a need to 
produce the woody biomass with proper integration and management to cater the 
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energy needs of developing countries. Agroforestry is the possible solution for sup-
ply concerns of the woody biomass. Woody biomass has several challenges for its 
use as a bioenergy feedstock. Woody biomass is not cost competitive compared to 
fossil fuels.

2.3.3  Energy Crops

Producing biomass for energy using agricultural land is increasing to meet the 
renewable energy production demands. Energy crops are classified into two groups: 
annual crops, i.e. crops grown and ready for harvest in one season such as wheat and 
maize, and perennial crops, i.e. crops which grow over a period of more than 2 years 
such as Miscanthus and Salix. Annual crops require higher input of fertilizers espe-
cially N source than the perennial crops. Biomass generated from energy crops can 
be used for heat and power generation as well as liquid biofuels. First-generation 
biodiesel and bioethanol are mainly produced from the annual energy crops such as 
oilseeds, corn, maize, etc. Second-generation biofuels are mostly synthesized from 
lignocellulosic biomass of perennial crops. Energy crops can also be classified 
depending upon their major constituent that can be used as a bioenergy feedstock. 
Starch crops such as wheat and corn, sugar crops such as sugarcane and beet, forage 
crops such as grasses and alfalfa and oilseed crops such as rapeseed and sunflower 
are the different types of energy crops (Demirbas 2001). Starchy cop corn is being 
used as a major feedstock for bioethanol production with 60 billion litres produced 
in 2012 followed by sugarcane with 20 billion litres globally (Ho et al. 2014). 
Bioethanol production from sugar crops is an easy process where sugars (mostly 
C6) are fermented using yeast. Starch crops need to be first hydrolysed to ferment-
able sugars and then fermented to bioethanol and are thus more energy intensive. 
The common oil crop in Europe is rapeseed; in the USA and Latin America, soy-
bean; and in Asian countries, palm and coconut oil (Ho et al. 2014). Selection of 
energy crops depends upon the quality of biomass, adaptability towards local soil 
and climate conditions. Competition of energy crops for land with the food crops is 
the major sustainability concern associated with socio-economic and environmental 
impact.

2.4  Microorganisms for Bioenergy

2.4.1  Microalgae

Microalgae have emerged as the promising third-generation feedstock for biofuel 
production. Microalgae provide several benefits over the conventional first- and 
second-generation energy crops. Microalgae have faster growth rates, it can be 
grown in different climatic conditions (wastewater can be used as a growth medium) 
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and have minimum land requirements due to high productivities (Singh et al. 2015). 
Biodiesel has been the primary focus while considering microalgal biomass for bio-
energy production. Microalgae can accumulate up to 20–80% of lipids based on 
their dry weight (Singh et al. 2016). Lipid accumulation capabilities can be enhanced 
by subjecting it to stress conditions or adapting specific cultivation strategies. 
Microalgae can also be utilized for the generation of biomethane, biohydrogen and 
bioethanol. Microalgal biomass can be used to produce more than one biofuel in an 
integrated biorefinery concept (Singh et al. 2015). Oil can be extracted from micro-
algal biomass for biodiesel production, while lipid-extracted biomass can be used 
for bioethanol or biomethane generation. However, commercial-scale cultivation of 
microalgae is still a bottleneck due to high production cost. Fundamental research 
is needed for suitable strain selection and engineering, reducing the technological 
challenges and improving the economics of microalgal mass cultivation.

2.4.2  Bacteria

Bacteria are associated with bioenergy production directly as a feedstock or indi-
rectly as a conversion tool for other feedstock. Microbial fuel cell generates electri-
cal energy by converting energy stored in chemical bonds by catalytic reactions of 
bacteria. Bacteria as a feedstock for bioenergy generation are scarcely exploited 
area. However, its use as a conversion agent for production of different bioenergy 
forms such as biomethane, biohydrogen and bioethanol has been extensively stud-
ied. Biohydrogen can be produced from dark fermentation of organic substrates by 
anaerobic bacteria. However, this technology is still not mature enough to reach 
commercial-scale production. Biomethane is produced from various organic waste 
materials and also from some energy crops. Various bacteria play a role in the pro-
cess of biomethane generation. Bacteria are responsible for hydrolysis of complex 
compounds into simpler ones; in acetogenesis acetic acid and carbon dioxide are 
produced, and finally methanogens produce methane, carbon dioxide and some 
amounts of NH3 and H2S. Bacteria can be engineered genetically to perform effi-
ciently in bioenergy production process. More research and development work is 
needed to exploit the potential of bacteria for bioenergy production.

2.4.3  Fungus

Fungus and yeasts can accumulate lipids as high as 70% of their dry cell biomass. 
Rhodotorula sp., Candida sp., Lipomyces sp., Aspergillus sp. and Mortierella sp. 
are some of the efficient oleaginous fungus and yeasts used for biodiesel production. 
Unlike microalgae, biomass of fungus and yeast can be produced in conventional 
microbial bioreactor at much lower cost. This gives advantage of higher biomass 
and lipid yields at minimum input cost. Oleaginous fungus has not been studied 
thoroughly for its application as a biodiesel feedstock. Vicente et al. (2009) studied 
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filamentous fungus Mucor circinelloides for production of biodiesel. This fungus 
showed lipid accumulation of around 19% based on the dry cell weight. The fungal 
lipids in this study were composed of more than 85% of the saponifiable lipids and 
showed suitable lipid profile for biodiesel production. Further investigations are 
needed to explore high lipid accumulating fungus, lipid accumulation enhancement 
strategies and extraction techniques to make this technology sustainable and eco-
nomically viable.

2.5  Bioenergy from Waste

2.5.1  Agro-industrial Waste Biomass

The use of agro-industrial residues for bioenergy production has attracted the great 
attention in the recent years. Many types of agro-industrial wastes are available, 
which include crop residues, pulp from juice industry, pomace or residues from oil 
industry, etc. These wastes can be converted into three types of potential energy 
forms, viz. bioethanol, biohydrogen and biogas. Figure 2.1 depicts the various 
energy forms and processes involved in their production. The use of agro-industrial 

Fig. 2.1 Schematic representation of various processes involved for bioenergy production from 
agro-industrial wastes

A. Guldhe et al.



55

waste biomass for bioenergy is important due to environmental concerns related to 
their disposal. It has been estimated that ethanol demand could surpass 125 billion 
litres by 2020, and current agricultural status could not support the increasing future 
ethanol demand (Bohlmann 2006). Bioethanol production from agro-industrial 
wastes could be a beneficial approach producing energy alternate to fossil fuel, as it 
does not involve food substrates.

There is huge generation of agro-industrial wastes throughout the world every 
year. These agro-wastes mainly consist of lignocellulose, starch, simple sugars (glu-
cose, fructose, etc.) disaccharide (sucrose), polysaccharides (pectin, inulin, xylans 
and galactoxylans), nitrogen, minerals, lipids or a mixture of them in different pro-
portions into their biomass. The residues from oil agro-industries are of special 
interest for fermentative processes, due to the presence of large amounts of carbo-
hydrates, nitrogen, residual oil and minerals. Lignocellulosic biomass from agro- 
wastes is the most difficult biomass for bioenergy conversion, since it consists of 
three types of polymers – cellulose, hemicellulose and lignin (Lim and Matu 2014). 
The conversion of lignocellulosic biomass to bioethanol requires pretreatment for 
efficient utilization of starch- and hemicellulose-derived carbohydrates. There are 
two types of methods involved in the pretreatment (saccharification) of lignocellu-
losic wastes – chemical and biological treatment. The chemical pretreatment 
involves hydrolysis of biomass using acids and alkali, ozonolysis, etc. The most 
crucial factors affecting the efficiency of acid hydrolysis are temperature, retention 
time and acid concentration. Dilute acid hydrolysis is considered to be a low-cost 
technology with high reaction rates for the conversion of hemicellulose to ferment-
able sugars (Chandel et al. 2012). Appropriate acid concentrations are very crucial 
for industrial scale, because sometimes acid decomposes the hemicellulose, 
degrades the sugars into inhibitors and causes damage to the equipment. Therefore, 
a conventional method of starch and hemicellulose hydrolysis using acid has now 
been replaced by biological saccharifying enzymes (Maiti et al. 2016). Biological 
treatment involves the use of fungi (such as actinomycetes and white rot fungi) and 
bacteria, producing enzymes capable of degradation of complex polysaccharides 
lignin and hemicellulose into simpler sugars or compounds (Saritha et al. 2012; 
Sarkar et al. 2012). Biological pretreatment is a time-consuming process; however, 
it has advantages such as the process is more efficient and consumes less energy. 
One of the efficient biological pretreatment methods is enzymatic hydrolysis via the 
use of cellulase and hemicellulose enzymes (derived from certain bacterial and fun-
gal species) with advantages such as substrate specificity, no inhibitory product for-
mation and low toxicity and cost (Ferreira et al. 2009). The bacterial species reported 
to produce cellulase enzyme are Bacillus, Bacteroides, Erwinia, Streptomyces, 
Clostridium, Thermomonospora, Cellulomonas, etc. Various fungi capable of cel-
lulase production include Trichoderma, Fusarium, Humicola, Aspergillus and 
Schizophyllum sp. (Saritha et al. 2012).

Agro-industrial wastes are converted into many valuable bioproducts, like etha-
nol via solid state fermentation. The pretreated saccharified agro-waste biomass is 
followed by fermentation by different microorganisms for the production of 
bioethanol. The industrial utilization of lignocelluloses is constrained by the lack of 
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ideal microorganisms capable of efficient fermentation of pentose and hexose sug-
ars (Talebnia et al. 2010). However, a wide range of microorganisms such as 
Aspergillus oryzae, A. niger, Penicillium sp., Trichosporon fermentans, Pseudomonas 
aeruginosa, Streptomyces, etc., are used for fermentation of biomass for alcohol 
production, where Saccharomyces cerevisiae is the most commonly used organism 
(Domínguez-Bocanegra et al. 2015; Orozco et al. 2008). Rodríguez et al. (2010) 
conducted a laboratory-scale study to evaluate the efficiency of grape and sugar beet 
pomace for alcohol production. More than 82% of yield was obtained by the treat-
ment of pomace with Saccharomyces cerevisiae yeasts at the rate of 108 cells/g, 
incubated in anaerobic conditions at 28 °C for 48 h. The production of bioethanol 
through direct fermentation of apple pomace with coculturing of Trichoderma har-
zianum, Aspergillus sojae and Saccharomyces cerevisiae was also investigated 
(Evcan and Tari 2015). The highest bioethanol yield of 0.945 g/g could be obtained 
from apple pomace with inoculation rates of 6% (w/v) for T. harzianum and A. sojae 
and 4% (v/v) for S. cerevisiae with agitation (200 rpm) and vented aeration (Evcan 
and Tari 2015). Kouteu Nanssou et al. (2016) studied the ethanol production from 
cassava plant stem and peelings by using Rhizopus spp. and Saccharomyces cerevi-
siae. The hydrolysates of cassava stems and peelings could produce 5.27 g/100 g 
and 2.6 g/100 g of ethanol from stems and peel biomass, respectively.

Anaerobic fermentation of agro-industrial residues can be a promising process for 
biohydrogen production with low cost and higher yields (Robledo-Narvaez et al. 2013). 
Hydrogen is a promising energy source as an alternative fuel. The most commonly 
used bacteria for anaerobic fermentation of agro-industrial wastes for biohydrogen pro-
duction are anaerobe Clostridium spp. (Al-Shorgani et al. 2013; Collet 2004). Various 
studies revealed higher yields of biohydrogen in pretreated biomass as compared to 
untreated biomass. Further, the biologically treated biomass leads to higher biohy-
drogen production (Al-Shorgani et al. 2013; Reginatto and Antonio 2015).

Agro-industrial residues can also be used as substrates for biogas generation. 
Anaerobic digestion of these wastes is a beneficial process for biogas generation 
and substitute for energy crops. However, some residues need pretreatments before 
anaerobic digestion due to their low biodegradability (Schievano et al. 2009). 
Recently, several pretreatment methods of these residues have been developed to 
enhance their anaerobic biodegradability and to exploit them for biogas production. 
There are some obstacles such as pretreatment procedures, production costs and 
ideal technology development that need to be overcome in the production of biofuel 
through these wastes.

2.5.2  Sewage Sludge

Sewage sludge generated from wastewater treatment usually contains organic mat-
ter (cellulose, hemicellulose and lignin) and is rich in nitrogen and phosphorus; 
therefore, it is considered as a good source of energy (Adar et al. 2016). Recently, 
more attention is being given for the energy recovery from sewage, due to the 
environmental concerns related to its disposal into the landfills and land such as 
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emission of landfill gases and heavy metal contamination. Annual production of 
sewage sludge surpasses ten million tonnes and is likely to be increased gradually 
due to increase in population and industrialization (Cao and Pawłowski 2012). A 
number of methods are available for the energy recovery from sewage sludge, viz. 
anaerobic digestion, incineration, gasification, pyrolysis, supercritical water gasifi-
cation, liquefaction, etc. (Anjum et al. 2016). Anaerobic digestion of sludge is con-
sidered as one of the most cost-effective methods to convert sludge to biogas and 
can be utilized as a fuel to generate heat and electricity. However, the risks associ-
ated with hazardous heavy metals in sludge cannot be eliminated by this process 
and can impact on the environment adversely if necessary treatments are not exe-
cuted. Further, digestion process of sewage sludge cannot sufficiently extract the 
energy; therefore, the potential use of different pretreatment methods, viz. thermal 
treatment, ultrasonication, photocatalysis, microwave, wet oxidation, Fenton, etc., 
can improve the anaerobic treatment of sludge and biogas production, with low 
energy demand (Anjum et al. 2016). These pretreatment methods can be employed 
as single procedure or in combination.

Digested sewage sludge is further considered an energy source due to enriched 
organic matter but is poor in biodegradability. Sludge can also be converted into 
useful bioenergy forms through pyrolysis such as bio-oil or gas, leading to the for-
mation of stabilized residue termed as biochar (Alvarez et al. 2016; Hwang et al. 
2007). Sludge pyrolysis can be carried out with raw and digested sludge and indi-
cates the possibilities of the use of two parallel processes (anaerobic digestion fol-
lowed by pyrolysis) for efficient energy conversion (Cao and Pawłowski 2012). 
However, emphasis has been given for the use of pretreated or digested sludge for 
energy conversion, due to poor degradability of raw sludge. Various studies have 
indicated the formation of bio-oil from fast pyrolysis of sewage sludge at tempera-
ture of 500–600 °C range with high calorific value and maximized liquid yields 
(Alvarez et al. 2016). Sludge pyrolysis oil corresponded to more than 70% similar-
ity to gas oil, revealing the potential to substitute conventional fuel. However, fur-
ther refinements were emphasized to increase the heating value and decrease the 
nitrogen content in the bio-oil (Alvarez et al. 2016).

2.5.3  Animal Waste

There is a huge generation of biomass feedstock due to animal production world-
wide which can be exploited as energy source (Cantrell et al. 2008). Animal wastes 
(wastes from poultry, livestock, animal fat, etc.) are usually rich in organic matter 
and fats; and their use as energy feedstock can generate new marketplace for farm-
ers (Baladincz and Hancsók 2015). These wastes can be converted into biogas and 
bio-oil, and methods employed include biological treatment and thermochemical 
process (Abdeshahian et al. 2016). It has been estimated that biological treatment 
and anaerobic digestion of animal wastes can generate 0.1–0.3 m3m−3d−1 of methane- 
rich biogas (Cantrell et al. 2008). However, methanogenic biogas production rate is 
dependent on factors such as changes in influent, pH, temperature, organic loading 
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rate and hydraulic retention time and needs to be controlled to maximize the biogas 
production. Other efficient processes for energy recovery from animal wastes 
include pyrolysis and thermal liquefaction. Little has been known for the bio-oil 
formation from the animal wastes; however, recent studies have explored the pos-
sibilities of conversion of waste animal fat into biofuel (Baladincz and Hancsók 
2015). It has been found that slow pyrolysis of animal wastes leads to the formation 
of char, which can be used as alternate fuel to coal combustion and gasification and 
source of activated carbon (Koutcheiko et al. 2007).

2.6  Environmental and Socio-economic Significance

The development and usage of biofuels bear environmental and economic signifi-
cance. There is considerable reduction in the emission of CO2 from the combustion 
of biofuels. Other contaminants, viz. particulate matter (PM), carbon monoxide 
(CO), dust and carcinogens, also get reduced or eliminated to a large extent. A 
report of National Renewable Energy Laboratory, USA states that replacing bio-
diesel with mineral diesel leads to reduction in 90% of air toxins (viz. PM, CO and 
hydrocarbons). It also reports that even the usage of B20 (i.e. 20% biodiesel and 
remaining mineral diesel) reduces air toxins by 20–40%. Bioenergy generation 
increases CO2 levels in the atmosphere at the instant it undergoes combustion. When 
left on the forest ground, it still will be released into the atmosphere, albeit after a 
long time (years or decades) (Repo et al. 2015). Various strategies have been sug-
gested to improve the climatic impacts of bioenergy. The strategies reported are an 
increase in forest carbon stocks that could be achieved by extending rotation lengths, 
forest fertilization and forest thinning. Extending rotation period in forest allows the 
trees to grow longer and in turn more forest litter is generated that incorporates 
organic matter in the soil. Forest fertilization and forest thinning enhance the growth 
of tree which in turn incorporates more litter in the soil. The decay rate of the litter 
decreases with the increasing amount of litter in the forest. This reduces the carbon 
loss from the forest and thus reduces the climatic impacts arising from bioenergy 
produced from forest residue (Repo et al. 2015).

Increased food, feed and fibre demands are exerting tremendous pressure on 
existing land resources. Increasing renewable energy requirements are also escalat-
ing the need of biomass for production of bioenergy. The use of limited land 
resources for food, feed, fibre and energy need is a major challenge, which needs to 
be addressed by integrated policies for sustainable future. Rotation of crop’s use of 
nonagricultural land for biomass production could be a possible solution to over-
come the land usage challenges. Biodiversity at a particular site maintains the inter-
relations between vegetation, soil, air and water. Introducing a bioenergy plantation 
could hamper the ecosystem. Thus, it is imperative to assess the long-term problems 
of bioenergy plantation on ecosystem.

Bioenergy can be produced at various scales catering the need of small commu-
nities to large industrial-scale productions. Various bioenergy forms can be 
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produced from locally available biomass throughout the year. Bioenergy thus pro-
vides energy security to the community and thus aids in economic development of 
the country. A rise in awareness for enhancing the degrading environment among 
various nations has led to emergence of biofuels. Several nations now have empha-
sized on the use of biofuels for the protection of the environment. In Germany, 
several terms have been coined to lay emphasis on renewable energy, viz. ‘bioen-
ergy villages’, ‘community energy’ and ‘energy self-sufficient villages’. As per the 
German Federal Ministry of Food and Agriculture, a ‘bioenergy village’ satisfies at 
least 50% of its total energy demand from indigenous biomass (Grundmann and 
Ehlers 2016). It has been observed worldwide that there has been a steady increase 
in the consumption of biofuels. The target of production of renewable energy in 
Europe is 27% of the total energy share by the year 2035. It has also been reported 
that between the year 2005 and 2010, a significant portion of electricity was gener-
ated from biofuels of which the largest contribution was from biomass (comprising 
mainly of wood and wood wastes) production major. In India, as per the National 
Biofuel Policy, an indicative target of a 20% blending of biofuels by the year 2017 
(for biodiesel and bioethanol) is proposed. Ethanol produced from the fermentation 
of molasses (by-product of sugar industry) is being blended with gasoline (at 5% 
blend) which is likely to increase in coming years. Similarly, other nations also 
target to supplement their energy requirement with biofuels in coming years.

2.7  Coupling Phytoremediation with Bioenergy: 
An Integrated Biorefinery Approach

Phytoremediation is a sustainable approach to address the issue of contaminated 
land. Integrated generation of biomass and phytoremediation is a biorefinery 
approach towards the greener future. The limited land resource is the major chal-
lenge for bioenergy production. The use of contaminated land for biomass genera-
tion where agricultural production is a challenge can address the issue of food 
versus fuel debate. Phytoremediation can clear number of pollutants such as heavy 
metals, persistent organic pollutants, metalloids and other organic pollutants. These 
pollutants are added to the soil by various urban and industrial activities. Energy 
crops such as Miscanthus, Ricinus, Salix, Jatropha and Populus can be used for 
phytoremediation purpose. This integrated approach has several indirect advan-
tages. These advantages include aesthetically pleasing landscape, CO2 sequestra-
tion, decreased leaching of pollutants into water bodies and reduced soil erosion. 
Using contaminated land can also improve the economics of the bioenergy genera-
tion as the capital cost for required land is minimal in case of contaminated land 
sites. However, this approach is associated with challenges like low yield, contami-
nated biomass, imbalance in biodiversity, etc. This integrated approach can cater to 
the increasing demand for renewable energy as well as mitigate the challenge of the 
contaminated land.
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2.8  Conclusion

Bioenergy is promising means to cater the world renewable energy demand. Various 
forms of bioenergy are available which can be used for heating, cooking, transporta-
tion fuel and electricity. Various feedstocks which are used for bioenergy generation 
across the world depending upon climate conditions are available bioresources. 
Several types of waste biomass can be used for bioenergy generation. There are 
challenges of limited agricultural land, loss of biodiversity and high production cost 
associated with the bioenergy. Use of energy crops for phytoremediation of con-
taminated land sites can address the challenges such as land usage and high cost 
associated with bioenergy production. Integrated phytoremediation and bioenergy 
generation are sustainable approach for greener future.
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Abstract
Heavy metal contamination of soils affects large areas worldwide. Excessive 
amount of metals, whether essential or nonessential, adversely affects the health 
of wildlife, humans, and plants and makes the land unusable for agricultural 
production. Phytoremediation, a sustainable, environment-friendly, and poten-
tially cost-effective technology, can be used to decontaminate heavy metal- 
contaminated land. Use of nonfood, dedicated bioenergy crops for remediation 
of heavy metal-polluted sites has the advantage that biomass produced can be 
used to generate bioenergy, a cheaper, safer, sustainable, and renewable energy 
source compared to fossil fuels, avoids direct competition with food, and uses 
land unsuitable for growing food crops. Identifying dedicated bioenergy crops 
suitable for a particular metal-contaminated land and strategies to increase their 
phytoremediation potential are important for the success of this approach. Some 
dedicated bioenergy crops including poplars (Populus spp.), willows (Salix spp.), 
elephant grass (Miscanthus × giganteus), castor bean (Ricinus communis), and 
switchgrass (Panicum virgatum) can tolerate high concentrations of heavy metal, 
accumulate metal, and grow well on contaminated lands. Phytoremediation 
potential of these crops can be further improved by the effective use of metal 
solubilizing agents, endophytic bacteria, and genetic engineering. A better 
understanding of the mechanisms of heavy metal uptake, translocation, accumu-
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lation, and tolerance in normal and metal hyperaccumulator plants will help 
 scientists to develop effective and economic transgenic bioenergy crops for 
remediation of heavy metals in soil.

Keywords
Bioenergy crops • Biomass • Heavy metals • Phytoremediation • Renewable 
energy

3.1  Introduction

Heavy metal-contaminated soil, a major problem worldwide, affects the health of 
humans, animals, and plants (Taiz and Zeiger 1998; Shah and Dubey 1998; Sharma 
and Dubey 2007). Among heavy metals, Pb, Cd, Cu, Hg, Ni, Al, Se, Zn, Cr, and As 
are most commonly found in soil and are known to exert their toxic symptoms 
(Scott and Smith 1981). Concentrations of heavy metals in soil vary from traces to 
100,000 mg kg−1 (Blaylock and Huang 2000). Although, high concentrations of 
heavy metals are naturally present in some areas, discharge of heavy metals in the 
environment due to human activities is mainly responsible for continuous increase 
in soil metal contamination. Soil can get contaminated with excessive levels of 
heavy metals due to various processes including exploitation of natural resources, 
mining, metal industries, and farming including wastewater irrigation, power plants, 
urban traffic, garbage dumping, etc. In humans and animals, direct ingestion or 
contact with contaminated soil can create health problems. Also, heavy metals from 
contaminated soil can enter various domain of plant system through root absorption 
processes. Some metals might be essential nutrients in small doses, but in higher 
doses these are toxic (Claire et al. 1991; Fernandes and Henriques 1991; Maheshwari 
and Dubey 2007). Plants can accumulate metals from contaminated soil and pass 
toxic concentrations of these to the next trophic levels of the food chain (Harrison 
and Chirgawi 1989; Welch et al. 1993). Remediation of heavy metal-contaminated 
soils is required to minimize the metal-related health hazards, increase the land 
resource accessible for food production, and increase food security.

Conventional remediation technologies which are based on biological, physical, 
and chemical methods are complex. Although competent, these techniques are envi-
ronmentally destructive, costly, time taking, produce high quantities of waste, and 
usually damaging to the natural soil milieu (Cunningham et al. 1995; Danh et al. 
2009; Ahmadpour et al. 2012). Phytoremediation, the use of plants to decontami-
nate soils, sediments, and water, should be used for remediation of heavy metals as 
it is a sustainable, cost-effective, environmentally beneficial, and aesthetically 
advantageous approach (Cluis et al. 2004). Mechanisms by which plant remediate 
heavy metal-contaminated soils are phytoextraction, phytostabilization, phytovola-
tilization, and rhizofiltration. Among these phytoextraction and phytostabilization 
are the most reliable. Choice of the suitable phytoremediation strategy for heavy 
metal-contaminated sites depends on levels and characteristics of heavy metals, 
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plant species, physical and chemical properties of soil, and climate (Salt et al. 1998; 
Laghlimi et al. 2015).

If bioenergy crops are used for phytoremediation, produced biomass could be 
used to generate bioenergy (biogas and biofuels) which is cheaper, safer, sustain-
able, and renewable energy source compared to fossil fuels. In addition, they can 
provide other advantages including control of erosion and establishment of wildlife 
habitats. Bioenergy based on food crops or using land and water that would other-
wise go for food production will lead to higher prices and are risk to food security. 
These problems can be solved by using nonedible, dedicated energy crops like pop-
lars (Populus spp.), willows (Salix spp.), elephant grass (Miscanthus × giganteus), 
and switchgrass (Panicum virgatum) that can accumulate and tolerate high levels of 
heavy metals and grow well on contaminated lands.

Research is going on to improve the capability of bioenergy crops to remove 
heavy metals from contaminated land. Metal solubilizing agent and symbiotic 
endophytic bacteria have been successfully used for enhanced removal of toxic met-
als from polluted sites (Schmidt 2003; Weyens et al. 2010; Khan and Dotty 2011; Li 
et al. 2012). Genes involved in the uptake, transport, and detoxification of heavy 
metals from microbes, plants, and animals have been identified and utilized success-
fully to develop transgenic plants with improved capability to decontaminate metal- 
polluted sites (Song et al. 2007; Park et al. 2012). This review focuses on bioenergy 
crops, their use in phytoremediation of heavy metals and strategies to increase their 
phytoremediation potential. A greater understanding of the mechanism by which 
these bioenergy crops tolerate and hyperaccumulate heavy metal in their parts will 
lead to development of bioenergy crops with high biomass and increased phytore-
mediation potential.

3.2  Bioenergy Crops

Dwindling fossil fuels, increasing energy prices, and consumption and climatic 
changes due to emission of greenhouse gas have focused the world attention on the 
need to find low-cost, safer, and more renewable energy source which can substitute 
petroleum-based fuel. Bioenergy, a form of renewable energy derived from recently 
living biological sources such as wood, crops, or animal waste, is a promising alter-
native. Bioenergy crops include dedicated energy crops and agricultural coproducts 
that can be used to produce bioenergy. These crops act as thermochemical energy 
storage systems by collecting solar energy. They can reduce greenhouse gas emis-
sions and thus play an important role as environmentally safe renewable energy 
supplier globally (Karp and Shield 2008). At present, biomass produced from bio-
energy crops is the largest potential source of renewable energy that currently pro-
vides around 10% of world’s primary energy supply. It has been estimated that by 
2050, bioenergy crops can produce up to 273–1381 EJ/yr (Smeets et al. 2007).

Characteristics that make a particular plant species desirable as potential bioen-
ergy crop are fast growth, large volume of biomass, high planting density and har-
vest frequency, high biotic and abiotic stresses tolerance, and low input requirements. 
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Bioenergy crops can be grouped into annuals and perennials. Annual energy crops 
include rapeseed (Brassica napus L. and B. carinata), fiber sorghum (S. bicolor 
L. Moench), sweet sorghum (Sorghum bicolor L. Moench), and kenaf (Hibiscus 
cannabinus L.), whereas perennial energy crops include Miscanthus, switchgrass, 
reed canary grass (Phalaris arundinacea), cordgrass (Spartina pectinata), wheat 
(Triticum aestivum), maize (Zea mays), sugar beet (Beta vulgaris), cardoon (Cynara 
cardunculus), giant reed (Arundo donax L.), poplars (Populus), willows (Salix), and 
eucalyptus (Eucalyptus camaldulensis Dehnh. and E. globulus Labill.) (Zabaniotou 
et al. 2008; Simpson et al. 2009; Gomes 2012).

Bioenergy crops are further classified on the source of biomass used for bioen-
ergy production (Fig. 3.1). Traditional bioenergy crops include natural vegetation 
and plant debris which are not very efficient. First-generation bioenergy crops 
(FGECs) include food crops such as wheat, corn, sugarcane, and rapeseed. As they 
can also be used for food, they compete with food crops for fertile soil and resources 
creating problems of high food prices and threat to food security. In crops such as 
maize, fermentation and breakdown of starch lead to production of bioethanol, 
whereas transesterification of plant oils present in soybean produces biodiesel. The 
costs of converting some of these energy crops to biofuels are high. Second- 
generation bioenergy crops (SGECs) such as switchgrass, canary reed grass, 
Medicago sativa L., and Pennisetum purpureum were developed to overcome the 
limitations of first-generation biofuels. They can grow on marginal lands and pro-
duced biofuels from lignocellulosic biomass. SGECs are cost effective, environ-
ment friendly, and generate more energy than FGECs. Third-generation bioenergy 

Fig. 3.1 Classification of bioenergy crops
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crops (TGECs) include algae, Eucalyptus spp., and crassulacean acid metabolism 
(CAM) plants which are based on improvements in the production of biomass. 
Algae can be used to produce different kinds of fuels including biodiesel, gasoline, 
petrol, and jet fuel. Direct cellulose fermentation (CAM plants) and thermoconver-
sion (Eucalyptus) are the processes used for the production of bioenergy. Fourth- 
generation bioenergy crops not only produce sustainable energy but also fix more 
carbon than it produce; therefore, biofuels produced from these plants are carbon 
negative rather than simply carbon neutral. They also reduce CO2 emissions by 
replacing fossil fuels. Due to limited land and water availability, raising biomass for 
energy production conflicts with food production leading to higher prices and food 
insecurity. These problems can be resolved by growing nonedible dedicated bioen-
ergy crops (DECs) on wastelands and contaminated lands (Tandon et al. 2013). 
DEC crops include cellulosic biomass producing short-rotation trees and shrubs 
such as poplar, willow, birch (Betula spp.), eucalyptus, and perennial grasses such 
as giant reed, reed canary grass, switchgrass, elephant grass, and nonedible oil crops 
such as castor (Ricinus communis), physic nut (Jatropha curcas), and pongamia 
(Pongamia spp.). Nonfood dedicated bioenergy crops that can grow on marginal 
and contaminated lands and provide high yields of reliable and sustainable biomass 
with low production costs are highly desirable in order to fulfill the growing bioen-
ergy needs. Among these crops, switchgrass, elephant grass, poplar, willow, mes-
quite, etc. are regarded most important.

Willow shrubs or trees are found mostly in north-temperate regions. They are a 
good candidate for bioenergy crop as well as phytoremediation. Globally, around 
450 willow species are found. Salix viminalis is one of the most widely used spe-
cies. Erect stems, ability to grow rapidly, and extensive root development are the 
traits that make bush Salix suitable for biomass coppice (Ahman and Larsson 1994). 
Willow can be easily propagated vegetatively from dormant cuttings. It resprouts 
after harvests which are frequently done by coppicing. Willow yield up to 10–15 dry 
t ha−1 year−1 has been reported (Riddell-Black 1993). Willow grown for 21–22 years 
under nitrogen fertilization produced 140 t ha−1 dry biomass, whereas under non- 
fertilized condition, 86 t ha−1 yields were observed (González-García et al. 2012). 
Biomass yield of willow can be increased using genetic engineering, traditional 
breeding, and hybridization. Various forms of biofuel including solid, liquid, and 
gaseous ones are efficiently generated from the lignocellulosic biomass of willow. 
The net energy ratio associated with willow varies from 10 to 13 (Keoleian and Volk 
2005). Greenhouse gas emissions are much less in comparison to carbon dioxide 
produced. Further, it also reduces NOx, SO2, and particulate emissions (Keoleian 
and Volk 2005).

Poplar, another promising bioenergy crop, is the general term for trees such as 
cottonwoods (poplars) and aspens. Most species of poplars are native to the temper-
ate and cold northern hemisphere. Different species of poplars are cross-fertilized to 
form hybrids. In areas where two crossable species overlap, hybrid formation occurs 
naturally. Poplars, due to large mass yield, fast growth, extended and deep root 
apparatus, short-rotation coppice (SRC) cultures, easy propagation, and high adapt-
ability to a variety of soils and climate, are promising candidates for bioenergy crop 
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as well as phytoremediation (Rockwood et al. 2004). It is typically harvested after 
5–10 years. The lignocellulosic biomass present in poplar may be converted into 
biofuels which is used to generate heat energy, electric energy, and transport fuel 
(Gross et al. 2003; Vaezi et al. 2012). In vitro methods can be used to propagate 
poplar. As whole genome sequence data is available for poplar (Tuskan et al. 2006), 
they can be conveniently used in genetic engineering programs (Confalonieri et al. 
2003).

Jatropha curcas (L.), also known as physic nut, belongs to Euphorbiaceae family 
which originated in Central America. It is now found dispersed in tropical regions 
of Asia as well as Africa (Openshaw 2000). It is a nonedible oilseed crop and is one 
the most promising bioenergy crops. It is a small tree and can grow between 6.0 and 
18.0 ft. It has high growth rates and biomass yields. It is drought tolerant and grows 
well in low to high rainfall and different types of soils including infertile, gravelly, 
and sandy soils (Dagar et al. 2006) but is susceptible to freezes. It can grow in sands 
to clay loams with pH range of 5.5–9.0 (Foidl et al. 1996). However, irrigation and 
fertilization are required for commercial yields of Jatropha. Oil yields of Jatropha 
are similar or more than other oilseed crops such as soybean and rapeseed but lower 
than castor. It yields 25–40% oil by weight (Deng et al. 2010; Heller 1996). Jatropha 
seeds contain 21% saturated and 79% unsaturated fatty acids with oleic acid, lin-
oleic acid, palmitic acid, and stearic acid as major fatty acids (Gubitz et al. 1999). 
Jatropha oil is transesterified to generate biodiesel which is quite similar to diesel 
fuel. Therefore it can directly replace/supplement conventional fuel needed in cook-
ing, machines, and small diesel engines (Cerrate et al. 2006; Ndong et al. 2009). As 
Jatropha oil is a little less viscous than the diesel, it passes easily via the injector 
(Brittaine and Lutaladio 2010). Twenty percent mixing of biodiesel (B20) by 2012 
was targeted by the National Mission on Biofuels (India). Jatropha was aimed to be 
cultivated on 400,000 ha of marginal land (Rajagopal 2007). The growth behavior, 
metal accumulation, translocation, and bioconcentration indicated that Jatropha 
could be a good candidate to remediate metal-polluted sites (Mangkoedihardjo and 
Surahmaida 2008; Marrugo-Negrete 2015). Biodiesel obtained from bioenergy crop 
Jatropha shows higher flash point and emits 100% lower SO2 and 80% less CO2 in 
comparison to petroleum diesel (Tiwari et al. 2007).

Castor, which is a perennial C3 oilseed plant, is now considered promising alter-
native source of bioenergy (Olivares et al. 2013). It belongs to Euphorbiaceae fam-
ily and is native of tropical Asia and Africa. Castor, with large biomass, faster 
growth, and good yields, is a good candidate for crop rotation and companion plant-
ing. New castor hybrids and varieties have been developed which show early matu-
rity (150–210 days) and yield (1500–1800 kg ha−1) even in rainfed situations (Rao 
et al. 2003; Lavanya and Mukta 2008). Castor has well-developed root system and 
can be grown in a variety of environments across vast geographical regions includ-
ing marginal lands which are considered unsuitable for production of food crops. 
High amounts of oil and biomass were obtained when castor was grown on marginal 
lands and irrigated with wastewater (Berman et al. 2011; Chatzakis et al. 2011). 
Compared to Jatropha, oil content (47–49%) in castor seed is much higher (Weiss 
2000; Kumar et al. 2008). Although nonedible for humans or animals, castor oil has 

A.B. Jha et al.



69

many applications in industry (Olivares et al. 2013). Castor oil can be used to pro-
duce environment-friendly biodiesel which is biodegradable, nontoxic, and has low 
emission properties (Meher et al. 2006). Crude castor oil is approximately 100-fold 
more viscous than diesel fuel (Conceicao et al. 2007; Bello and Makanju 2011). 
Transesterification significantly reduces the viscosity. It consists of about 90% 
ricinoleic acid which is responsible for the solubility of castor oil in alcohol at 30 °C 
facilitating transesterification without heating and thus lowers the cost of produc-
tion (Da Silva et al. 2006). Castor fatty acid methyl esters should be blended 10 or 
20% in volume (B10 or B20) with petrodiesel (Berman et al. 2011).

Miscanthus belongs to Poaceae family and is native to eastern Asia (Hastings 
et al. 2008). M. sacchariflorus, M. sinensis, and M. × giganteus, the sterile triploid 
hybrid generated from a cross between these species are the most important 
Miscanthus species for bioenergy (Karp and Shield 2008). It is considered a good 
candidate for bioenergy crop due to high production of biomass under low input 
conditions (Clifton-Brown et al. 2004). High yield of Miscanthus biomass is 
largely due to its efficient C4 photosynthesis pathway which is retained even at low 
temperature. In M. × giganteus, maintenance of pyruvate phosphate dikinase 
(PPDK) and RuBisCO large subunit amounts was reported to be critical to retain 
enhanced rates of C4 photosynthesis at low temperature (Naidu et al. 2003). 
Miscanthus spreads naturally via rhizomes, but some species can also propagate by 
seeds. It can be harvested annually and has a lifetime of 20–25 years (Lewandowski 
et al. 2003). Extended plantations of Miscanthus sequester carbon in soil (Hansen 
et al. 2004). Miscanthus produces lignocellulosic biomass. In an experiment per-
formed in Europe, Miscanthus provided one of the highest yields of energy and one 
of the lowest energy costs of production (Sims et al. 2006). Miscanthus species 
with high lignin content such as M. × giganteus and M. sacchariflorus show prop-
erties appropriate for thermochemical conversion to biofuels, whereas species with 
low lignin content such as M. sinensis were suitable for biochemical conversion 
(Arnoult and Brancourt-Hulmel 2015). Various experiments were done in order to 
identify and specify metal remediation properties of Miscanthus (Arduini et al. 
2006; Bang et al. 2015).

Growing interest in biomass crops for energy production has focused attention 
on switchgrass, a high-yielding perennial C4 grass native to North America (Mehdi 
2000; Casler and Boe 2003). Switchgrass is now regarded as one of the most prom-
ising bioenergy crops. It is a contender for ethanol making and fuel supply for 
power generation due to its high cellulosic content. The benefits of using switch-
grass include high biomass yield, perennial life form, tremendous soil conservation 
traits, suitability to conventional agricultural practices, and adaptability to marginal 
soils (McLaughlin et al. 1999, 2005). The plant is an erect, immense biomass pro-
ducer and its height ranges between 1.5 and 8 ft. It has a highly efficient photosyn-
thesis pathway and typically produces 10–12 dry t ha−1 on agricultural soils in 
average growing conditions. Switchgrass is drought resistant and can grow well in 
sands to clay loams with pH values of 4.5–7.6. Roots of these grasses are capable of 
reaching 10 ft under the soil. Two general morphological types are recognized 
(Newman et al. 2008). The lowland type adapted to poorly drained soils has tall, 
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coarse stems, whereas upland type is more drought tolerant and has short, fine 
stems. It can grow on soils of moderate fertility without fertilizing (Parrish and Fike 
2005). Even with limited additions of fertilizer, switchgrass can maintain productiv-
ity. In the establishment year, switchgrass requires little or no nitrogen as it can 
efficiently utilize native nitrogen supply of soil. However, nitrogen fertilizers may 
be needed to sustain high yields under multiple-harvest systems (Pedroso et al. 
2011). Switchgrass is established from seeds. Switchgrass shows tolerance to met-
als and also has the potential for extraction of these contaminants. Therefore, growth 
of switchgrass on metal-contaminated land could provide biomass and make such 
lands suitable for agricultural production.

3.3  Heavy Metals and Their Remediation Using Bioenergy 
Crops

Heavy metals including Cd2+, Pb2+, Al3+, Zn2+, Ni2+, Cu2+, Zn2+, As3+, and Hg2+ are 
common environmental pollutants and are released in the atmosphere by industrial 
effluents, mining, repeated use of metal-containing pesticides or fertilizers, and 
urban runoff (Foy et al. 1978; di Toppi and Gabbrielli 1999; Morera et al. 2001). 
Heavy metals generally have densities > 5 g cm−3. Arsenic and Al with partial metal 
characteristics and densities <5 g cm−3 are also considered in this context because 
of the toxic effects these metals have on plants (Sharma and Dietz 2006).

Seventeen metals with importance for both the organism and ecosystems have 
been recognized. They are generally available in the vicinity of living cells (Weast 
1984). Heavy metals, Fe, Mo, and Mn, are regarded as micronutrients, whereas Zn, 
Ni, Cu, V, Co, W, and Cr are considered as trace elements. These metals are toxic at 
high concentrations. As, Hg, Ag, Sb, Cd, Pb, and U are toxic to all plants and micro-
organisms and have no known nutrient function (Breckle 1991; Nies 1999; Jha et al. 
2004 a, b, c; Jha et al. 2005; Sharma and Dubey 2007; Mishra et al. 2011).

Heavy metals present in higher concentrations in the soil exert adverse effects on 
soil biota, plants, animals, and human health. Various mechanisms have been pro-
posed for heavy metal lead damage. These include enhanced production of ROS and 
accumulation of methylglyoxal production, direct interaction with proteins because 
of their affinities for thionyl, histidyl, and carboxyl groups, and substitution of 
essential metal ions from specific binding sites, making it nonfunctional 
(Schützendübel and Polle 2002; Sharma and Dietz 2006). Heavy metals can be 
categorized as redox active such as Cu, Cr, Co, and Fe and redox inactive such as 
Ni, Cd, Zn, Al, etc. As redox-active heavy metals directly take part in redox reac-
tions, they lead to production of O2

•− and afterward H2O2 and •OH via Haber-Weiss 
and Fenton reactions in plants (Dietz et al. 1999, Schützendübel and Polle 2002). 
Heavy metals which are redox inactive also cause oxidative damage indirectly by 
disturbing electron transport chain, enhancing lipoxygenase (LOX) activity which 
in turn increases lipid peroxidation and interaction with the antioxidant defense 
system (Hossain et al. 2012). Strong binding of heavy metals with O, N, and S 
atoms (Nieboer and Richardson 1980) and substitution of one heavy metal ion 
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(cofactor) by another cause decrease in enzyme activities. Heavy metals cause oxi-
dation and cross-linking of –SH groups in proteins leading to inhibition of impor-
tant membrane protein including H+-ATPase. Cd has been reported to bind to –SH 
group of structural proteins and enzymes leading to misfolding and decline in activ-
ity (DalCorso 2008, Hall 2002). In radish, calmodulin-dependent phosphodiester-
ase activity was inhibited when Ca2+ was displaced by Cd2+ in calmodulin, a key 
protein in cellular signaling (Rivetta et al. 1997). Similarly, displacement of Mg2+ 
by divalent cations such as Co2+, Ni2+, and Zn2+ resulted in a loss of activity of 
ribulose-1,5-bisphosphate-carboxylase/oxygenase (RuBisCO) (Wildner and Henkel 
1979; Van Assche and Clijsters 1986). In plants, impaired nutrient uptake, changes 
in cell ultrastructure, reduced growth, and productivity have been reported (Pahlsson 
1989; Trivedi and Erdei 1992; Sresty and Rao 1999).

Categorization of metals on the basis of their affinity with biological molecules 
was provided by Nieboer and Richardson (1980). They divided metals into three 
classes. Metals with affinity for O-bearing ligands were placed in class A, whereas 
metals with affinity for N- or S-bearing ligands were placed in class B. Metals with 
affinity for O-, N-, as well as S-bearing ligands with apparent likings were placed in 
class C (Nieboer and Richardson, 1980). Cadmium, lead, and mercury show a 
strong affinity for ligands such as phosphates, cysteinyl and histidyl side chains of 
proteins, purines, pteridines, and porphyrins. Therefore, these metals can interact 
with various proteins or enzymes containing –SH groups. Metals can bind and 
change the conformation of nucleic acids and affect the oxidative phosphorylation 
pathway. Specific reaction relies on the characteristic of the particular metal (Fodor 
2002). Cadmium is known to specifically inhibit chlorophyll biosynthesis by its 
interference with the sulfhydryl site (Prasad and Strzalka 1999).

Heavy metals do not undergo biodegradation. Once a soil becomes contaminated 
with metal, it continues to be a long-term source of heavy metal toxicity. Therefore, 
remediation of heavy metal-polluted land is required to decrease the health hazards, 
make the land accessible for food production, and increase food security. 
Phytoremediation which utilizes plants for remediating heavy metal from contami-
nated soil could be a sustainable environment-friendly and potentially cost-effective 
technology. Use of nonedible dedicated bioenergy crops for heavy metal phytore-
mediation programs will not only generate energy but will also reduce the pressure 
to produce energy crops on land that would otherwise be used to produce food crops 
and make contaminated sites available for agriculture (Fig. 3.2). As detrimental 
effect of heavy metal varies with the properties of metal as well as plant species, 
several studies have been focused on identifying the bioenergy crops suitable for a 
particular metal-contaminated land which is important for the success of this 
approach (Table 3.1).

3.3.1  Willow

Willow is a rapidly growing woody plant that generates high biomass in short time. 
Its biomass is used as a source for biofuels including bioethanol (Punshon and 
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Dickinson 1997; Pulford and Watson 2003; Brereton et al. 2010). Besides high bio-
mass productivity, willow trees have capacity for Cd, Cr, Cu, Ni, Pb, Mn, Fe, Zn, 
As, and Al uptake and are suitable for phytoremediation purposes. In a 90-day pot 
trial, around 30% of the bioavailable Cd was successfully removed by willow 
(Greger 1999). Many other studies have demonstrated support to the study that wil-
low can clean up heavy metal-polluted soil within a few years. To estimate the 
phytoremediation efficiency of five willow species, Kuzovkina et al. (2004) grew 
willow plants under Cu and Cd. They observed that willow species were highly 
resistant to Cu and Cd, and among tested species, S. nigra was most resistant to both 
metals. Substantial disparity in survival, biomass yield, and metal uptake was 
reported in 20 different willow species planted on soils contaminated with Cd, Zn, 

Fig. 3.2 Sources of heavy metal contamination and use of bioenergy crops for phytoremediation 
of contaminated sites
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Table 3.1 Phytoremediation of heavy metals using bioenergy crops

Bioenergy crops Metal(s) Observations Reference

Willow (Salix) and poplar (Populus)

5 Salix spp. Cu and 
Cd

S. nigra showed highest 
tolerance to both Cu and Cd 
and also exhibited highest 
accumulation levels of metals

Kuzovkina et al. (2004)

20 varieties of Salix 
spp.

Cd, Zn, 
Cu, 
and Ni

Eleven Salix varieties found 
promising for 
phytoremediation

Pulford et al. (2002)

16 Salix clones Cu Selected Salix clones had 
potential for reclamation and 
restoration of contaminated 
soils

Punshon et al. (1995)

8 Salix clones Cd and 
Zn

Zwarte Driebast showed high 
phytoremediation potential

Slycken et al. (2013)

2 Salix spp. Cd, Cr, 
Cu, Ni, 
Pb, 
Mn, 
Fe, and 
Zn

S. viminalis as well as S. 
fragilis showed high 
concentrations of Cd and Zn in 
aerial parts and Cu, Cr, Pb, Fe, 
Mn, and Ni mostly in the roots

Vandecasteele et al. 
(2005)

5 Salix clones As Clone 99202–011 showed 
highest As-tolerance and 
aboveground As accumulation

Purdy and Smart (2008)

9 Salix spp. Cd, Cu, 
and Zn

S. caprea was most amenable 
to resistance acclimation

Punshon and Dickinson 
(1997)

3 Salix spp. Fe, Zn, 
and Pb

High metal removing potential 
of Salix spp.

Ali et al. (1999)

S. viminalis Cu, Zn, 
and Cr

Extraordinary tolerance of S. 
viminalis to even relatively 
high levels of heavy metal ions 
(Cu, Zn, Cr) in water solution 
was observed

Łukaszewicz et al. 
(2009)

5 Salix clones and 5 
Populus clones

Cu, Zn, 
B, Fe, 
and Al

Populus exhibited the greatest 
uptake of Cu, whereas Salix 
showed the highest uptake of 
Zn, B, Fe, and Al

Zalesny and Bauer 
(2007)

6 clones of Salix spp. Hg Salix has potential role in 
removing metal contaminants

Wang and Greger 
(2004)

Populus and Salix Cd, Zn, 
As, Pb, 
Cu, 
and Ni

Populus along with Salix and 
Alnus were useful to reduce Cd 
and Zn contamination

French et al. (2006)

SRC of Populus and 
Salix

Cd Populus and Salix can be used 
on metal-contaminated soils

Ruttens et al. (2011)

Two Italian Populus 
clones

Zn, Cu, 
Cr, and 
Cd

Increasing plant growth and 
metal accumulation in both 
clones

Sebastiani et al. (2004)

(continued)
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Table 3.1 (continued)

Bioenergy crops Metal(s) Observations Reference

Three Populus species 
along with Salix

As, Co, 
Cu, Pb, 
and Zn

Phytostabilization and 
effective immobilization can 
be attained for these metals

Vamerali et al. (2009)

Hybrid willow and 
hybrid poplar

Pb and 
As

Promising phytoremediation 
potential

Hinchman et al. (1996)

Jatropha

J. curcas Cd J. curcas, tolerant to Cd, can 
be used for phytoremediation 
of Cd-polluted soils

Marques et al. (2013)

J. curcas Fe, Al, 
Cr, Cu, 
and Mn

Useful in extraction of heavy 
metals (Fe, Al, Cr, Cu, and 
Mn) from fly ash

Jamil et al. (2009)

J. curcas Cd and 
Pb

Useful for phytoremediation of 
Pb- and Cd-contaminated sites

Mangkoedihardjo and 
Surahmaida (2008)

J. curcas, Pterocarpus 
indicus

Cr Jatropha was more effective 
than Pterocarpus to remediate 
hexavalent Cr-polluted soil

Mangkoedihardjo et al. 
(2008)

J. curcas As, Cr, 
and Zn

Potential use in 
phytoremediation

Yadav et al. (2009)

Castor bean (Ricinus 
communis)

23 genotypes of R. 
communis

Cd Can be used for eliminating Cd 
from polluted soils

Huang et al. (2011)

R. communis Cu, Zn, 
Mn, 
Pb, and 
Cd

Potential role of this plant for 
phytostabilization of metals

Olivares et al. (2013)

R. communis Pb Good candidate for 
phytoextraction of Pb

Romeiro et al. (2006)

R. communis Cd Potential role in Cd 
phytoextraction

Hadi et al. (2015)

R. communis Cd R. communis can remove 
greater amount of Cd from 
contaminated soil

Bauddh and Singh 
(2012)

R. communis Ni Ni accumulator and promising 
for remediation of Ni-polluted 
soils

Adhikari and Kumar 
(2012)

R. communis Cu Strong tolerance of castor bean 
for Cu with high accumulation 
in root cell

Kang et al. (2015)

R. communis Cu Potential plant for Cu 
remediation of polluted soil

Andreazza et al. (2013)

R. communis cv. 
Guarany

As Could not qualify for 
commercial phytoextraction; 
however, it could be suitable to 
revegetate As-polluted areas 
with its usefulness for oil 
production

Melo et al. (2009)

(continued)
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Cu, and Ni (Pulford et al. 2002). Results indicated that 11 out of these 20 species 
had high survival, biomass yield, and metal uptake and thus could be a potential 
candidate for phytoremediation. The enhanced uptake and transfer of Cd and Zn 
from root to shoot by willow from the soil contaminated with these metals sug-
gested phytoextraction technology, whereas high level of Cu and Pb in roots and 
low translocation rate indicated the phytostabilization method for remediation of 
these heavy metals. Similarly, Punshon et al. (1995) also reported significant differ-
ences in root length increase, lateral roots, and metal uptake with improved resis-
tance to Cu toxicity in various British willows. van Slycken et al. (2013) evaluated 
short-rotation coppice of willow in metal-polluted agricultural soils and observed 
that even at low biomass production this plant could remove 72 g Cd and 2.0 kg Zn 
ha−1 year−1, and this can be enhanced by 40% if leaves are used too. Two willow 
clones, S. fragilis “Belgisch Rood” and S. viminalis “Aage,” grown in six sediment- 
derived soils were evaluated for growth and metal (Cd, Cr, Cu, Ni, Pb, Mn, Fe, and 
Zn) uptake in a greenhouse experiment (Vandecasteele et al. 2005). No inhibition in 

Table 3.1 (continued)

Bioenergy crops Metal(s) Observations Reference

R. communis Zn, Pb, 
and Cd

Can be used to remediate 
metal-polluted sites

Angelova et al. (2016)

Grasses

Arundo donax Zn, Cr, 
and Pb

Suitable for Zn phytoextraction Barbosa et al. (2015)

Miscanthus× giganteus, 
M. sinensis, and M. 
floridulus

Zn M. × giganteus could be most 
suitable for Zn phytoextraction

Barbosa et al. (2015)

Miscanthus sp. 
Goedae-Uksae 1

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

Goedae-Uksae 1 removed all 
the metals from contaminated 
soil as well as water except As 
from contaminated water

Bang et al. (2015)

M. x giganteus Pb and 
Zn

Potential crop for Pb and Zn 
phytoremediation

Pogrzeba et al. (2011, 
2013)

M. sinensis x giganteus Pb and 
Cd

Can be used profitably in 
metal-polluted soils

Barbu et al. (2010)

A. donax and M. 
sacchariflorus

Zn and 
Cr

Both exhibited high tolerance 
and accumulation ability for 
Zn/Cr, and hence, they can be 
used for phytoremediation of 
Zn-/Cr-polluted sites

Li et al. (2014)

M. × giganteus and Sida 
hermaphrodita

Zn and 
Pb

Miscanthus showed greater 
ability to phytoextract Zn and 
Pb from the contaminated soil 
than mallow

Kocoń and Matyka 
(2012)

Spartina pectinata Link 
(“Savoy”) and Panicum 
virgatum L. (“Cave-In- 
Rock” (CIR))

Cd Savoy has the higher tolerance, 
translocation, and Cd 
accumulation capabilities than 
Cave-In-Rock

Zhang et al. (2015)
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growth of both clones makes them suitable for phytoextraction. Cd and Zn accumu-
lated in aboveground plant parts, whereas Cu, Cr, Pb, Fe, Mn, and Ni were observed 
typically in the roots. Hydroponic culture of four willow clones showed large differ-
ences in As uptake and tolerance and potential use of Salix spp. for As phytoreme-
diation (Purdy and Smart 2008). Several other experiments also showed higher 
uptake, accumulation, and tolerance of various species of Salix for Cd, Cu, and Zn 
(Punshon and Dickinson 1997); Fe, Zn, and Pb (Ali et al. 1999); Cu, Zn, and Cr 
(Łukaszewicz et al. 2009); Zn, Fe, and Al (Zalesny and Bauer 2007); and Hg (Wang 
and Greger, 2004), suggesting potential role of Salix in removing metal contami-
nants. Annual uptake of Cd content of willow stems in 12 different stands on 5 
locations in central Sweden showed that willow can decrease the soil Cd content far 
less than the natural level (Ostman 1994). Eriksson and Ledin (1999) also suggested 
that Salix plantation can decrease the quantity of soil Cd accessible to plant. They 
estimated a period of time of 12–20 years to decrease Cd to half of its original value 
of 600 g ha−1 Cd in topsoil, if stem-wood production is 10 t ha−1 year−1.

3.3.2  Poplar

Poplars are considered good candidates for bioenergy crop as well as phytoremedia-
tion due to their large mass yield, fast growth, extended and deep root apparatus, 
and short-rotation coppice cultures (Rockwood et al. 2004; Pulford and Watson 
2003). They are being used to clean up various contaminants from contaminated 
soil and groundwater. In comparison to hyperaccumulators, metal uptake by trees is 
less efficient. However, due to greater biomass yield, trees can lead to more effec-
tive removal of metals from soil (Fischerová et al. 2006; Mench et al. 2009; 
Vangronsveld et al. 2009). Short-rotation coppices (SRC) of Populus along with 
Salix and Alnus were suggested to be useful to decrease Cd and Zn pollution in the 
region of Liverpool and St. Helens in NW England (French et al. 2006). Further, it 
reduced the exposure of less mobile contaminants, As, Pb, Cu, and Ni, as lability of 
these elements was not augmented 3 years after planting the coppice. Ruttens et al. 
(2011) suggested possible use of SRC of poplars and willows on an acid- and metal- 
polluted soil in an experimental field in the Campine, Belgium, which is not only 
advantageous for soil remediation but also for biomass production for energy pur-
pose. As it would take long time to attain the legal threshold values for metals, it 
was suggested that this sort of land utilization can provide economical support to 
local farmers. The effects of heavy metals (Zn, Cu, Cr, and Cd) on two poplar clones 
generally planted in Italy showed increased growth and accumulation of metal in 
these plants (Sebastiani et al. 2004). Further, in both clones phytoextraction and 
phytostabilization strategies were witnessed.

The growth of three poplar species, P. alba, P. nigra, and P. tremula, along with 
Salix was monitored at a site in Udine, Italy, contaminated with As, Co, Cu, Pb, and 
Zn from wastes obtained from mineral roasting for sulfur extraction (Vamerali et al. 
2009). It was suggested that phytostabilization and effective immobilization can be 
attained for these metals by soil improvement along with growth of woody biomass 
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species. Growth of poplar along with gray willow and common alder as short- 
rotation biomass on two reclaimed coal tips in the Cynon Valley of South Wales 
showed very high rate of survival (Steer and Baker 1997) suggesting that these 
crops could be useful for biomass production and betterment of the environment. To 
evaluate the Pb and As remediation potential of hybrid poplar and hybrid willow, 
Hinchman et al. (1996) grew these plants in greenhouse in contaminated soil 
obtained from a field as well as in quartz sand supplements with solutions of Pb and 
As. Both plants exhibited uptake and partitioning of Pb and As in the sand media as 
well as in the polluted soil. The willow plants had removed about 9.5% Pb and 1% 
As from the metal-polluted soil, whereas the poplars removed about 1% Pb and 
0.1% As in 1 month. In the sand experiment, the willows removed about 40% and 
30–40% of supplied Pb and As, respectively.

3.3.3  Jatropha

Jatropha, one of the most promising oilseed crops, has superior biomass yields for 
bioenergy production. It is also now being used for remediation of metal-polluted 
sites. In order to assess their remediation capability, effect of Cd on photosynthetic 
pigments, the mineral composition of plants, soluble proteins, and enzymes related 
to defense mechanism was studied in Jatropha (Marques and do Nascimento 2013). 
Results indicated that J. curcas can be used in phytoremediation of Cd-polluted 
soils as this species can grow on contaminated sites due to its relative tolerance to 
Cd. A greenhouse experiment performed by Jamil et al. (2009) indicated usefulness 
of J. curcas in extraction of heavy metals (Fe, Al, Cr, Cu, and Mn) from fly ash. It 
was observed that accumulation of Fe and Mn was greater in roots, whereas Cu, Al, 
and Cr were translocated mostly to the shoot. In another study, J. curcas demon-
strated the best remediation ability for Cd, Cr, Ni, and Zn (Chang et al. 2014). Cd, 
Ni, and Zn were easily absorbed and transferred to aerial parts of Jatropha, whereas 
Cu, Cr, and Pb remained mostly in roots (Chang et al. 2014). Several other research-
ers have also indicated role of J. curcas for phytoremediation of As-, Cr-, Zn-, Cd-, 
and Pb-contaminated soil (Mangkoedihardjo and Surahmaida 2008; 
Mangkoedihardjo et al. 2008; Yadav et al. 2009).

3.3.4  Castor

Castor with large biomass and shorter growing period is a good candidate for bio-
energy production. Phytoremediation capability of castor has been reported in sev-
eral studies (Prasad and Freitas 2003; Huang et al. 2011; Bauddh and Singh 2012; 
de Souza Costa et al. 2012). Castor can grow in metal-polluted soils and accumulate 
metals; thus, it can be planted on metal-polluted site for phytoremediation and bio-
energy production (Bauddh and Singh 2012; de Souza Costa et al. 2012). Experiment 
conducted by Huang et al. (2011) on 23 genotypes of R. communis showed huge 
differences in the uptake and accumulation of Cd in leaf, stem, and root in these 
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genotypes in the Cd-contaminated soil. Results suggested that castor can be used for 
eliminating Cd from polluted soils due to rapid growth, large biomass, and strong 
absorption and accumulation of Cd. Similar experiment conducted in hydroponic 
condition also indicated potential role of this plant in the phytoextraction of Cd 
(Hadi et al. 2015). Further, Bauddh and Singh (2012) reported that castor can grow 
in wasteland soils and can remove greater amount of Cd from contaminated soil due 
to high biomass yield. The potential use of castor for energy crop and metal phy-
toremediation capability was studied in mine tailings in the arid region of Zimapan, 
Hidalgo state, Mexico. Mining started there in 1632, and tailings have elevated lev-
els of Cu, Zn, Mn, Pb, and Cd (Olivares et al. 2013). Results indicated potential role 
of this plant for phytostabilization of metals. Further, plants grown in mine tailings 
had high oil yields (41–64%) and reduced human health risks in these areas. In 
greenhouse experiments, Romeiro et al. (2006) observed hyperaccumulation of Pb 
by castor and suggested that this plant might be a good candidate for phytoextrac-
tion of this metal. For phytoremediation purposes, castor (R. communis cv. Guarany) 
plant’s ability to tolerate and grow in Cd- and Pb-polluted solutions was assessed 
(de Souza Costa et al. 2012). Cd contamination led to toxicity symptoms in root and 
shoot of plants, whereas Pb exerted no undesirable effect (de Souza Costa et al. 
2012). It was proposed that castor can be utilized as indicator plant for Cd and toler-
ant for Pb and hence can be employed for phytoremediation of polluted soils (de 
Souza Costa et al. 2012). In a separate pot culture experiment, Adhikari and Kumar 
(2012) indicated that castor plant was Ni accumulator and promising for remedia-
tion of Ni-polluted soils. Similarly, Kang et al. (2015) reported a strong tolerance of 
castor for Cu with high accumulation in root cell. High growth and biomass with 
efficient Cu hyperaccumulation in polluted soils in Tonglu Mountain, Daye City of 
Hubei Province, China, established castor as a potential plant for Cu remediation of 
polluted soil (Andreazza et al. 2013). To evaluate phytoextraction capability for As, 
castor plants were grown in the presence of increasing concentration of As (0–5000 
μg L−1). Although decreased shoot and root biomass was observed, no severe toxic-
ity symptom was detected (Melo et al. 2009). It was suggested that castor plant 
could not qualify for commercial phytoextraction; however, it could be suitable to 
revegetate As-polluted areas with its usefulness for oil production. Growth of castor 
on industrial sites polluted with Zn, Pb, and Cd near the nonferrous metalworks in 
Plovdiv, Bulgaria, showed potential use of this plant to remediate metal-polluted 
sites (Angelova et al. 2016).

3.3.5  Grasses

Grasses such as giant reed, Miscanthus, cordgrass, and switchgrass have been found 
useful both for bioenergy production and phytoremediation. A. donax was grown in 
soil under increasing concentrations of Zn, Cr, and Pb, whereas Miscanthus spp.,  
M. × giganteus, M. sinensis, and M. floridulus were grown under Zn to see heavy metal  
tolerance and phytoremediation capacity of these plants (Barbosa et al. 2015). Metal 
accumulation and translocation were highest for Zn followed by Cr and Pb in giant  
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reed; however, different phytoremediation potential was obtained in Miscanthus gen-
otypes. Results indicated that A. donax and M. × giganteus could be most suitable for 
Zn phytoextraction. Further, A. donax and Miscanthus genotypes are important for 
phytostabilization of heavy metal contamination. Similar experiment was conducted 
by Bang et al. (2015) to assess the remediation capability of Miscanthus sp. Goedae-
Uksae 1, hybrid, for six heavy metals (As, Cu, Pb, Ni, Cd, and Zn). Results indicated 
that Goedae-Uksae 1 removed all the metals from polluted soil as well as water except 
As from polluted water. In fact, Cd, Pb, and Zn were entirely removed from polluted 
water samples, whereas in case of soil, maximum removal (97.7%) was reported for 
As. A higher amount of Pb and Zn was accumulated in the tissues of M. × giganteus 
grown in polluted soils in Silesia, Poland, where 5–10% of agricultural lands are pol-
luted with Pb, Cd, and Zn (Pogrzeba et al. 2011, 2013). M. × giganteus in contami-
nated soils can accumulate up to 700 mg Zn kg−1, 200 mg Pb kg−1, and 5 mg Cd kg−1 
(Pogrzeba et al. 2011). These results suggested potential role of this crop for Pb and 
Zn phytoremediation. Similarly, Barbu et al. (2010) reported profitable use of M. 
sinensis × giganteus in the soils of Copsa Mica region, Romania, polluted with Pb and 
Cd.

Pot experiments conducted on two grasses, A. donax and M. sacchariflorus, 
grown under increasing concentrations of Zn (0–2000 mg kg−1) and Cr (0–1000 mg 
kg−1) showed strong tolerance of these grasses to Zn and Cr (Li et al. 2014). A. 
donax accumulated 17.5 mg Zn plant−1 and 3.9 mg Cr plant−1, whereas M. sacchari-
florus accumulated 12.1 mg Zn plant−1 and 2.9 mg Cr plant−1. These grasses could 
be promising bioenergy crop for the phytoremediation because of strong tolerance 
and high capacity to accumulate metals. Similar experiment conducted by Kocoń 
and Matyka (2012) in Puławy, Poland, showed higher uptake and phytoextraction 
potential of M. × giganteus for Zn and Pb. They suggested growth of energy crop is 
economical and pro-ecological to clean metal-polluted environment. Studies of 
growth rate, Cd accumulation, translocation, and tolerance under different Cd con-
centrations on two warm season perennials, prairie cordgrass (Spartina pectinata 
Link, “Savoy”) and switchgrass (Panicum virgatum L., “Cave-In-Rock” (CIR)), 
indicated their usefulness in phytoremediation under 10 mg L−1 concentration 
(Zhang et al. 2015). Among these two species, Savoy showed higher tolerance, 
translocation, and accumulation abilities than Cave-In-Rock and could be useful for 
phytoremediation. Switchgrass has also shown great potential for phytoremediation 
of Pb- and Cr-contaminated soil. Cr concentration of 872.5 mg kg-1 was found in 
roots of switchgrass when grown on heavy Cr-polluted soil (600 mg kg−1).

3.4  Strategies to Increase Phytoremediation Potential 
of Bioenergy Crops

Phytoremediation by bioenergy crops can suffer from several limitations including 
low biomass yields, depth of soil that plant can remediate, low uptake and translo-
cation rate of metal from root to shoot, and low availability of metal at particular 
time. A high biomass plant with an ability to accumulate high content of toxic 
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metals is desirable for the success of phytoremediation. Effective use of metal 
solubilizing agents, prevention of leaching, use of endophytic bacteria, and pro-
duction of new plant materials having high biomass and capacity to accumulate 
high levels of toxic metals, through breeding and transgenic approach, can be used 
to increase the phytoremediation potential of bioenergy crops (Fig. 3.3). Various 
strategies that can be promising when used alone or in combination in bioenergy 
crops are discussed in this section.

3.4.1  Metal Solubilizing Agent

The crucial factor regulating the effectiveness of phytoextraction is the availability 
of heavy metals to plant roots (Felix 1997). Many soil characteristics including 
cation exchange capacity, pH, organic matter content, as well as type of metal spe-
cies present in soil affect the phytoavailability of metal for uptake by plant. 
Application of chelating agents to soil is one of the strategies to improve the metal 
accumulation capacities and uptake efficiency of plant. Persistent aminopolycar-
boxylic acids (APCAs) such as ethylenediaminetetraacetic acid (EDTA) as well as 
biodegradable APCAs, ethylenediamine disuccinate (EDDS), and nitrilotriacetic 
acid (NTA) have been successfully employed in many phytoextraction experiments 
(reviewed in Evangelou et al. 2007). Low molecular weight organic acids (LMWOA) 
such as citric and tartaric acid also increase phytoextraction capacity of plants by 
enhancing the solubility of heavy metals in soil. Addition of EDTA to polluted soils 

Fig. 3.3 Strategies to increase phytoremediation potential of bioenergy crops
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resulted in more tolerance and up to 100 times increase of Pb concentration in bio-
energy crops like willow, Indian mustard, corn, and sunflower (Schmidt 2003). 
Citric acid led to increased concentration of uranium, whereas inorganic agents like 
elemental sulfur or ammonium sulfate led to increased concentrations of cadmium 
and zinc (Schmidt 2003). However, addition of these agents can result in increased 
mobility of heavy metals in soils. Therefore, there is possibility of leaching of these 
metals in the soil. Reduction of leaching will be critical for the success of this strat-
egy (Evangelou et al. 2007). As rate of degradation of these agents has a direct 
effect on the leaching possibility, it should be studied in detail. Further the fate of 
these agents and its toxicity to plants and soil microorganisms should also be stud-
ied in detail for success of this strategy.

3.4.2  Symbiotic Endophytic Microorganisms

The success of the heavy metal phytoremediation using bioenergy crops relies on 
sufficient yield of crops and on the efficient uptake and translocation of metals from 
the roots to shoots. Growing evidence suggests that in addition to weather and soil 
characteristics, plant-microbe interactions also regulate the metal phytoextraction 
competence of host plants (Khan and Dotty 2011; Li et al. 2012). Symbiotic endo-
phytic microorganisms, which play an important role in host plant adjustment to 
contaminated environments, have been used to increase phytoremediation potential 
of plant by improving growth, producing highly branched root systems, enhancing 
metal tolerance, and mobilizing/degrading or immobilizing pollutants in the soil 
(Chen et al. 2010; Weyens et al. 2010). Various heavy metal tolerance mechanisms 
such as exclusion, active removal, biosorption, precipitation, or accumulation both 
in external and intracellular spaces have been identified in a variety of microbes 
(Haferburg and Kothe 2007; Harrison et al. 2007). These methods affect the solubil-
ity and the accessibility of the metal to the plant and hence modify the harmful 
effects of the metal.

Among the rhizosphere microorganisms, arbuscular mycorrhizal fungi (AMF) 
and plant growth-promoting rhizobacteria (PGPR) have been studied for their use in 
phytoremediation process. These microorganisms increased plant growth, protected 
it from harmful effects of metals, and enhanced plant uptake of trace elements 
(Weller and Thomashow 1994; Glick 1995; Sheng and Xia 2006). However, in 
some studies they reduced or had no effect on the metal uptake (Rajkumar et al. 
2006; Madhaiyan et al. 2007). Arora et al. (2015) examined the bioremediation 
capability of bioenergy crop switchgrass together with plant-associated microbes 
(AMF and Azospirillum) for Pb and found that these microbes enhanced the length, 
number of branches, surface area, and biomass of roots. Shoot biomass also 
increased. The lower values of bioconcentration factor and tolerance index were 
obtained revealing high retention of Pb and Cd in the roots and limited transfer of 
Pb and Cd to shoots.

Metal-resistant endophytes which are present in a variety of hyperaccumulator 
plants contribute in successful survival and development of these plants on heavy 

3 Phytoremediation of Heavy Metal-Contaminated Soil Using Bioenergy Crops



82

metal-contaminated soils. They stimulate plant development by a variety of mecha-
nisms including nitrogen fixation, solubilization of minerals, phytohormone and 
siderophore synthesis, use of 1-aminocyclopropane-1-carboxylic acid as the only N 
source, and alteration of supplement components (Glick et al. 1999; RajKumar 
et al. 2009). Inoculation of bioenergy crop S. viminalis plants with a Rahnella sp. 
strain increased extraction potential due to a considerably enhanced twig biomass 
(Janssen et al. 2015). Rajkumar and Freitas (2008) reported enhanced Zn accumula-
tion in shoot tissues of R. communis when Pseudomonas jessenii was added to the 
surface-sterilized root of this crop. Further, the plant-associated bacteria 
Pseudomonas koreensis AGB-1, isolated from roots of bioenergy plant M. sinensis 
growing in mine tailing soil, demonstrated high tolerance to heavy metals and plant 
growth-promoting characters. Extracellular sequestration of heavy metals by 
AGB-1 was revealed using transmission electron microscope analysis. It was 
observed as dark metal complexes on AGB-1 surfaces and exterior of the cells. M. 
sinensis biomass, chlorophyll, and protein content were increased by 54%, 27%, 
and 28%, respectively, when mining site soil was inoculated with AGB-1. Metal(loid) 
levels in roots and shoots of plants grown in inoculated soil were also more com-
pared to controls indicating that AGB-1 in combination with M. sinensis can be 
used to help phytostabilization and remediation of heavy metal-polluted sites (Babu 
et al. 2015).

Plants having extensive network of fine roots with large surface area are desir-
able for effective absorption and accumulation of heavy metals. A soil bacterium, 
Agrobacterium rhizogenes, can stimulate the root growth proliferation (hairy roots) 
via plasmid (Ri T-DNA) insertion into plant genome. It has been shown to enhance 
the metal uptake and root biomass in various hyperaccumulator plants (Metzger 
et al. 1992; Hughes et al. 1997; Nedelkoska and Doran 2000). As hairy roots can 
grow in vitro without addition of exogenous growth regulators, the problem of pos-
sible inhibitory activity of their phytohormones can be solved. Some endophytes 
can increase the growth of host plants and thus enhance phytoremediation by pro-
ducing indole-3-acetic acid, cytokinins, and/or gibberellins (Feng et al. 2006; 
Oelmüller et al. 2009; Hamayun et al. 2010). Ethylene is a key phytohormone which 
regulates the plant growth (Ping and Boland 2004). Overproduction of ethylene 
promoted by stresses has been reported to reduce plant developmental processes, 
such as root elongation, lateral root growth, and root hair formation (Mayak et al. 
2004). A number of endophytes can enhance plant growth by producing 1- aminocy
clopropane- 1-carboxylate (ACC) deaminase which hydrolyzes ACC, an ethylene 
precursor to modulate the ethylene levels in plants (Hardoim et al. 2008; Chen et al. 
2010; Ma et al. 2011; Zhang et al. 2011).

Besides changing the phytohormone concentrations, a number of endophytes 
can enhance plant growth by nitrogen (N) fixation, supply of mineral nutrition, and 
enhancing tolerance to biotic and abiotic stresses (Ryan et al. 2008). Many bioen-
ergy crops including maize, wheat, poplar, and grass are colonized by nitrogen fixa-
tion endophytes ensuring sufficient N to the plant and enhance plant growth (Hurek 
and Reinhold-Hurek 2003; Doty et al. 2009; Rajkumar et al. 2009). Kuklinsky- 
Sobral et al. (2004) found that mineral phosphate can be solubilized by 52% of the 
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endophytic bacteria isolated from soybean plants. Plant-associated bacteria directly 
enhance phytoextraction by producing organic acids, chelators, and/or changing 
redox status thus varying the solubility, accessibility, and transport of heavy metal 
and nutrients. Siderophore-producing bacteria (SPB) which are metal resistant con-
tribute in the successful survival and development of plants in polluted soils by 
removing metal from polluted sites. They mitigate the metal toxicity and provide 
plant with nutrients, specifically Fe. Siderophores, low-molecular-mass iron chela-
tors, have high association constants for binding Fe. These chelators can bind with 
other metals including Cd, Cu, Ga, Al, In, Pb, and Zn (Miethke and Marahiel 2007). 
The formation of complex between siderophore and metal enhances its efficient 
uptake by increasing the concentration of soluble metal (Rajkumar et al. 2010). 
Under iron limitation, siderophore makes iron available to plants. Siderophore- 
producing bacterial strain led to enhanced growth of bioenergy crop B. juncea 
growing under Cr stress but Cr uptake capability of plants was not influenced 
(Rajkumar et al. 2005). Some endophytes secrete low-molecular-mass organic acids 
and thus increase heavy metal mobilization. For instance, significant increase in the 
water-soluble Pb and decrease in pH of the solution were observed with endophyte 
growth (Sheng et al. 2008). It was suggested that organic acids released by the endo-
phytes could be responsible for this (Sheng et al. 2008). Endophytic diazotroph 
Gluconacetobacter releases 5-ketogluconic acid which solubilizes a variety of Zn 
sources, such as ZnO, ZnCO3, or Zn3(PO4)2, and hence makes it accessible for plant 
uptake (Saravanan et al. 2007). Actinobacterium endophytes also release some 
metal-mobilizing metabolites that can mobilize Zn and/or Cd and hence increased 
the metal content in S. caprea leaves (Kuffner et al. 2010). Interestingly, some stud-
ies revealed that metal-resistant endophytes reduce metal uptake and accumulation 
(Lodewyckx et al. 2001; Huo et al. 2012). Whether endophytes enhance or decrease 
metals uptake and accumulation depends principally on the levels of the metals in 
the soil.

3.4.3  Genetic Engineering

Plants survive in presence of high levels of metals probably by various detoxifying 
mechanisms including exclusion, sequestration, chelation, and compartmentaliza-
tion of metals. Mechanism for uptake, transport, and sequestration is specific for 
each metal in plants (Eapen and D’Souza 2005; Mello-Farias and Chaves 2008). 
Genetic and molecular techniques are being used to identify gene families and can-
didate genes in plants that are involved in these processes. Genes reported to be 
involved in these processes and have been utilized to develop transgenic plants with 
high phytoremediation capability are gshI, gshII, CAX-2, AtNramps, AtPcrs, CAD1, 
PCS, gst, and Nt CBP4 (Ha et al. 1999; Zhu et al. 1999; Thomine et al. 2000; Heiss 
et al. 2003; Song et al. 2004). These genes can also be expressed/overexpressed in 
bioenergy crops to enhance their phytoremediation capability.

An understanding of uptake, translocation, and regulatory control mechanism in 
common and metal hyperaccumulators plants will help scientists to develop 
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effective and economic transgenic plants for remediation of metals in soil (Chaney 
et al. 2000; Fulekar et al. 2008). Different engineering approaches have been pro-
posed to increase metal uptake in plants (Clemens et al. 2002). These comprise 
increasing the number of uptake and intracellular binding sites and change of speci-
ficity of metal uptake system in order to decrease competition by other cations. 
Using functional complementation in yeast, it was demonstrated that ZNT1 from T. 
caerulescens roots (Zn transporter gene) participate in high-affinity uptake of Zn2+ 
and low-affinity uptake of Cd2+ (Pence et al. 2000). Therefore, ZNT1 can be 
expressed in bioenergy crops to enhance the uptake of these metals. Several classes 
of proteins including natural resistance-associated macrophage protein (Nramp) 
family, cysteine- proline-serine (CPx)-type ATPases, and cation diffusion facilitator 
(CDF) family proteins have been shown to be involved in transport of metals in 
plants (Williams et al. 2000). Conserved intramembranous motif cysteine-proline-
serine, cysteine-proline-cysteine, or cysteine-proline-histidine present in CPx-type 
metal ATPases are known to be involved in the transport of essential as well as 
potentially toxic metals like Pb, Cu, Zn, and Cd across cell membranes (Williams 
et al. 2000). Candidate genes for improvement of heavy metal resistance such as 
ScYcf1 and ScYHL035C (MRP) subfamily of ABC transporter, ScPdr13, a heat 
shock protein 70 (HSP70), and AtPcr1 have been identified by yeast mutant screen-
ing and Arabidopsis cDNA library screening (Song et al. 2007). In budding yeast, 
ScYCF1 (yeast cadmium factor 1) encodes a transporter that sequesters toxic met-
als/metalloids into the vacuoles. Compared to the non-transgenic plants, the poplar 
plants overexpressing YCF1 showed increased growth, higher Cd level in the aerial 
tissue, and reduced toxicity symptoms. Higher levels of Cd, Zn, and Pb were also 
observed to be accumulated in the root. These results suggest that in highly polluted 
sites, where survival of wild plant is not possible, YCF1-expressing transgenic pop-
lar may be useful for phytostabilization and phytoattenuation (Shim et al. 2013). In 
Arabidopsis thaliana, two ABCC-type transporters, AtABCC1 and AtABCC2, that 
participate in As detoxification are known. Increased Cd(II) tolerance and accumu-
lation were also observed in Arabidopsis plant overexpressing AtABCC1, whereas 
hypersensitive phenotypes were observed in atabcc1 single or atabcc1 atabcc2 
double knockout mutants in the presence of Cd(II) and Hg(II). These results revealed 
that these vacuolar transporters participate in Cd and Hg tolerance along with their 
involvement in As detoxification. These transporters offer important tools for devel-
oping plants with desirable characteristics for phytoremediation (enhanced metal 
tolerance and accumulation) using genetic engineering (Park et al. 2012).

AtPcr1 is a plant protein which reduces Cd(II) in the cell. Comparison of growth 
of the transgenic poplar plant harboring AtPcr1 and wild-type plant in Cd- and 
Pb-contaminated media led to conclusion that expression of this gene enhances 
heavy metal resistance and has potential for phytoremediation of Cd- and Pb-polluted 
sites (Song et al. 2007). Phytochelatins (PCs) are metal-binding thiol-reactive pep-
tides that are synthesized posttranslationally in plants and constitute a major path-
way of metal detoxification (Gasic and Korban 2007; Mishra et al. 2011). Indian 
mustard plant expressing an Arabidopsis thaliana AtPCS1 gene showed higher tol-
erance to Cd and As. Shoots of PCS plants with Cd showed considerably higher 
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levels of PCs and thiols and lower concentration of Cd compared to wild-type 
plants. Accumulation of As in transgenic plants was comparable to that in wild-type 
plants. In spite of the fact that the capacity of Indian mustard to tolerate Cd and As 
was enhanced by PCs, accumulation capability of these metals in the aerial tissues 
couldn’t be increased (Gasic and Korban 2007). Metallothionein (MT), a small 
cysteine-rich protein, participates in cellular detoxification of metals by sequester-
ing metal ions. JcMT2a from J. curcas has been shown to participate in Cu and Cd 
homeostasis and therefore might be a potential source to be utilized in genetic engi-
neering approaches for phytoremediation. For instance, expressing a gene coding 
for a metallothionein-like protein in transgenic white poplar enhanced its tolerance 
to CuCl2 in in vitro culture (Balestrazzi et al. 2009).

Modification of oxidative stress-related enzymes glutathione-S-transferase and 
peroxidase could also result in altered metal tolerance (Ezaki et al. 2000; Eapen 
and D’Souza 2005). Phytoremediation capabilities of four poplar lines including P. 
nigra, P. canescens, and two transgenic P. canescens clones were examined using 
in vitro leaf disk cultures (Bittsánszky et al. 2005). An elevated level of glutathione 
was observed in the transgenic poplars overexpressing a bacterial gene encoding 
gamma-glutamylcysteine synthetase (γ-ECS) in the cytosol or in the chloroplasts. 
Different concentrations of ZnSO4 applied on leaf disks of poplar clones for 21 
days revealed that Zn (2+) was phytotoxic to transgenic P. canescens lines only at 
high concentrations (0.1–1 M) of Zn, whereas P. nigra was sensitive line. Elevated 
heavy metal uptake was observed in transgenic poplars than non-transformed 
clones. These observations revealed that transgenic poplars are more appropriate 
for phytoremediation of Zn-polluted sites (Bittsánszky et al. 2005). Similarly, 
overexpression of γ-ECS gene in Indian mustard plants (Zhu et al. 1999) led to 
accumulation of 2.8 times more Se in leaves in comparison to wild type, whereas 
accumulation was 2.3-fold in transgenic plant overexpressing glutathione synthe-
tase gene (GS; Liang et al. 1999). Under field conditions, transgenic Indian mus-
tard lines overexpressing genes encoding the enzymes adenosine triphosphate 
sulfurylase (APS), ECS, and GS were tested for their ability to remediate Se from 
Se- and B-polluted saline sediment. Plants overexpressing APS, ECS, and GS 
accumulated 4.3, 2.8, and 2.3 times more Se in their leaves compared to wild type, 
respectively. These observations suggested that these genetically engineered plants 
can be successfully utilized for phytoremediation under field conditions (Bañuelos 
et al. 2005). GS plants significantly tolerated the polluted soil better and attained 
an aboveground biomass/area almost 80% compared to 50% for wild-type plants 
(Bañuelos et al. 2005). In Indian mustard, overexpression of selenocysteine meth-
yltransferase (SMT) or selenocysteine lyase led to increased capability for Se phy-
toremediation under field conditions (Bañuelos et al. 2007). Up to nine times more 
Se accumulation was observed in Indian mustard plants in which both APS and the 
SMT gene from the Se hyperaccumulator, Astragalus bisulcatus, were co-expressed 
(LeDuc et al. 2006). Similarly, overexpression of ACC deaminase resulted in an 
increased level of various metals (Grichko et al. 2000; Eapen and D’Souza 2005) 
in plant and hence can be introduced in bioenergy crops to increase their metal 
remediation potential.
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Using transgenic approach, genes associated with hyperaccumulation or phyto-
volatilization can be expressed in those plants in which these are not originally 
present. Introduction of mercuric ion reductase (merA) and organomercury lyase 
(merB) genes led to Hg tolerance in plants (Bizily et al. 2000; Dhankher et al. 2002; 
Eapen and D’Souza 2005). The bacterial merA and merB genes were simultane-
ously expressed in eastern cottonwood P. deltoides. The merA/merB-expressing 
plants displayed enhanced Hg tolerance and could detoxify organic Hg compounds 
three- to fourfold faster compared to controls (Lyyra et al. 2007). In the presence of 
40 ppm Hg(II), P. deltoids trees, overexpressing modified merA9 and merA18 
genes, showed higher biomass compared to control plants (Che et al. 2003). Within 
2 weeks, control plants died but transgenic cottonwoods were still alive.

In addition to high metal-accumulating capability, candidate bioenergy crops for 
metal phytoremediation should have high biomass. Various molecular biology tech-
niques can be used to identify genetic variation, explore canopy architecture, and 
study carbon allocation patterns that affect biomass yield. Overexpression of sucrose 
synthase (SUS) PvSUS1 in switchgrass enhances height, biomass, and tiller number 
up to 37, 13.6, and 79% compared to control plants. The overexpression of this gene 
in switchgrass and other bioenergy feedstocks might be a possible approach to 
enhance biomass and stacking with other genes that take part in uptake, transloca-
tion, and tolerance of metal, might lead to increased metal remediation potential 
(Poovaiah et al. 2015). Poplar plants which overexpress a cytosolic glutamine syn-
thetase (GS1) under elevated N levels displayed enhanced biomass (6%); increased 
amount of chlorophylls, proteins, and total sugars; and higher N use efficiency 
mainly in young leaves in comparison to non-transformed controls (Castro- 
Rodríguez et al. 2016). In conclusion, transgenic plants carrying genes implicated 
in metal uptake, translocation, and tolerance will lead to increased metal remedia-
tion potential which will improve the plant’s capacity to tolerate and accumulate 
heavy metals. Further, genes used for increasing growth and biomass production are 
also key resource for increasing metal remediation potential of plants (Castro- 
Rodríguez et al. 2016).

3.5  Concluding Remarks and Future Prospects

Use of biomass as a source of renewable energy can decrease reliance on petroleum 
fuels. Bioenergy based on food crops is a risk to food security through higher prices 
and use of land and water that would otherwise go for food production. Pressures on 
food supply can be reduced through technologies that make use of nonedible bioen-
ergy crops growing on marginal lands. Dedicated energy crops that can provide 
reliable and sustainable biomass with high yields, low production costs, and compe-
tence to tolerate and accumulate high levels of heavy metals are highly desirable for 
this purpose. Among dedicated bioenergy crops, switchgrass, elephant grass, pop-
lar, willow, mesquite, etc. appear to be the most promising. Biomass yield and 
capacity to accumulate and tolerate heavy metals can be enhanced using transgenic 
and breeding approaches. Use of metal-tolerant endophytic symbiont and metal 
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chelating agents are also effective in increasing heavy metal extraction efficiency of 
these plants. More work needs to be done for effective prevention of leaching when 
using metal chelator and efficient conversion of heavy metal-contaminated biomass 
as biofuels. Lignocellulosic biomass which provides a natural resistance to its deg-
radation is one of the main challenges for the second-generation biofuel industry. 
Simultaneous development of bioenergy crops with high yield, heavy metal phy-
toremediation potential, and bioconversion technologies that efficiently convert 
biomass into bioenergy are required for making marginal lands reusable for agricul-
tural production and reducing dependency on fossil fuels.
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4Phytoremediation of Soil Contaminants 
by the Biodiesel Plant Jatropha curcas

O.P. Abioye, U.J.J. Ijah, and S.A. Aransiola

Abstract
Contamination of soil is prominent among the most critical environmental issues 
throughout the world, and it has a hugely harmful impact on people, animals, 
microorganisms, and plants. Organic pollution pollutes the environment because 
of its innate characteristics—for example, solubility, instability, and biodegrad-
ability. Correspondingly, heavy metals pollute the earth and have injurious 
impacts on the environment and its sectors. Current technology involves soil 
excavation and either landfilling or soil washing for physical or substance detach-
ment of the contaminants. Although they are highly variable and depend on the 
contaminants of concern, soil properties, site conditions, etc., the generally huge 
expenses connected with the removal of metals from soils by conventional physi-
cochemical methods explain why most organizations have a tendency to over-
look the problem. The removal of these metals from the environment is thus 
imperative. Phytoremediation involves treatment of ecological problems (biore-
mediation) using florae that reduce ecological contamination, avoiding the need 
to uncover the polluted substances and dispose of them elsewhere. Remediation 
using plants (phytoremediation) consists of attenuating contaminant concentra-
tions in polluted water, air, or soil with plants that are able to reduce or eliminate 
metals, pesticides, solvents, crude oil and its derivatives, and heavy metals. 
Jatropha curcas is a widely used plant species, with many advantages for reme-
diation and biodiesel production. In this chapter, the phytoremediation method 
using the biodiesel plant Jatropha curcas for remediation of contaminated soil is 
examined, along with its effectiveness and efficiency.
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4.1  Introduction

An inexorably industrialized worldwide economy has significantly elevated the 
release of anthropogenic chemicals into the environment in the course of the most 
recent century and brought about contamination of numerous areas of the earth. 
Pollution can be a result of improper chemical production (e.g., oil slicks from drill-
ing, explosive from assembling plants), transport (e.g., oil slicks from tankers or 
pipelines), storage (e.g., chemicals from leaking storage tanks), utilization (e.g., 
pesticides and manure from agribusiness, explosives from weapons firing), or dis-
posal processes (e.g., explosives from neutralization facilities). Simultaneously 
with increasing contamination levels, energetic enthusiasm for creating techniques 
for remediation of environmental contaminants—utilizing physical, chemical, and 
biological procedures—has risen.

As great “suck and truck” methodologies involving off-site treatments are costly, 
in situ bioremediation forms—such as monitored natural attenuation, biostimula-
tion, bioaugmentation, and phytoremediation—have turned into an appealing 
approach to restore contaminated sites (Ayoub et al. 2010). The site conditions, the 
contaminant type and source, the source control measures, and the potential effect 
of the conceivable remedial measure influence the decision on a remediation meth-
odology and technology. Heavy metal contamination in soil is one of the major 
ecological issues throughout the world. Heavy metals have a critical lethal impact 
on humans, animals, microorganisms, and plants. Besides, heavy metals are not 
subject to degradation and, along these lines, remain uncertainly in the environment 
(Raskin and Ensley 2000). Heavy metals are discharged by different anthropogenic 
activities into the environment—for example, manufacturing processes in industry, 
household refuse, and waste materials, especially sawdust muck, sewage sludge, 
textile industry sludge, and slaughterhouse sludge. Polluted soils need to be remedi-
ated. There are some current techniques—for example, physical and chemical treat-
ments, or removal and entombment at a risk waste site—that are expensive, tedious, 
and inadequate, as the treated soils remain incompletely cleaned. Tree plantation 
can be utilized as a technique for remediation of polluted soil and to restore soil 
fertility and efficiency. For viable phytoremediation, the plant species ought to be 
inedible (Abioye et al. 2015) and able to grow copiously on a huge scale in polluted 
soil, yet some edible plants, such as Glycine max L. (Aransiola et al. 2013) and 
Arachis hypogaea (Ijah et al. 2015), have turned out to be excellent for phytoreme-
diation. Such plants can endure harsh conditions, such as heavy metal contamina-
tion, low nutrient content, and dry seasons (Kumar et al. 2008). Considering all of 
the aforementioned choices, among inedible trees, Jatropha curcas is a species of 
choice (Jussieu 1789). Jatropha is native to Central America and has become 
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naturalized in numerous tropical and subtropical regions, including India, Africa, 
and North America. It develops essentially all over India under an assortment of 
agro-climatic conditions. Jatropha curcas is a multipurpose plant with numerous 
properties and impressive potential. In recent decades, phytoremediation, which is 
inexpensive and offers the most naturally benign innovation and methodology 
(Aransiola et al. 2013), has been utilized effectively for the remediation of soils pol-
luted with different contaminants. Furthermore, phytoremediation is being progres-
sively utilized as a technological complement to treatment of contaminated water in 
various sorts of treatment wetlands (Horne 1999; Zhang et al. 2010).

Jatropha curcas is a perennial oil-yielding plant developed in the tropical and 
subtropical areas of the globe. It has been broadly utilized for energy plantation and 
wetland recovery because of its capacity to endure harsh environmental condi-
tions—for example, dry seasons and infertile and heavily contaminated soils. In 
light of the accumulation of different trace elements (Cu, Cr, Mn, Ni, and Zn) and 
use of supplements (Ca, K, Mg, Na, and P), Jatropha curcas could be utilized for 
revegetation programs in mining areas in mica belt regions (Nagaraju and Karimulla 
2002). Studies have, for the most part, centered around changes in development 
execution and metal tolerance of Jatropha curcas in metal-polluted calcareous soils 
with the introduction of organic waste (biosludge and dairy sludge) and biofertilizer 
(Azotobacter chroococcum) (Kumar et al. 2008; Yadav et al. 2009, 2010). Jamil 
et al. (2009) recommended Jatropha curcas plantation for phytoremediation in coal 
fly ash landfills with use of crucial plant supplements and suitable chelating agents.

In addition to generation of biodiesel, by-products of Jatropha curcas can be 
utilized to make an extensive variety of products, including quality paper, health 
supplements, soap, beautifying agents, toothpaste, embalming fluid, pipe joint 
cement, hard drug, and a moistening agent in tobacco. Jatropha curcas (part of the 
Euphorbiaceae family) develops well under harsh climatic conditions because of its 
low moisture demands, low fertility requirements, and resilience to high tempera-
tures (Augustus et al. 2002). Hence, the present review was conducted to assess the 
plant’s potential in remediation of pollutants in the soil.

4.2  Soil Contaminants

Environmental contamination has been a serious concern globally. Water, soil, and 
air are being contaminated in various ways. As an “all-inclusive sink,” soil is subject 
to heavy contamination. Soil can be polluted in different ways. There is a desperate 
need in monitoring soil contamination, keeping in mind the end goal of preserving 
soil fertility and increasing productivity (Muhammad et al. 2014). Soil is the very 
foundation of farming. All harvests for human sustenance and animal survival rely 
on it. This essential regular asset is being lost to quickened disintegration. What is 
more, huge amounts of man-made waste items, ooze, and different items from waste 
treatment plants and contaminated water are likewise bringing about or promoting 
soil contamination (Muhammad et al. 2014). Soil contamination is characterized as 
the build-up in soils of persistent toxic compounds, chemicals, salts, radioactive 
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materials, or disease-causing agents, which have effects on plant development and 
animal well-being (Okrent 1999). Soil is the thin layer of organic and inorganic 
materials that covers the earth’s surface; the former come from the decayed remains 
of plants and animals, and the latter have formed over thousands of years by physi-
cal and chemical weathering of bedrock. Productive soils are important for farming 
to supply the world with adequate nourishment (Belluck et al. 2003).

There is a wide range of ways in which soil can become contaminated. These 
include seepage from a landfill; release of mechanical waste into the soil; perme-
ation of sullied water into the soil; leakage from underground storage tanks; abun-
dant utilization of pesticides, herbicides, or compost; and strong waste drainage.

The most widely recognized chemicals involved in causing soil contamination 
are solvents, pesticides, heavy metals, and petroleum hydrocarbons.

4.2.1  Inorganic Poisonous Mixtures

Inorganic buildups in modern waste cause difficult issues in respect of their dis-
posal. They include metals, which have high potential for poisonous qualities. 
Modern transportation likewise releases a lot of arsenic fluorides and sulfur dioxide 
(SO2) (Richardson et al. 2006). Fluorides are found in the environment from super-
phosphate, phosphoric acid corrosive, aluminum, steel, and earthenware commer-
cial ventures. Sulfur dioxide emitted by industrial facilities and power plants may 
make soils extremely acidic. These metals cause leaf harm and annihilate planta-
tions. Cadmium, lead, nickel, copper, mercury, and arsenic are components that can 
aggregate in the soil if they pass into it through sewage, modern waste, or mine 
washings. A portion of fungicides containing copper and mercury likewise add to 
soil contamination. Vehicle emissions contain lead, which gets adsorbed by soil 
particles and is poisonous to plants. The harmfulness can be minimized by working 
up soil natural matter, adding lime to soils, and keeping it basic (Van Zorge 1996).

4.2.2  Organic Waste

Natural squanders (organic wastes) of different sorts lead to contamination hazards. 
Residential junk, civil sewage, and modern squanders—when left in stacks or 
dumped as refuse—undoubtedly influence the health of people, plants, and animals 
(Crane and Giddings 2004). Natural squanders contain borates, phosphates, and 
cleansers in huge amounts. In the event that they remain unprocessed, they influence 
the development of plants. The principal natural pollutants are coal and phenol. 
Asbestos; ignitable tools; gases such as carbon dioxide, hydrogen sulfide, methane, 
carbon monoxide, and sulfur dioxide; and petroleum are additional pollutants. 
Harmful materials such as thorium, strontium, and uranium additionally cause soil 
pollution. Aftermath of strontium for the most part remains in the soil and is moved 
with the residue (Nathanail et al. 2005). Different fluid wastes such as sewage and 
sewage sludge are additionally leading causes of soil problems.
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4.2.3  Sewage and Sewage Sludge

Contamination of soil, frequently brought about by an unrestrained transfer of sew-
age and different fluid squanders, comes about because of household use of water, 
modern squanders containing an assortment of toxins, agrarian effluent from animal 
farming, wastage of watering system water, and urban spillover (Tarazona et al. 
2005; Evans et al. 2006). Watering systems with sewage water cause significant 
changes in flooded soils. Among the different changes that occur in the soil because 
of sewage watering systems are physical changes in draining; changes in humus 
substance, porosity, and so forth; compound changes in the soil response, base 
exchange status, and saltiness; and changes in the amounts and accessibility of 
nutrients such as nitrogen, potash, and phosphorus. Sewage oozes contaminate the 
soil by aggregating metals such as lead, nickel, zinc, and cadmium. This may cause 
phytoxicity in plants.

4.2.4  Heavy Metal Contamination

Soil contamination by metals has become a major theme of the examination of eco-
logical issues nowadays. Substantial metals exist in ionic, particulate, colloidal, and 
broken-up forms. Heavy metals are available in the soil as soluble metal compounds, 
free metal particles, replaceable metal particles, naturally bound metals, Precipitated 
or insoluble mixtures such as oxides, carbonates, and a portion of silicate materials 
or hydroxides (Leyval et al. 1997).

Metals are common components of soil, and they endure in soils and have a 
moderate draining rate; consequently, they have a tendency to aggregate in soils. 
Trace amounts of some substantial metals are required by living creatures, yet in 
overabundance they are harmful. The eco-toxicological dangers of metal pollution 
result in possible damage to plants, animals, people, and microorganisms. Heavy 
metal contamination can smother or even kill plants and soil microbial groups or 
alter their qualities and structures. When they accumulate in the food chain, they 
have unfavorable impacts at various trophic levels because of biomagnification. 
Then again, substantial metals such as Fe, Mn, Ni, Cu, and Zn are vital for plant 
development and are vital constituents of numerous chemicals. Heavy metals such 
as As, Cd, Cr, Hg, Pb, Sb, Al, and Se are superfluous and harmful over certain 
thresholds (Panda and Choudhury 2005). Mostly, urban and modern pressurized 
canned products, ignition of fills, fluids and strong waste from animals and people, 
mining squanders, mechanical and farming chemicals, etc., are contributing sub-
stantial metal contamination. Overwhelming metals are available in all uncontami-
nated soils as a consequence of weathering from their materials of origin. The 
concentrations of substantial metals in the lithosphere, soil, and plants are given in 
Table 4.1.

The fate of heavy metals in the soil can be influenced by physical and organic 
processes within the soil. Metal particles penetrate the soil structure from these dif-
ferent types of mixtures at various rates, and they may either stay within the 
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structure, go into the seepage water, be taken up by plants growing in the soil, or be 
held by the soil in sparingly soluble or insoluble structures. Natural materials in the 
soil have an incredible proclivity for substantial metal cations, which form stable 
compounds, in this way promoting diminished nutrient content (Huinink 1998; 
Urzelai et al. 2000).

4.2.5  Organic Pesticides

Pesticides are mostly employed to resolve certain nuisances. Pesticides may have 
destructive impacts on microorganisms and, as a consequence, plant development 
may be influenced. Pesticides that do not deteriorate quickly may create such issues. 
Collection of pesticide deposits in higher fixations is harmful. Persistence of pesti-
cides in soil and their introduction into water streams may likewise promote their 
introduction into foods and endanger health. Pesticides, especially aromatic natural 
mixtures, are not debased quickly and can therefore remain active for a long time, 
as shown in Table 4.2.

4.3  Reasons for Soil Contamination

Contamination of soil is brought about by the presence of artificial chemicals or 
other adjustments in the regular soil environment. This sort of pollution normally 
emerges from leakage from underground storage tanks, the use of pesticides, per-
meation of sullied surface water into the subsurface strata, oil and fuel dumping, 
draining of squanders from landfills, or direct release of mechanical squanders into 
the soil. The most widely recognized chemicals involved are solvents, pesticides, 

Table 4.1 Concentrations of heavy metals in the lithosphere, soil, and plants (μg/g dry matter)

Heavy metal Lithosphere Soil range Plants

Cadmium (Cd) 0.2 0.01–0.7 0.2–0.8

Cobalt (Co) 40 1–40 0.05–0.5

Chromium (Cr) 200 5–3000 0.02–1.0

Copper (Cu) 70 2–100 4–15

Iron (Fe) 50,000 7000–5,50,000 140

Mercury (Hg) 0.5 0.01–0.3 0.015

Manganese (Mn) 1000 100–4000 15–100

Molybdenum (Mo) 2.3 0.2–5 1–10

Nickel (Ni) 100 10–1000 1

Lead (Pb) 16 2–200 0.1–10

Tin (Sn) 40 2–100 0.3

Zinc (Zn) 80 10–300 8–100

Source: Muhammad et al. (2014)
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lead, petroleum hydrocarbons, and other substantial metals. These events can be 
connected to the level of industrialization and the intensity of concoction utilization. 
A soil toxin is any variable that degrades the quality, surface, or mineral substance 
of the soil or that disturbs the natural equalization of the life-forms in the soil. 
Contamination in soil has antagonistic impacts on plant development.

4.3.1  Causes of Soil Contamination

4.3.1.1  Indiscriminate Utilization of Fertilizers
Oxygen is obtained from water and air; however, other vital nutrients such as nitro-
gen, potassium, calcium, magnesium, phosphorus, and sulfur need to be acquired 
from the soil. Farmers, for the most part, utilize manure to rectify soil inadequacies. 
Fertilizer contaminates the soil with impurities, which originate from the crude 
materials utilized for their production. Blended composts regularly include phos-
phorus as P2O5, potassium as K2O, and ammonium nitrate (NH4NO3). As a case in 
point, As, Pb, and Cd present in rock phosphate minerals are incorporated into 
superphosphate manure. Since the metals are not degradable, their amassing in the 
soil beyond harmful levels (because of inordinate utilization of phosphate com-
posts) turns them into indestructible substances that are toxic to crops. Overutilization 
of NPK fertilizer decreases the yields of vegetables and crops grown in the soil over 
periods of years. It additionally diminishes the protein content of wheat, maize, 
grams, and so forth grown in that soil. The carbohydrate quality of such crops addi-
tionally becomes degraded (Provoost et al. 2008). An abundance of potassium con-
tent in the soil diminishes vitamin C and carotene content in vegetables and fruits. 
Vegetables and fruits grown in overfertilized soil are more vulnerable to assaults by 
insects and disease.

Table 4.2 Persistence times 
of some selected pesticides

Pesticide Persistence time

Benzene hexachloride (BHC) 11 years

Dichlorodiphenyltrichloroethane 
(DDT)

10 years

2,4-Dichlorophenoxy acetic acid 
(2,4-D)

2–8 weeks

Aldrin 9 years

Diuron 16 months

Atrazine 18 months

Siwazine 17 months

Chlordan 12 years

2,3,6-Trichlorobenzene (TBA) 2–5 years

Source: Muhammad et al. (2014)
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4.3.1.2  Indiscriminate Utilization of Herbicides, Pesticides, 
and Insecticides

Plants on which humans depend for sustenance are often attacked by insects, fungi, 
bacteria, viruses, rodents, and other animals, and must compete with weeds for 
nutrients. To destroy undesirable populations living in or on their yields, farmers use 
pesticides. The primary widespread insecticide use started toward the end of World 
War II and included DDT (dichlorodiphenyltrichloroethane) and gammaxene. 
Insects soon became resistant to DDT, and as the chemical did not break down 
promptly, it persisted in the environment. Since it was soluble in fat as opposed to 
water, it biomagnified up the food chain and disturbed the calcium digestion system 
in birds, making eggshells thin and fragile (Toccalino and Norman 2006).

4.3.1.3  Discarding of Large Amounts of Solid Waste
By and large, solid waste incorporates garbage, residential refuse, and disposed-of 
solid materials—for example, those from commercial, industrial, and agricultural 
operations. Solid waste contains expanding measures of paper, cardboard, plastics, 
glass, old building materials, packaging materials, and harmful or generally hazard-
ous substances. Since a lot of urban solid waste has a tendency to be paper and food 
waste, the majority is recyclable or biodegradable in landfills. Likewise, most agri-
cultural waste is reused, and mining waste is left at the site. The bit of solid waste 
that is dangerous—for example, oils, battery metals, and heavy metals from purify-
ing commercial enterprises and organic solvents—are the ones that require specific 
consideration. These can, over the long haul, accumulate in the soils in the sur-
rounding area and pollute them, altering their chemical and biological properties 
(Patterson et al. 2007).

4.3.1.4  Deforestation and Erosion of Soil
Soil erosion happens when weathered soil particles are disturbed and removed by 
wind or water. Deforestation, agricultural advancement, temperature extremes, pre-
cipitation (including acid rain), and human activities add to this erosion. Humans 
speed up this process by development, mining, cutting of timber, overcropping, and 
overgrazing, resulting in flooding and causing soil erosion. Forests and grasslands 
are incredible binding systems, which keep the soil in place and solid. They support 
numerous habitats and ecosystems, which give endless nourishing pathways or food 
chains of life to all involved species. Their misfortune undermines the food chain of 
life and the survival of numerous species. In recent years, considerable expanses of 
green areas have been changed into deserts. The valuable rain forest habitats of 
South America, tropical Asia, and Africa are bearing the brunt of their populations’ 
developments and improvements (particularly timber logging, building develop-
ment, and agriculture). Numerous researchers believe that an abundance of thera-
peutic substances, including cures for cancer and AIDS, lie in these forests. 
Deforestation is gradually annihilating the most bountiful flora and fauna areas in 
the world, which also form vast tracts of a very valuable sink for CO2 (Leon Paumen 
2008).
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4.3.1.5  Pollution Due to Urbanization
Surface soils are becoming contaminated by both biodegradable materials (such as 
vegetables, animal waste, paper, wood, corpses, plant twigs, leaves, fabric waste, 
and additional sweepings) and numerous nonbiodegradable materials (for example, 
plastic bags, plastic containers, plastic waste, glass bottles, glass pieces, and stone/
cement pieces) (Simcox et al. 1995; Nawrot et al. 2006). One alarming assessment 
reported that Indian urban communities are consistently outputting strong city 
squanders to the tune of 50,000–80,000 metric tons “everyday”. In the event that 
these are left uncollected and decay, they cause a few issues, for example:

 1. Stopping up of channels: Causing genuine waste issues including bursting/spill-
age of seepage lines, causing health hazards

 2. Hindrance to movement of water: Solid squanders genuinely harm the ordinary 
movement of water, thereby causing issues of immersion, harm to establishment 
of structures and, in addition, general health hazards

 3. Foul smells: these are generated by dumping of squanders at particular sites
 4. Expanded microbial activity: microbial decomposition of natural squanders pro-

duces huge amounts of methane and numerous other chemicals, contaminating 
the soil and water streaming on its surface

 5. Health hazards from medical waste: at sites where such strong squanders include 
medical waste, they can cause numerous well-being issues, as they may contain 
unsafe pathogens, hazardous medications, and infusion substances.

4.3.1.6  Contamination of Subsurface Soil
Subsurface soil in urban communities is liable to be contaminated by chemicals 
discharged in industrial waste and by decomposed and partly deteriorated materials 
in sanitary waste.

Numerous hazardous chemicals—such as chromium, lead, arsenic, cadmium, 
and selenium—are prone to being placed in subsurface soil. Furthermore, 
 underground soils contaminated by sanitary waste produce numerous harmful 
chemicals. These can harm the typical processes and biological balance in the 
underground soil.

4.4  Phytoremediation Techniques

Phytoremediation is defined as the utilization of green plants to remove, degrade, or 
sequester hazardous environmental contaminants (Cunningham and Berti 1993; 
Aransiola et al. 2013). In this procedure, specially chosen or engineered plants are 
utilized, which are able to directly take up contaminants from the environment 
(Macek et al. 2000). Phytoremediation can be applied to both inorganic and organic 
pollutants present in solid and fluid substrates (Salt et al. 1998). For the most part, 
phytoremediation of contaminants by a plant includes the following steps: uptake, 
translocation, transformation, compartmentalization, and sometimes mineralization 
(Schnoor et al. 1995). Factors influencing the uptake, circulation, and 
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transformation of organic compounds by a plant are, for the most part, identified 
with the physical and chemical properties of the compound (e.g., its water solubil-
ity, subatomic weight, and octanol–water segment coefficient) and, in addition, 
environmental conditions (e.g., temperature, pH, organic matter, and soil moisture) 
and plant attributes (e.g., the root system and enzymes) (Susarla et al. 2002; Suresh 
and Ravishankar 2004). Although the designations of various phytoremediation 
techniques differ in their descriptions, the basic plan is given in Fig. 4.1.

Fig. 4.1 Techniques of phytoremediation
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4.4.1  Rhizoremediation and Microbe–Plant Interactions 
in Phytoremediation

Rhizoremediation (rhizodegradation, organism-assisted phytoremediation, rhizo-
sphere bioremediation) involves remarkable interactions between roots, root exu-
dates, rhizosphere soil, and microorganisms to degrade contaminants into harmless 
or less dangerous compounds.

Plant roots invigorate rhizosphere microbial groups by circulating air through the 
soil and by discharging exoenzymes and nutrients through root exudates while like-
wise providing surfaces for colonization and niches to insure microscopic organ-
isms against dehydration and other abiotic and biotic stresses (Kuiper et al. 2004). 
Rhizospheric microorganisms thus advance plant development by nitrogen fixation, 
nutrient (e.g., phosphorus) activation, creation of plant development regulators, 
diminishing plant stress hormone levels, giving security against plant pathogens, 
and degradation of contaminations before they adversely affect the plant (Fig. 4.1) 
(Chaudhry et al. 2005; Segura et al. 2009). Consequently, these common associa-
tions, also called rhizosphere effects, result in increased numbers, varieties, and 
metabolic movements of microorganisms that are able to degrade contaminants or 
bolster plant development in close proximity to the roots, contrasted with the bulk 
soil (Ramos et al. 2000; Kent and Triplett 2002).

The sum and composition of root exudates that make a nutrient-rich environment 
in the region of roots is particular to the plant family or species. Root exudates con-
tain organic acids (lactate, acetic acid derivative, oxalate, succinate, fumarate, 
malate, and citrate), sugars, and amino acids as the primary parts and, additionally, 
secondary metabolites (isoprenoids, alkaloids, and flavonoids), which are dis-
charged into the soil as rhizodeposits (Singer et al. 2003). The fundamental parts of 
exuded organic acids are available in the soil as separated anions (carboxylates) 
(Martin et al. 2014). It has been suggested that 10–44% of the settled carbon is dis-
charged by rhizodeposition (Bais et al. 2006; Kumar et al. 2006). Root exudates can 
be utilized as a nutrient source by microorganisms. In expansion, the structures of 
numerous auxiliary metabolites take after those of the contaminants, in this way 
instigating the outflow of particular catabolic qualities of smaller-scale life-forms 
essential for degradation of the contaminant. As a case in point, the plant optional 
metabolite salicylate has been connected to the microbial degradation of polycyclic 
aromatic hydrocarbons (PAHs; naphthalene, fluoranthene, pyrene, and chrysene) 
and PCB (Master and Mohn 2001), while terpenes can impel the microbial degrada-
tion of toluene, phenol, and TCE (Kim et al. 2002). Effectively, degradable root- 
radiated mixtures can likewise serve as cometabolites in procedures where 
contaminants cannot be utilized as a sole carbon source (e.g., vigorous degradation 
of trichloroethylene (Hyman et al. 1995) because of a negative energy balance) 
(Reichenauer and Germida 2008). This is vital under numerous circumstances 
where microorganisms cannot depend on vitality gain from the contaminant and 
cometabolism is the main mechanism of the debasement of the contaminant. Plant 
roots alongside some rhizospheric microorganisms might likewise discharge bio-
surfactants, in this manner expanding the bioavailability and uptake of toxins 
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(Wenzel 2008). This perspective can be particularly helpful in dealing with aged 
soils with low contaminant bioavailability, which, by and large, have all of the ear-
marks of being a great deal less receptive to rhizodegradation than freshly spiked 
soil (Dams et al. 2007; Gunderson et al. 2007).

A recent technology to enhance phytoremediation and detoxification of contami-
nants is the utilization of endophytic bacteria. Endophytic bacteria are portrayed as 
nonpathogenic microbes, and they appear to have a ubiquitous presence in most, if 
not all, higher plant species. They regularly have a place in genera ordinarily found 
in soil, including Pseudomonas, Burkholderia, Bacillus, and Azospirillum (Yrjala 
et al. 2010). Endophytic bacteria are additionally known for their capacity to 
advance plant development and control pathogens (Berg et al. 2005; Ryan et al. 
2008). A noteworthy point regarding the preference for utilizing endophytic bacte-
ria over rhizospheric microbes in phytoremediation is that while a rhizospheric bac-
terial population is hard to control, and rivalry between rhizospheric bacterial strains 
regularly reduces the quantity of the desired strains (unless metabolism of the con-
tamination is specific), utilization of endophytes that actually inhabit the internal 
tissues of plants decreases the issue of rivalry between bacterial strains (McGuinness 
and Dowling 2009). Studies have recommended that these microbes be utilized to 
supplement the metabolic capability of their host plants through direct degradation 
(Philips et al. 2008, 2009) and also exchange of degradative plasmids between dif-
ferent endophytes (Wang et al. 2007). Notwithstanding the contamination degrada-
tion pathway, endophytic bacteria might likewise have the capacity to improve plant 
development and adaptation by 1-aminocyclopropane-1-carboxylate (ACC) deami-
nase movement, siderophore creation, and nutrient solubilization. The presence of 
such bacteria in plants prompts more effective phytoremediation action and reduces 
the requirement for extra treatment (Afzal et al. 2014).

Indeed, even enhanced rhizoremediation may be extensively slower than ex situ 
treatments because of environmental restrictions at field locales—for example, 
competition by weed species that are better adjusted to the site (Nedunuri et al. 
2000), constrained plant development in intensely and unevenly contaminated soil, 
and the presence of plant pathogens and other biotic and abiotic stressors (Gerhardt 
et al. 2009). Besides, rhizoremediation is viable just in the rooting zone and is unsat-
isfactory for utilization in deeper subsurface layers. Some toxic contaminant metab-
olites can likewise bioaccumulate in plants, making strict regulations for plant 
material treatment important. Be that as it may, regardless of the previously stated 
weaknesses, rhizoremediation is rising as a standout among the best means by 
which plants can influence the remediation of organic contaminants, especially 
large recalcitrant compounds (Gerhardt et al. 2009; Azaizeh et al. 2011). Other than 
its moderately low upkeep costs, no size limitations for the range, and environmen-
tal friendliness, the quality and “texture of soil” is also improved by additions of 
organic materials, supplements, and oxygen by means of plant and microbial meta-
bolic procedures. Regardless of the difficulties of upscaling phytoremediation from 
the laboratory and greenhouse, rhizoremediation has been utilized to treat field sites 
contaminated with petroleum hydrocarbons (Siciliano et al. 2003) and PAHs (White 
et al. 2006). As with other bioremediation systems, point-by- point and persistent 
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monitoring of synthetic and organic markers is key to ensuring phytoremediation 
process proficiency and environmental safety.

4.4.2  Uses of Phytoremediation in Treatment Wetlands

Treatment wetlands are successful and require minimal effort to operate different 
options for customary conventional technology for the disposal of an extensive vari-
ety of contaminants from wastewater and contaminated groundwater (Braeckevelt 
et al. 2007; Calheiros et al. 2007; Matamoros et al. 2007; Calheiros et al. 2010). 
Recent years have seen increasing use of treatment wetlands to treat city or indus-
trial wastewater (Vymazal 2011) and for the removal of excessive nitrogen and 
phosphorous from contaminated surface and subsurface waters to safeguard sea- 
going biological systems (Mitsch et al. 2012; Ligi et al. 2014). An integration of 
phytoremediation has been proposed to enhance the execution of existing wastewa-
ter treatment in built wetlands, particularly to deal with micropollutants, e.g., 
organic chemicals, personal care items, and pharmaceuticals (including antimicro-
bials) (Hijosa-Valsero et al. 2011). In any case, the biogeochemical forms connected 
with the change of the organic chemicals in vegetated treatment wetlands have so 
far seldom been assessed, probably because of the highly complex and synergistic 
nature of the processes involved. In a complex treatment wetland system, a few 
disposal pathways for organic compounds (volatilization, photochemical oxidation, 
sedimentation, sorption, and biodegradation) may happen at the same time, while 
plants may contribute either by direct contaminant uptake and accumulation, phyto-
volatilization, and metabolic change, or by making the conditions ideal for contami-
nant removal inside the treatment system. The last includes providing a suitable 
surface for biofilm anchorage, advancing the improvement and development of 
various microbial species inside the systems by discharging root exudates, pumping 
and discharging oxygen to the deeper layers of the wetland media, holding sus-
pended solid particles, and protecting against low temperatures (Shelef et al. 2013). 
The relative significance of a specific procedure differs depending upon the organic 
or inorganic contaminant to be dealt with, the treatment wetland type (free water, 
subsurface stream, level stream, or vertical stream; and the kind of vegetation), and 
the operational configuration (the wastewater stacking rate and maintenance time, 
and the soil matrix type). Zhang and collaborators examined how very different 
procedures—for example, microbial degradation, photodegradation, and plant 
uptake—add to the expulsion of pharmaceutical compounds from wastewater in an 
aquatic plant–based system (Zhang et al. 2014). They found that plant uptake 
accounted for an overwhelming proportion of the disposal of clofibric acid and caf-
feine, and likewise largely accounted for the disposal of ibuprofen. In any case, the 
effect of the plants’ surroundings and the capacity of specific species to enhance the 
efficiency of the evacuation of certain pharmaceutical mixtures and personal care 
items remain unclear. This is on account of numerous different components, such as 
the structure of the rhizosphere microbial groups and the properties of the wastewa-
ter. In addition, the ecological conditions (e.g., the temperature and accessibility of 
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electron acceptors) and the operational conditions (e.g., the water-driven mainte-
nance time, particular surface zone, and stacking mode) may all demonstrate effects 
(Verlicchi and Zambello 2014). For instance, in a study of a surface stream devel-
oped wetland, planted and unplanted mesocosms were not altogether diverse in 
their capacities to remove pharmaceuticals (Cardinal et al. 2014).

4.5  Jatropha curcas

Jatropha curcas is a versatile plant species. Its seeds contain, by and large, 38% oil, 
with extraordinary qualities for the generation of biodiesel. This plant is an endur-
ing bush with an expected beneficial life cycle of up to 40 years. Its yield potential 
is 5 t/ha of grains, which converts to 1.9 t/ha of oil, and its productive peak begins 
from the fourth year after planting. These features make Jatropha curcas a promis-
ing oil plant for business development, particularly for family agribusinesses (Foidl 
et al. 1996; Heller 1996; Openshaw 2000; Dias et al. 2007; Jongschaap et al. 2007; 
Achten et al. 2008; Dias 2011).

Scientists with various claims to fame and extensive enterprises from the vitality 
sector have promoted Jatropha curcas as a standout among the most encouraging 
oil plant species for biodiesel generation. Governments with their research and 
development agencies are creating a developing bulk of assets accessible for explo-
ration, and substantial partnerships have made impressive arrangements for wide-
spread planting. India and China, for instance, as of now have 2.6 million hectares 
planted in Jatropha curcas (Fairless 2007). In Latin America, there is altogether less 
enthusiasm for Jatropha curcas (Fig. 4.2).

4.5.1  History and Domestication of Jatropha curcas

Common names: Physic nut, Barbados nut, curcas bean, purge nut, purging nut 
(Parsons and Cuthbertson 2001). Jatropha curcas is known by numerous different 
names in various dialects (Sunil et al. 2013; National Germplasm Resources 
Laboratory (NGRP) 2014). The focal point of its source, the center of its domestica-
tion, and the presence of conceivable secondary focuses on its differing qualities are 
still open inquiries for Jatropha curcas. The center of origin, or the essential focus 
on its differing qualities, is the waterfront district of the Gulf of Mexico. There are 
records from times long past of the use and knowledge of Jatropha curcas by the 
Olmeca people in Mexico. It is now known that this specific development thrived 
somewhere around 1500–3000 years BCE. This is the oldest known use of Jatropha 
curcas. All things considered, until a history preceding that of the Olmecas is dis-
covered, Jatropha curcas is thought to have initially come from Mexico. McVaugh 
(1945), Wilbur (1954), and Dehgan and Schutzman (1994) have substantiated its 
Mexican source, since Jatropha curcas—the most primitive plant of its type—and 
related taxa occur there. Basha et al. (2009), examining the biochemical and sub-
atomic DNA markers of the RAPD, SCAR, and ISSR types in 72 accessions of 

O.P. Abioye et al.



111

determined Jatropha curcas from 13 nations, exhibited that the Mexican varieties 
are interesting regarding phorbol ester content (trunk borer and stinkbugs) and the 
subatomic profile. These rich assorted qualities of the Mexican Jatropha curcas 
germplasm should be fused in hereditary change projects of the species.

4.5.2  Cultivation and Distribution of Jatropha curcas

Jatropha curcas is an overwhelmingly drought-tolerant and pest-tolerant plant and 
is unpalatable to animals. It is planted in tropical nations chiefly as a fence, shield-
ing cropland from dairy cattle, sheep, and goats (Openshaw 2000; Francis et al. 
2005). Jatropha curcas is a diploid plant species type with 2n = 22 chromosomes. 
The size of the Jatropha genome (416 Mb) is about equivalent to those of the rice 
genome (400 Mb) and the castor genome (323 Mb). Customarily, Jatropha seed and 
plant branches have been utilized for cleansers, restorative mixtures, and oil (Kohli 
et al. 2009). Jatropha has been advanced as a “one of a kind” competitor among 
renewable vitality sources because of its exceptional qualities, such as dry season 
resilience (Openshaw 2000), quick development and simple breeding, greater oil 
content than other oil plants (Achten et al. 2008), a short development period, an 

Fig. 4.2 Top left: Inflorescence of Jatropha curcas. Top right: Seeds and capsule. Bottom left: 
Habit. Bottom right: Leaves and fruit (Source: Starr and Starr 2009–2012)
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extensive variety of environmental adjustments, and an ideal plant size, and archi-
tecture make it as a sole candidate for further consideration (Sujatha et al. 2008). Its 
development requires basic innovation and relatively little capital investment.

4.5.2.1  Climate
Jatropha develops in tropical and subtropical districts, with development limits of 
30°N and 35°S. It develops at lesser altitudes of 0–500 m above sea level. Jatropha 
is not sensitive to day length (blossoming is autonomous of scope) and might flow-
ers whenever of the year (Heller 1996). The plant is a succulent bush, which sheds 
its leaves in times of drought, with profound roots that make it appropriate for semi-
bone-dry circumstances. While Jatropha can get by with as little as 250–300 mm of 
yearly precipitation, no less than 600 mm is needed for blossoming and fruit setting. 
The ideal precipitation for seed creation is considered to be 1000–1500 mm, which 
relates to subhumid ecosystems. But Jatropha has been seen to develop with 
3000 mm of precipitation (Foidl et al. 1996, referred to by Achten et al. 2008), and 
higher rainfall is liable to bring about fungi assault and confine root development in 
all but the most free-draining soils. Jatropha curcas is not found in the more humid 
parts of its territory of origin, Mexico and Central America. Rainfall instigates 
blooming and, in ranges of unimodal precipitation, blossoming is consistent all 
throughout the vast majority of the year. Ideal temperatures are somewhere around 
20–28 °C. High temperatures can discourage yields (Gour 2006). Jatropha has been 
seen to be intolerant of frost. The plant is best suited to states of high light force 
(Jongschaap et al. 2007) and is unsuited to growth in shade (Fig. 4.3).

4.5.2.2  Soils
Jatropha curcas thrives well in an aerated soil containing sand and loam of no less 
than 45 cm profundity (Gour 2006). Overwhelming mud soils are less suitable and 

Fig. 4.3 Cultivation limits for Jatropha curcas
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ought to be kept away from the plants, especially where seepage is weakened, as the 
plant is intolerant of waterlogged circumstances. Capacity for the plant to develop 
in basic soils has been broadly reported; however, the soil pH should be between 6.0 
and 8.0/8.5.

4.5.2.3  Propagation and Crop Establishment
Plant propagation should be done from cuttings or seeds that have demonstrated, 
over more than a few seasons, high returns and seed oil content under the same 
watering system and treatment conditions that are proposed for the new plantation. 
Seed from high-yielding jatropha plants is not generally available; due to the fact 
that the out-crossing seed selected from productive plants may or may not result in 
high-yielding and high-quality Jatropha plants. Trees fit for creating more than two 
tons of dry seed per hectare with 30% seed oil substance ought to be chosen as the 
source material (Achten et al. 2008). Opinion is divided on the decision of choosing 
seed or cuttings. Heller (1996) has pointed out that the capacity of seedlings to cre-
ate taproots is essential. The difficulty of acquiring adequate cuttings is a consider-
ation. Heller (1996) found that cuttings of no less than 30 mm diameter gave earlier 
and higher introductory yields than plants raised from seed, albeit that practically no 
difference in yield was seen for later collections. Be that as it may, cuttings taken 
from precisely picked plants with higher yield potential would most likely outper-
form seed-raised plants. Raising plantlets from tissue cultivation is being examined 
and protocols have been developed but, that as it may, as it is a latex-delivering 
plant, the method is not clear. There have been no reports of tissue cultivation of 
Jatropha being conducted on a huge scale. Heller (1996) observed that nursery-
raised plants from seed and cuttings and directly planted cuttings have a higher 
survival rate (more than 80%) than straightforward seed sowing in the field.

4.5.2.4  Vegetative Propagation Using Cuttings
The absolute benefits of utilizing cuttings are hereditary consistency, early yield, 
and quick foundation. The disadvantages are lack of material and the expenses of 
collecting, transporting, arranging, and establishing the stems, contrasted with 
seeds. A further downside is that this cutting method does not produce a taproot, 
which means the plant needs to reach soil water and nutrients at a shallower depth 
and this may correspondingly bring down potential yields, although the impact of 
this, in various situations, has not yet been established. The lack of a taproot makes 
for less dependability in unsheltered, breezy locations, and cuttings compete more 
for water and nutrients with intercrops.

4.5.2.5  Propagation from Seed
Seeds ought to be sown (nursed) in nylon bags or tubes 3 months prior to the start 
of the rainy season. The packs ought to be sufficiently long to avoid unduly confin-
ing taproot development in the field, in the least expensive technique. The sacks 
ought to be loaded with free-depleting developing media comprising natural matter, 
and should be watered all around before planting (Achten et al. 2008). Seeds ought 
to be taken from full-grown fruit. Just the biggest ought to be chosen for sowing, 
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and any that do not sink in water ought to be disposed of. Pretreatment to soften the 
seed coat will improve sprouting. Soaking in cow compost slurry for 12 h gave 96% 
sprouting in comparison with soaking in ice water or scratching the seed coat, which 
yielded around 72% sprouting (Achten et al. 2008). Only a single seed should be put 
in each sack, which ought to be placed at 2–4 cm depth with the caruncle pointing 
downward (Srimathi and Paramathma 2006). The seeds ought to be kept well 
watered and will then develop within 6–15 days. Seedlings may be planted out after 
a few months, after achieving a stature of 30–40 cm and before taproot growth 
becomes excessively confined.

4.5.2.6  Planting
Jatropha curcas is planted at densities of 1100–2500 plants per hectare. The yield 
per tree tends to be greater with wider spacing between trees but with a decrease in 
yield per hectare (Achten et al. 2008). Spacing choices ought to be based on the site 
conditions, e.g., how they influence rivalry among trees for water, light, and nutri-
ents. Semi-dry, low-density systems ought to utilize more extensive spacing—for 
example, 3.0 × 2.0 m, 3.0 × 2.5 m, or 3.0 × 3.0 m. Exchange planting in succeeding 
columns will minimize common shading. What is more, thought ought to be given 
to access. A space of no less than 2.5 m between trees permits less demanding 
access for organic product pickers, while a 5-m back road at each fourth column 
allows access for trucks. Planting pits 30–45 cm wide and deep ought to be arranged, 
with natural matter added before planting. A bug spray may be incorporated as a 
precautionary measure against termites. The seedlings may require a watering sys-
tem for the first few months after planting. Where the plant is being planted as a 
living fence, cuttings of 60–120 cm in length ought to be embedded 15–25 cm apart 
and 20 cm into the ground. This ought to be done a few months before the onset of 
the rainy season.

4.6  Uses of Jatropha curcas

4.6.1  Potential Phytoremediators

Specialists everywhere throughout the globe are seeking novel plant varieties appro-
priate to be utilized in phytoremediation. When choosing a plant species category 
for phytoremediation, a few variables are taken into consideration. The plant spe-
cies ought to be one that develops quickly, delivers high biomass, has a plentiful 
root system, tolerates unfavorable environment conditions, is unpalatable, and is 
monetarily productive (Garbisu et al. 2002; Alkorta et al. 2004). Thinking about 
every one of these variables, Jatropha curcas seems suitable for remediation. It is 
viewed as a possible biofuel plant for the future because of its low moisture require-
ments, immaculate strength, and stress-tolerant capacity (Kaushik et al. 2007). It 
develops fast with little support and can achieve a stature of 3–8 m (Kaushik et al. 
2007; Gunaseelan 2009). It has been identified in India and different nations as the 
most suitable oil-bearing plant and has been suggested for plantation on wasteland, 
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as it requires minimal input for its establishment (Gunaseelan 2009). Thus, phytore-
mediation of contaminated soil with an inedible biodiesel crop such as Jatropha 
curcas offers an eco-friendly and financially savvy strategy for cleaning contami-
nated soil. Jamil et al. (2009) reported that Jatropha curcas is capable of extracting 
heavy metal from fly ash (FA), and the extraction is improved by numerous folds in 
the presence of synthetic chelants such as EDTA. Recently, some scientists have 
additionally reported that Jatropha curcas has the potential for remediation of met-
alloid and metal–polluted soil systems. Jatropha curcas has been involved in reme-
diation of soil polluted by heavy metals (Al, Fe, Cr, Mn, Ar, Zn, Cd, and Pb) because 
of its bioaccumulation potential (Juwarkar et al. 2008; Yadav et al. 2009). Alternate 
types of Jatropha—for example, Jatropha dioica—accrued Zn (6249 mg/kg) at 
concentrations close to the criteria for hyperaccumulator plants (Gonzalez and 
Gonzalez 2006). Agamuthu et al. (2010) demonstrated that Jatropha curcas with the 
addition of organic matter has potential in remediating hydrocarbon-polluted soil. 
Abhilash et al. (2009) suggested that remediation of lindane (a pesticide) is likewise 
possible with Jatropha curcas. Each of these endeavors is in progress to develop a 
suitable technique to remove oil contaminants/heavy metal contaminants from soil 
while promoting development of a financially viable plant such as Jatropha curcas, 
which has a seed useful for biodiesel production (Abhilash and Yunus 2011).

4.6.2  Soil Carbon Sequestration

From the perspective of environmental considerations, biodiesel is considered car-
bon neutral in light of the fact that all of the CO2 discharged in its utilization has 
been requisitioned from the atmosphere for the development of crops. As a clean, 
renewable resource, it has no outflow of CO2 to cause unnatural contamination 
(El-Bassam 1998). Establishment of energy plants is helpful for easing CO2 levels 
in the environment, plus the outflow of CO2 by burning of biodiesel will dependably 
be lower when contrasted with fossil fuel (petro-diesel), thus creating a general 
decrease of CO2 emissions into the open atmosphere (Khan and el Dessouky 2009). 
Optimistic forecasts for the diminishment of greenhouse gases (GHGs) are esti-
mated on the basis that the harmful global warming capability of the creation and 
utilization of Jatropha biodiesel is 23% of the global warming boost capability of 
fossil diesel (Tobin and Fulford 2005). According to research based on an appraisal 
of the biomass capability of marginal lands in Northern China (Yan and Chen 2001), 
the reduction in CO2 emissions by utilizing biovitality can be relied upon to be 
around 75 million tons of carbon equivalents in 2020, which would represent 4% of 
the aggregate 1.8 billion tons of carbon-equivalent CO2 discharge in China. In 2050, 
the decrease in CO2 outflow because of bioenergy is predicted to be 150 million tons 
of carbon equivalents, representing 5% of aggregate CO2 discharges. The carbon 
sink could be sold on the worldwide carbon exchange market, which could decrease 
the expense of biovitality generation and support bioenergy improvement (Dayal 
2004). A few authors have likewise reported that biodiesel emissions depend on 
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feedstock, engine innovation, engine power, and motor operating conditions 
(Knothe and Steidley 2005). Feedstock and the injection system play an important 
role because they influence the fuel spray and consequently the burning attributes 
(McCormick et al. 2001; Agarwal 2007). Along these lines, utilization of Jatropha 
biodiesel reduces CO2 emissions and brings down the carbon footprint (Gan et al. 
2011). All things considered, the Jatropha yield might likewise earn carbon credits, 
but distinctive soil conditions have not received due consideration in life cycle eval-
uation investigations of Jatropha for carbon sequestration to date (Romijn 2011).

4.6.3  Reduction of Environmental Pollutants

Besides the significant diminishment in net CO2 releases resulting from use of bio-
energy instead of coal, airborne contaminations—for example, lethal heavy metals, 
ozone-forming chemicals, and sulfur dioxide adding to acid rain—will likewise be 
decreased. These atmospheric compounds (CO2, toxic heavy metals, ozone-forming 
chemicals, SO2, air contaminant gases, etc.) interact with agricultural systems and 
impact crop performance, either straightforwardly by influencing development and 
quality or in an indirect way by changing the plant’s capacity to adapt to other abi-
otic and biotic burdens (Bender and Weigel 2011). A few scientists have compared 
fossil diesel with biodiesel and found that biodiesel by and large caused a decline in 
unburned HC, carbon monoxide (CO), and particulate (PM) discharges alongside 
an expansion in NOx emissions (Kalligeros et al. 2003; Klein-Douwel et al. 2009). 
Numerous scientific papers have reported that the engine operation on biodiesel 
blended with diesel gave lower discharges than diesel fuel aside from a possible 
increase in NOx. In the event of NOx emission, there is a 2% increase in NOx with 
B20 mixing and 10% with B100. Other natural contaminations were decreased to 
different degrees by utilizing biodiesel (Fig. 4.4). The mixing of methanol or etha-
nol with fossil diesel or biodiesel obtained from Jatropha curcas has been broadly 
examined as an approach to diminishing smoke and NOx (Senthil et al. 2003).

4.6.4  Soil Erosion Control

Worldwide agro-biological zoning has estimated that somewhere in the range of 
16% of the aggregate worldwide territory is in danger of soil disintegration 
(Koohafkan 2000). The proportions of regions under potential threat from soil dis-
integration differ from Europe (19%) to North Africa and the Near East (10%) 
(Koohafkan 2000); in this sense, relief of soil disintegration utilizing Jatropha cur-
cas plantations is vital for sustainability of these areas. Jatropha curcas builds up a 
deep taproot and, at first, four shallow parallel roots (Reubens et al. 2011). The 
taproot may stabilize the soil against landslips, while the shallow roots are thought 
to help prevent and control soil disintegration brought about by wind or water, yet 
this potential has not been researched systematically (Achten et al. 2008). Jatropha 
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curcas shows high initial establishment success and survival (Zahawi 2005). 
Planting in hedges can be set up rapidly (plantation proliferation) and straightfor-
wardly in the field, but taproots do not form in cutting-propagated Jatropha curcas, 
which makes the florae more vulnerable to dislodgement by wind. Reubens et al. 
(2011) showed that parallel rows of Jatropha curcas could diminish soil erodibility 
through extra soil attachment by its taproots, and its sinker roots may be able to 
exploit subsurface soil dampness and therefore encourage vegetative spread, even in 
exceptionally dry situations. Other than biodiesel generation, Jatropha can be 
planted to diminish soil disintegration and to stabilize embankments (Reubens et al. 
2011). Plantation establishment with Jatropha curcas in various nations has had 
different objectives: (i) soil erosion control with fences and oil production (bio-
diesel) in Mali (Lutz 1992); (ii) reforestation of arid areas for soil erosion control in 
Cape Verde (Spaak 1990); (iii) utilization as a support plant for vanilla in Madagascar; 
(iv) biodiesel production in marginal area of India; and (v) use as an energy planta-
tion for generation of methyl esters in Nicaragua. Wind erosion and sand rises could 
likewise be settled incredibly by the environment reproduction of corrupted area, 
especially in dry districts.

4.6.5  Utilizing Marginal Land for Jatropha Agro-forestry

Marginal lands can be managed for the generation of a renewable vitality source, as 
their soil quality and impoverished fertility would not have the capacity to sustain 

Fig. 4.4 Using biodiesel for lessening environmental contaminants (Khan and el Dessouky 2009) 
such as unburned hydrocarbons (HC), carbon monoxide (CO), particulate matter (PM), sulfur 
(SOx), polycyclic aromatic hydrocarbons (PAH), and nitrated polycyclic aromatic hydrocarbons 
(N-PAH). (Source: Pandey et al. 2012)
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field crops, and their recovery, especially in dry-land polluted biological systems, 
could be conceivable through establishment of Jatropha plantations. Ogunwole 
et al. (2008) studied the effect of Jatropha development, with or without soil amend-
ments, on the structural stability, carbon content, and nitrogen content of a degraded 
entisol under restoration in western India. Jatropha curcas sheds its leaves, giving 
abundant organic matter around the root zone of the plants and encouraging micro-
bial action and earthworms, which enhance the fertility of the soil, thereby improv-
ing the ecology of the site. The plant itself is known to be useful for recovery of 
wetland (Openshaw 2000; Francis et al. 2005). However, no information is avail-
able to date on nutrient cycles and the impact on soil biological activities. The grow-
ing concern on these issues must be validated by focused research. Utilizing 
Jatropha curcas on wasteland encourages the auxiliary progression of local species 
to advance neighborhood biodiversity. A significant part of the enthusiasm for 
Jatropha curcas has emerged because of its capacity to grow in “marginal areas”; in 
this respect, it does not compete with food crops for arable areas. It is estimated that 
there are currently 2.5 million hectares of area planted with Jatropha curcas in India 
and China alone, with arrangements for an extra 93078.7 ha by 2010 (Fairless 
2007). Indian Railways utilizes 2 million kiloliters of diesel each year. The Indian 
government made it an objective to utilize biodiesel mixing at a 5% level in the 
normal diesel supply by 2005–2007; however, it was not feasible because of a lack 
of adequate biodiesel creation, despite the fact that biofuel crops had been planted 
along both sides of railroad tracks covering a zone of 2500 km. Additionally, a few 
state governments have begun to sponsor agriculturists to develop Jatropha on com-
munal badlands in villages. Around 63.85 million hectares, or roughly 20.17% of 
the aggregate geological area in India, has been designated as debased areas or “no-
man’s-land” (Pandey et al. 2010), which directly requires revegetation to avert fur-
ther degradation. Jatropha plantations for supply of biodiesel (conceivably with the 
extra advantage of carbon sequestration in soils and standing biomass) could assume 
an imperative part in the rebuilding of these lands. Some areas might be focused on 
for Jatropha curcas suitability—for example, those with degraded and eroded soil, 
those with tolerably sodic or saline soil, group wastelands, mine spoils, gorges, 
rainfed lands (low-rain zones/rain shadow regions), water shortage areas, those 
needing supplanting of uneconomical crops, railroad tracks, roadsides, river sides, 
Jhum fallows in sloping regions, embankments, erosion-prone watershed territories, 
fly ash ponds, and heavy metal–polluted areas. Marginal land usage has extraordi-
nary prospects for increasing bioenergy assets on the planet, with concomitant 
advantages—for example, carbon sequestration, water/soil preservation, and wind 
erosion protection. Marginal land is characterized as an area that has a delicate eco-
environment and is unsatisfactory for agriculture (Wu and Gao 1998; Hamdar 
1999). Bioenergy plant species for marginal land ought to have a few qualities—for 
example, the properties of low water utilization, dry spell tolerance, saltiness and 
sodicity resistance, high net productivity, and high energy value, and in this way 
they have huge potential for being widely planted and for usage as energy crops. 
Attendant eco-environmental advantages can be accomplished by utilizing marginal 
land for planting bioenergy shrubs rather than relinquished pasture with low accept-
able value. The capacity for soil/water preservation could come about 
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fundamentally from the protection of the soil surface and from changing the soil 
structure through root penetration and expansion of organic matter by breakdown of 
leaves, roots, and wood (Li et al. 2007). Marginal lands could be more healthily 
utilized for Jatropha agro-ranger services with intercropping of occasional harvests 
to produce income between crops of Jatropha curcas. A few shade-loving plants, 
short duration pulses, vegetables, and shade-loving fragrant herbs can be gainfully 
developed under Jatropha plantations for the initial 2 years.

4.6.6  Medicinal Value

The genus name Jatropha comes from the Greek word giatros (doctor), and trophe 
(nourishment) implies restorative properties. As indicated by Correll and Correll 
(Coelho-Ferreira 2009), curcas is the common name for the physic nut in Malabar, 
India. Therapeutic properties are mainly found in Jatropha curcas, Jatropha multi-
fida, Jatropha gossypifolia, Jatropha macrorhiza and Jatropha cinerea (Coelho- 
Ferreira 2009). Jatropha curcas has numerous restorative qualities for human and 
veterinary usefulness and potentially has other unrecognized helpful qualities for 
utilization in other ways. Some therapeutic uses of Jatropha curcas are given in 
Table 4.3. A decoction of leaves is utilized against cough and as a antiseptic after 
birth. Branches are utilized as a chewing stick in Nigeria (Isawumi 1978).

Table 4.3 Uses of different parts of Jatropha curcas

S. no.
Usable plant 
parts Diseases curing

1 Seeds To treat gout, arthritis and jaundice, wound-healing, fractures, burns, 
purge

2 Seed oil Eczema, skin diseases, soothe rheumatic pain, purgative action

3 Stem Toothache, gum inflammation, gum bleeding, pyorrhea

4 Stem bark Infectious diseases, including sexually transmitted diseases

5 Plant sap Dermatomucosal diseases

6 Water extract 
of branches

HIV, tumour

7 Plant extract Wound healing, allergies, burns, cuts and wounds, inflammation, 
leprosy

8 Leaves and 
latex

Refractory ulcers, septic gums, styptic in cuts and bruises

9 Latex Reduced the clotting time of human blood, sore mouth, oral thrush, 
fish barb wounds, snake-bites, infected sores, trating newborns’ 
umbilical cords, coughs, mouth and throat sores

10 Root powder In the treatment of inflammation

11 Leaf Scabies, Eczema, Syphilis, blood cleansing, headache, flu, cough, 
congestion, evil eye, cleansing house

12 Fruit Stroke, toothache, numbness after bug sting, to clean mother’s and 
baby blood during the pregnancy

Source: Samy et al. (1998), Osoniyi and Onajobi (2003), Mujumdar and Misar (2004), and Kaushik 
et al. (2007)

4 Phytoremediation of Soil Contaminants by the Biodiesel Plant Jatropha curcas



120

The sap spilling out of the stem is utilized to stem bleeding from wounds. Nath 
and Dutta (1992) showed the healing properties of curcain, a proteolytic catalyst 
isolated from latex. Latex has antimicrobial properties against Staphylococcus 
aureus, Escherichia coli, Klebsiella pneumoniae, Streptococcus pyogenes, and 
Candida albicans (Thomas 1989). The latex itself has been observed to be a solid 
inhibitor of watermelon mosaic virus (Tewari and Shukla 1982). HIV inhibitor 
properties have been found in Jatropha (Matsuse et al. 1998; Wender et al. 2008). 
Goonasekera et al. (1995) found that concentrates of Jatropha organic products had 
an abortive effect. A methanol concentrate of Jatropha curcas roots showed sys-
temic and significant anti-inflammatory activity in intense carrageenan- instigated 
rodent paw edema (Mujumdar and Misar 2004), and it was found that a methanol 
concentrate of physic nut leaves moderately safeguarded refined human lympho-
blastoid cells against the cytopathic impacts of human immunodeficiency infection. 
A concentrate of the leaves demonstrated intense cardiovascular activity in guinea 
pigs and may be a conceivable wellspring of beta-blocker agents (Fojas et al. 1986). 
All parts of the plant are utilized as a part of conventional pharmaceuticals, and 
dynamic segments are being researched in experimental trials. A few parts seem to 
have promising applications both in prescription medications and as plant protec-
tants (Table 4.3 and Fig. 4.5).

4.7  Remediation of Soil Contaminants by Jatropha curcas

4.7.1  Heavy Metals

Soil contamination has recently been attracting a lot of open consideration since the 
scale of this problem in soils calls for quick action (Garbisu and Alkorta 2003). As 
a consequence of human activities—for example, mining and smelting of metallif-
erous substances, electroplating, gas fumes, energy and fuel production, and manure 
and pesticide application—metal contamination has ended up as a standout among 
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the most genuine environmental issues today. Because of their permanent nature, 
metals are a group of contaminants of much concern. Truth be told, although several 
metals are fundamental for biological systems and must be available within a spe-
cific concentration range (Garbisu and Alkorta 2003), at high concentrations, metals 
can act in a deleterious manner by blocking essential functional groups, dislodging 
other metal particles, or changing the dynamic adaptation of biological molecules. 
Phytoremediation could provide a solution for such pollution, and Jatropha curcas 
has great potential for this. The plant belongs to the Euphorbiaceae family, which 
may be compelling in removing Pb and Cd, as exhibited by Euphorbia cheirandenia 
(Eapen and D’Souza 2005). In Indonesia, the plant is grown under different soil 
conditions; it is planted as a green corridor along streets and outside houses, and it 
has been proposed as a wellspring of possible biofuel. What is more, Jatropha has 
been observed to be capable of remediating hexavalent chromium (Mangkoedihardjo 
et al. 2008). Accordingly, planting of Jatropha curcas could have a few uses, e.g., 
remediation of soil contaminated with Pb and Cd, procurement of green space, and 
as a wellspring of alternative biofuel.

4.7.2  Organic Contaminants (Petroleum, Spent Lubricating Oil, 
Trinitrotoluene, Pesticides)

The principal objective in phytoremediation is to discover a plant variety that is 
impervious to or can endure a specific pollutant, with a view to amplifying its latent 
potential for remediation. Resistant crops are normally found developing on earth 
with hidden minerals or on the edges of contaminated sites. When a tolerant plant 
variety has been chosen, conventional reproducing techniques are utilized to 
advance the resistance of the plant variety to a specific pollutant. Agrarian strate-
gies—for example, the use of chelators, pH adjusters, and fertilizer—can be used to 
enhance the possibility of phytoremediation.

For effective remediation using plants, microorganisms and the plants must sub-
sist and develop in unrefined petroleum–polluted soil, which is frequently low in 
nutrients. Microorganisms require nitrogen, phosphorus, potassium, and micronu-
trients to degrade natural soil pollutants (Rangzan 2006). Among all of these, nitro-
gen is required in the highest concentrations (Besalatpour et al. 2008). Compost 
containing nitrogen is regularly added to encourage crop development in petroleum-
polluted soils (Ahmadi and Mousavi 2005). Although nitrogen prerequisites for 
normal agronomic systems are well documented (Anderson et al. 1993), these 
necessities often do not coincide with the nitrogen requirements in raw petroleum–
polluted systems. Suitable agronomic practices—for example, culturing and lime 
additions—can likewise be utilized to enhance the physical and chemical conditions 
of the soil for improved plant and microorganism development. Contamination of 
groundwater resources and soil with organic compounds around oil refineries and in 
the region of fuel transportation facilities are significant signs of an environmental 
contamination problem. Organic hydrocarbons (e.g.,. petroleum) are often found in 
different chemicals utilized for human activities. Spilled and released crude oil fills 
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soil pores by moving vertically with gravity and capillary force into unsaturated 
soil. A substantial spillage can reach the water level, accumulate, and move into the 
groundwater (as its particular gravity is less than that of water) and will drift in the 
water. Total petroleum hydrocarbons (TPHs) for the most part defile the environ-
ment because of their innate capacity for solubility, instability, and biodegradability. 
Petroleum that has already been discharged from an underground tank or a refinery 
will probably be found in soils and perhaps at the same time in shallow groundwater 
and air, threatening the health of humans and the environment.

Idowu and Fayinminnu (2015) utilized Jatropha curcas seedlings to phytoreme-
diate organically amended soil with 0%, 3%, and 6% (w/w) spent lubricating oil for 
84 days. They found that at the end of 12 weeks, the 0% contamination level 
recorded the greatest mean height (56.15 cm), mean stem diameter (7.42 cm), and 
mean number of leaves (49.28). The mean height for the 3% contamination level 
was 22.34 cm, while the mean diameter and mean leaf number were 3.86 cm and 
10.23, respectively. The lowest values of mean height (15.83 cm), mean stem diam-
eter (2.81 cm), and mean number of leaves (5.73) were seen at the 6% level of 
contamination. In altered soil, higher values of mean height (43.04 cm), mean stem 
diameter (5.66 cm), and mean number of leaves (34.96) were observed in compari-
son with values of 19.84 cm, 3.74 cm, and 8.54 for mean height, stem diameter, and 
number of leaves in unamended soil. The outcomes indicated huge contrasts 
(P<0.05) in height, stem diameter, and leaf generation over the 0% (control), 3%, 
and 6% levels of contamination in the altered and unamended soil types that were 
researched. In summary, the observed growth parameters demonstrated that soil 
amendment brought about better performance in terms of the mean height, mean 
diameter, and mean number of leaves. Then again, increased contamination of the 
soil with spent lubricating oil (3% and 6% levels of contamination) had recogniz-
able antagonistic consequences for the development parameters.

Phytoremediation of soil polluted with 2.5% and 1% (w/w) spent lubricating oil 
utilizing Jatropha curcas and improvement with organic wastes [banana skin (BS), 
brewery spent grain (BSG), and spent mushroom compost (SMC)] was performed 
for a time of 180 days under room conditions (Agamuthu et al. 2010 ), and 56.6% 
and 67.3% losses of spent lubricating oil were recorded in Jatropha-remediated soil 
without organic amendment at the 2.5% and 1% contamination levels, respectively. 
However, addition of organic waste (BSG) to Jatropha remediation quickly 
increased the removal of spent lubricating oil to 89.6% and 96.6% in soil polluted 
with 2.5% and 1% oil, respectively. Jatropha roots did not accumulate hydrocar-
bons from the soil; rather, the quantity of hydrocarbon-using bacteria was high in 
the rhizosphere of the Jatropha plant, accordingly suggesting that the mechanism of 
the oil degradation was rhizodegradation (Fig. 4.6).

4.7.3  Radionuclides

Radionuclides (organic contaminants) can be either taken up from the soil and 
immobilized by the roots (phytoimmobilization) or transported to the plant shoot 
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(phytoextraction) (Reichenauer and Germida 2008). Since, under most circum-
stances, the bioavailability of metals (including a few metals fundamental to life) in 
soil is fairly low, plants (including Jatropha curcas) have exceptionally viable metal 
uptake systems utilizing transporter molecules—for example, zinc-regulated trans-
porter protein and copper transporter protein (Krämer et al. 2007). Furthermore, 
plants are fit for discharging metal-chelating particles such as siderophores and 
organic acids (malate, citrate) and biosurfactants (e.g., rhamnolipids) to the sur-
rounding soil, furthermore expelling protons from the roots to acidify the soil and 
activate soil-bound metals (Garbisu and Alkorta 2001). Organic pollutants, radionu-
clides, and heavy metals cannot be biodegraded inside the plant; they are just 
changed from one oxidation state or organic complex into another (Garbisu and 
Alkorta 2001). Accordingly, metals have a tendency to accumulate in the plant. 
Almost 450 hyperaccumulator plants, ranging from annual herbs to perennial shrubs 
and trees (e.g., tobacco, sunflower, mustard, maize, pennycress, brake fern, Russian 
thorn, rattlebush, python tree, willow, poplar, and Jatropha), have been described as 
accumulating and detoxifying extraordinary amounts of metal particles—for exam-
ple, Ni, Co, Pb, Zn, Mn, and Cd—in their above-ground tissues (Meagher 2000; 
Padmavathiamma and Li 2007; Shah and Nongkynrih 2007; Sheoran et al. 2009; 
Abioye et al. 2010). For some inorganic components (Hg, As, and Se), uptake by 
roots followed by transport to the shoot and transpiration to the environment through 
the leaf stomata (phytovolatilization) have been observed (Padmavathiamma and Li 
2007). Since the volatile forms of Hg and Se are dangerous, it is unclear whether the 
volatilization of these components into the atmosphere is desirable or safe (Watanabe 
1997; Padmavathiamma and Li 2007).
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4.8  Microbial-Assisted Remediation of Soil Contaminants 
by Jatropha curcas

By rhizospheric association, plants up take most mineral nutrients through interac-
tions between microorganisms and products from the plant in exudates of the root 
comprising numerous natural corrosive anions, vitamins, inorganic particles, amino 
acids, purines, nucleosides, root fringe cells, sugars, vaporous atoms, chemicals, 
and phytosiderophores (Dakora and Phillips 2002). The exudation rate is increased 
by the presence of microbes in the rhizospheric zone (Gardner et al. 1983). A few 
exudations from the roots act as metal chelators and improve the availability of 
metallic soil mini-nutrients. Metal chelators bind to metals in the soil, in this way 
diffusing the metals through the soil and enhancing their solubility and portability. 
Binding of substantial metals by cysteine-rich peptides is a noteworthy mechanism 
utilized by plants for limiting heavy metal danger. Phytochelatins have been 
observed to bind substantial metals with high affinity (Dakora and Phillips 2002). 
Furthermore, plant siderophores and microbes (bacteria) additionally act as chelat-
ing operators to dissolve the iron (Fe) attached to soil particles. With the completion 
of solubilization, iron (Fe) is taken up by the living cells through particular layer 
transporters and is absorbed. The roots of the plant can influence microbial activities 
in the rhizosphere, support advantageous interactions, influence the synthetic and 
physical properties of soil, and repress the development of competitive plant  species. 
Plant growth–promoting rhizobacteria (PGPR) advance plant development straight-
forwardly or in a roundabout way by delivering plant development promoters (e.g., 
cytokinin, gibberellin, auxin, and indole acidic corrosives), siderophores, chelating 
operators, phytohormones, anti-infection agents (Shanahan et al. 1992), cyanide 
(Flaishman et al. 1996), nonsymbiotic nitrogen fixers (Boddey and Dobereiner 
1995), solubilizing mineral nutrients, and phosphate (de Freitas et al. 1997), and 
serving in a couple of different capacities (Kamnev and van der Lelie 2000; Joseph 
et al. 2007). These vital plant growth–promoting rhizobacteria include Azotobacter, 
Azospirillum, Acetobacter, Pseudomonas, Rhizobium, and Achromobacter. An 
expansive cluster of microbes—including species of Gluconacetobacter, 
Alcaligenes, Arthrobacter, Burkholderia, Bacillus, Klebsiella, Seratia, and 
Enterobacter—have additionally been observed to improve plant development 
(Okon and Labandera-Gonzalez 1994; Glick 1995; Saravanan et al. 2008).

Agamuthu et al. (2010) discovered positive effects of some of these microorgan-
isms in remediation of hydrocarbon contamination in the soil with 2.5% and 1% 
spent lubricating oil. Polluted soil treated with BSG and Jatropha remediation indi-
cated high counts of hydrocarbon-utilizing bacteria (HUBs; 240 × 105 CFU/g and 
193 × 105 CFU/g) in soil contaminated with 2.5% and 1% oil, respectively, while 
treatment with just Jatropha plants without organic waste amendment resulted in 
low HUB counts (48 × 105 and 45 × 105 CFU/g) with 2.5% and 1% contamination, 
respectively. The explanation behind the increase in HUB counts in polluted soil 
amended with organic waste may be that the presence of nutrients in the organic 
waste, particularly nitrogen and phosphorus, enhanced the augmentation of bacteria 
in the soil. The HUBs isolated from the polluted soil were identified as species of 
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Pseudomonas, Bacillus megaterium, Micrococcus, and Corynebacterium. These 
bacterial species, together with root exudates of Jatropha plants, potentially help in 
the removal of spent lubricating oil from the soil. The rhizosphere of Jatropha har-
bors metabolically various bacteria measured as HUBs. In this manner, it is pro-
posed that oil removal from the soil may occur through the mechanism of 
rhizodegradation. Addition of organic waste to the polluted soil further upgraded 
the development of Jatropha and the proliferation of bacteria in the soil, along these 
lines representing increases in oil removal of 33% and 29.3% in soil contaminated 
with 2.5% and 1% oil, respectively, compared with treatment with Jatropha alone. 
The study in this way demonstrated the reasonability of utilizing Jatropha curcas 
with BSG amendment in remediating hydrocarbon-contaminated soil. Thus strate-
gies could be employed to remove oil contaminants from soil while promoting 
growth of economically viable plants, such as Jatropha, whose seed can be used for 
production of biodiesel (Agamuthu et al. 2010).

4.9  Mechanisms of Soil Contaminant Remediation 
by Jatropha curcas

Jatropha curcas has significant advantages for phytoremediation because of its 
potential to endure natural environmental stresses. New research has suggested that 
expression of the aldehyde dehydrogenase gene JcBD1 in Jatropha curcas releases 
the JcBD1 enzyme, which helps the plant to survive environmental stresses caused 
by heat, salt, and dry spells (Zhang et al. 2008). In Escherichia coli, the release of 
the JcBD1 enzyme resulting from expression of this gene makes it impervious to 
abiotic stressors such as salt. Use of Jatropha curcas to produce a petroleum- 
substitute biodiesel crop for renewable energy holds promise, given the depletion of 
fossil fuel sources. Some plants amass fundamental and insignificant metals in their 
roots and shoots in higher concentrations than the levels present in the soil (Raskin 
et al. 1994). Plants that can ingest large amounts of pollutants by concentrating 
them in roots and shoots are called hyperaccumulators.

Phytoaccumulation (phytoextraction) utilizes plants or green growth (algae) to 
expel pollutants from sediments, soils, or water into harvestable plant biomass. 
Phytoaccumulation has rapidly become widespread globally throughout the last 
quarter century. By and large, this procedure has been attempted more frequently to 
extract heavy metals than for organics. By the time of harvest, pollutants are com-
monly amassed in the much smaller volume of the plant matter rather than in the 
initially tainted soil or dregs. This crop ingests pollutants through the root system 
and stores them in the root biomass and/or transports them up into the stems and/or 
leaves. A living plant may keep on accumulating pollutants until it is harvested. 
When the harvest is done, a lower level of the contaminant will stay in the soil, so 
the development cycle should typically be repeated for a few yields to accomplish 
thorough remediation. After the procedure, the remediated soil can support other 
vegetation (Ahmadi and Mousavi 2005).
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Rhizofiltration is fundamentally the same as phytoaccumulation because it evac-
uates pollutants by capturing them into harvestable plant biomass. To start with, 
plants are placed in contact with the pollution. They assimilate contaminants 
through their root systems and store them in their root biomass and/or transport 
them up into the stems and/or leaves. The plants are then replaced to proceed with 
the development/harvest cycle until acceptable levels of contaminants are reached 
(Ahmadi and Mousavi 2005). Phytoremediation is an innovation taking into account 
synergistic participation of plant roots and soil microorganisms for disintegrating, 
exchanging, deactivating, and rendering inert contaminated mixtures of soil and 
underground water (Cunningham et al. 1996). In phytoremediation, the rhizosphere 
stimulates microbial activities, which provide a suitable domain for development 
and expansion, helping to diminish the petroleum defilement of the soil. 
Microorganisms in the rhizosphere benefit from the root exudates, and the plants 
benefit from the metabolic detoxification of conceivably dangerous mixtures 
achieved by those microbial groups.

Restriction of plant development parameters (germination, plant length, and bio-
mass) can be brought on by dangerous compounds of petroleum hydrocarbons (e.g., 
low atomic weight hydrocarbons). They can enter and pass through cell layers, lead-
ing to reduced membrane integrity and/or to death of the plant cell. Phytoremediation 
is a site-particular remediation technique, which is why some conflicting results 
have been reported with respect to the effectiveness of this innovation in expelling 
contaminants from soil. Utilizing local plant species that are tolerant of high con-
centrations of TPHs in soil can be a key variable in the accomplishment of phytore-
mediation. Phytoremediation is the utilization of green plants and root-related soil 
microorganisms, soil amendments, and agronomic procedures to uplift, contain, or 
render innocuous natural contaminants (Shahriari et al. 2006). Phytoremediation 
involves the rhizosphere, or the zone of soil nearest to and specifically impacted by 
plant roots (Besalatpour et al. 2011). Phytoremediation, like bioremediation, is 
moderately nonintrusive and involves minimal effort for a therapeutic choice appro-
priate to numerous locales.

4.10  Advantages of Using Jatropha curcas in Soil 
Remediation

Jatropha roots of various treatments were Soxhlet extracted to figure out whether 
there was phytoaccumulation of hydrocarbons in the plant root. Gas chromatogra-
phy/mass spectrometry (GC/MS) investigation of the concentrate did not demon-
strate the presence of hydrocarbons with any of the treatments. This is in sharp 
contrast to the results reported by Palmroth et al. (2002), who observed an uptake of 
diesel oil by grass roots. Jatropha curcas removes carbon from the atmosphere (car-
bon sequestration), stores it in woody tissues, and helps with the building of soil 
carbon (Agbogidi and Ekeke 2011). Industrialists, miners, environmentalists, and 
others have endorsed the idea of regular remediation by Jatropha curcas, and 
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numerous nations have consequently shown incredible enthusiasm toward the 
development of this species for bioremediation purposes.

Studies have demonstrated that Jatropha curcas could remediate soils polluted 
with heavy metals and hydrocarbons (Kumar et al. 2008; Agbogidi and Eruotor 
2012; Agbogidi et al. 2013). Jones and Miller (1993) reported that Jatropha curcas 
is a multipurpose species for problematic sites. The growth parameters of Jatropha 
plants, as elucidated by Jyoti and Smita (2012), were significantly influenced by the 
harmfulness of refinery sludge and the multi-metal contamination in it. Be that as it 
may, at lower levels of contamination up to S3 treatment (Fig. 4.7), the observed 
impact was unimportant. The plants in the control soil had the greatest normal shoot 
length (62 ± 2.0 cm), followed by those in the S2 and S1 treatments, while those in 
the S6 treatment had the shortest shoot length (31 ± 1.0 cm). The plants in the con-
trol treatment and S1 treatment likewise had the greatest numbers of leaves, fol-
lowed by those in the S2 treatment, and the plants in the S5 and S6 treatments 
appeared to have a 40–60% reduction in the numbers of leaves. Jatropha curcas was 
observed to be fit for proficient removal of all observed heavy metals—for example, 
Cd, Cr, Cu, and Ni—from the soil, and the percentage removal was highest in the 
case of cadmium. Similar patterns were seen in the cases of chromium and nickel 
removal (Fig. 4.7) (Jyoti and Smita 2012).

4.11  Constraints Associated with Use of Jatropha curcas 
in Soil Remediation

Prolonged treatment times for recovery and control of ecological elements, where 
possible, keeps phytoremediation under criticism. A significant disadvantage in 
phytoremediation is that plants experience more numerous stressors in field trials 
than they do in greenhouse systems and laboratories. Among the many constraints 

Fig. 4.7 Growth of Jatropha curcas with different treatment levels of refinery sludge (Source: 
Jyoti and Smita 2012)
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are nutrients, precipitation (rainfall), herbivory, plant pathogens, variations in tem-
perature, antagonistic impacts of pesticides, weeds, and weedicide applications, 
though completely controlled conditions are maintained in ex situ strategies 
(Gerhardt et al. 2009). Moreover, the root structure, soil surface (texture) and qual-
ity, and bioavailability of nutrients, among other things, can change after some time 
and take an undesirable turn simultaneously. Regardless of a few impediments, phy-
toremediation is generally acknowledged for being a characteristic method for 
heavy metal remediation of the earth. Some of the bases for this are its in situ pro-
cess of bioaugmentation, which increases the value of the procedure; alleviation of 
soil disintegration and dangerous atmospheric deviation; and creation of biofuels 
and natural gas from plant biomass as a distinct alternative to fossil fuels.

The appearance of Jatropha plants in response to various concentrations of oil 
was checked throughout the 180 days of the trial; no plant deaths were recorded in 
any of the soil treatments polluted with 1% spent lubricating oil; however, some of 
the plants showed signs of phytotoxicity (e.g., yellowing of leaves or stunted growth 
compared with the controls). Vouillamoz and Mike (2009) described comparable 
objective findings. Plants in soil polluted with 2.5% lubricating oil indicated high 
manifestations of phytotoxicity, with the death of at least one Jatropha plant being 
recorded in every treatment. Thus, Jatropha plants can endure minor exposure to 
hydrocarbons (Agamuthu et al. 2010). Sarwoko and Surahmaida (2008) examined 
phytoremediation of cadmium and lead by Jatropha and observed week by week 
advancement of the toxins’ impact on leaf necrosis and chlorosis (Fig. 4.8) at under-
lying lead and cadmium concentrations of 90 mg/kg. These results were observed in 
conditions with a maximum starting lead concentration of around 80 mg/kg and a 
cadmium concentration of around 50 mg/kg for phytoremediation using Jatropha.

Fig. 4.8 Jatropha curcas: Healthy leaf (a), necrosis (b, c), chlorosis (d, e), and complete destruc-
tion (f) with initial lead and cadmium concentrations in soil of more than 80 mg/kg
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Sarwoko and Surahmaida (2008) concluded that Jatropha was not an accumula-
tor of lead and cadmium. Be that as it may, the plant could be utilized for Pb and Cd 
phytoremediation of contaminated soil provided that the most extreme underlying 
concentrations of each metal were around 50 mg/kg. Cadmium was more poisonous 
to plant dry matter than lead, but no adverse impact on plant dry matter was found 
in the presence of both contaminants. Lead was a synergic poison with cadmium in 
terms of effects on plant dry matter. Furthermore, Agamuthu et al. (2010) found that 
Jatropha could become extremely successful in remediation of pollutants if further 
enhanced.

4.12  Conclusion

Phytoremediation is an innovation that depends on the combined activity of plants 
and their related microbial communities to degrade, remove, transform, or immobi-
lize toxic compounds situated in soils, sediments, groundwater and surface water. 
Phytoremediation has been utilized to treat numerous classes of contaminants, 
including petroleum hydrocarbons, chlorinated solvents, pesticides, explosives, 
heavy metals, and radionuclides in soil and polluted water. This strategy will be 
more productive if the right kinds of plants are chosen. Consequently, Jatropha has 
an incredible capacity to reduce and degrade different soil contaminants through its 
ruggedness and resilience in wide atmospheric conditions.
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Abstract
Degradation of soil quality due to industrial and agricultural activities has caused 
worldwide concerns. In order to remediate the soil contamination, several physi-
cochemical techniques like soil washing, soil vapor extraction, solidification, sta-
bilization, vitrification, electrokinetic, etc. had been applied. These modes of 
remediation may irretrievably affect the soil quality, destroy biodiversity, and ren-
der the soil useless for the plant growth. Hence, there is need of suitable, cost- 
effective, and eco-friendly techniques for remediation of soil without interfering 
with soil fertility. Phytoremediation being interdisciplinary in nature validated 
with a series of enthralling scientific research has emerged as a most promising, 
cost-effective, eco-friendly, and aesthetically acceptable technique for soil resto-
ration. During phytoremediation, whole life span of a plant produces profound 
effects on the chemical, physical, and biological processes that occur in its instant 
vicinity. Processes like water and mineral acquisition, senescence, and biomass 
decay can greatly influence the rhizospheric and subsequently result in land resto-
ration. Further, in the search of a suitable phytoremediator, Ricinus communis has 
proven its potential as a good phytoremediator for several organic and inorganic 
toxic chemicals particularly heavy metals and polyaromatic hydrocarbons along 
with other associated benefits being a medicinal and oil-producing plant. Unlike 
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the other plant, it can grow throughout the year even in drought and saline condi-
tion which makes it better than other plants. Being a hyperaccumulator plant for 
several metals, it can be sustainably used for the reclamation of sodic soil.

Keywords
Bioenergy • Heavy metals • Phytominer • Phytoremediation • Ricinus

5.1  Introduction

Over the past several epochs, human being depends upon the plants to satisfy their 
basic needs as food, clothing, shelter, and health care. Plants are appreciated for aes-
thetic reasons and more altruistically for providing habitations for other species. 
Plants have been also documented for their consumption of CO2 and several indus-
trial gaseous by-products. More recently, plants have been further appreciated scien-
tifically for their role in slackening the rate of global warming. With the increasing 
interest of corporate sectors, the things have gradually changed. The life support 
needs of mankind are growing rapidly because of a growing world population and 
urbanization. The growing human demands have also forced to change the cultiva-
tion and utilization of goods and services provided by the plant species. Today, the 
proficiency of plants to satisfy these growing necessities is not a new concern. 
Human beings have altered the planet’s ecosystem by clearing forests, replacing the 
riotous diversity of nature with uniform monocultures, industrialization, and urban-
ization, although, to some extent, these changes have improved the quality of lives 
but also led to degradation of environment. Alteration in environmental quality is a 
natural process, but the human activities like improper waste management practices, 
landfill operations, mining, application of chemical fertilizers, sewage sludge, etc. 
have accelerated the level and rate of pollution. The anthropogenic happenings like 
mining, urban sewage, industrial discharge, agriculture, constructions, etc. release 
various organic and inorganic toxicants in biosphere, and consequently it has 
degraded the quality of air, water, and soil (Kumar et al. 2012). Today, soil pollution 
due to industrial and agricultural activities has caused worldwide concerns (Kumar 
et al. 2013a, b; Ghavri et al. 2013a, b). As a consequence, many life forms including 
human being have to face serious threats to their life-supporting resources (Fig. 5.1).

5.2  Soil Metal Contamination and Conventional Treatment 
Techniques

The rising rate of anthropogenic activities in the biosphere poses an unprecedented 
threat that leads to a disturbance in natural ecosystem. Degradation of soil quality 
resulting from industrial and agricultural happenings had caused a great concern in 
recent era (Ha et al. 2014; Ghavri et al. 2013a, b). Domestic and industrial activities 
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such as mining, paper mills, chemical works, metal fabrication shops, textile plants, 
and metal refineries are particularly guilty for the contamination of soil (Wong 
2003; Freitas et al. 2004). A large number of organic (polycyclic aromatic hydrocar-
bon, pesticides, chlorophenols, petroleum and related products, etc.) and inorganic 
(radionuclides, heavy metals and metalloids, etc.) materials enter in the soil, caus-
ing threats to human health and natural ecosystem. Today, the contamination of soil 
had become a great concern in the industrial- and agricultural-intensified areas. The 
contaminants of soil, with several toxic organic and inorganic chemicals, affect crop 
yields, soil biomass, and fertility (Gratao et al. 2005; Rajkumar et al. 2009). 
Inorganic contaminants like heavy metals (e.g., Cr, Cu, Cd, As, Fe, Ni, Pb, etc.) are 
an important class of environmental pollutants, and many among these are very 
toxic to plants, animals, and humans in both elemental and soluble forms. Being 
nonbiodegradable and persistent in nature, they remain in the environment for a 
long duration and also get accumulated in human and animal body through food 
chain and pose serious health hazards to humans and animals (Sakakibara et al. 
2011; Kumar and Kumar 2016). Therefore, removal of the metal contaminants from 
the polluted environment is essential for the safety of environment worldwide. In 
order to remediate the soil contaminated with heavy metals, several chemical, phys-
ical, or biological techniques had been applied (Fig. 5.2) (McEldowney et al. 1993). 
A summary of these techniques is presented in Table 5.1.

Further, chemical and physical modes of remediation irretrievably affect the soil 
quality, destroy biodiversity, and may render the soil useless for the plant growth. It 
was also reported that these modes of remediation are not cost-effective (Glass 
1999). Hence, there is a need of suitable, cost-effective, and eco-friendly techniques 
for remediation of soil without affecting soil fertility.

Natural Anthropogenic

Sewage 
disposals

Industrial

Agricultural

Volcanic

Volcanic

Sources of  soil contaminantion

Fig. 5.1 Sources of soil 
contamination
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5.3  Phytoremediation: An Emerging, Economical, and 
Eco- friendly Technique for Environmental Cleanup

Application of plants for the soil remediation is not a new concept. Through an 
interdisciplinary approach associated with a series of enthralling scientific research 
has endorsed the phytoremediation to develop into a most promising, cost-effective, 
eco-friendly, and aesthetically acceptable technique (Padmavathiamma and Li 
2007; Kumar et al. 2013a, b; Sainger et al. 2014; Sweta et al. 2015). This technique 
also involves the association of plants with the rhizospheric microorganism to 
remove, degrade, or immobilize various soil contaminants. The idea of using plants 
to remediate metal from contaminated soil was reintroduced and developed by 
Utsunamyia (1980) and Chaney (1983), while the first field experiment for phyto-
extraction of Cu and Zn was conducted by Baker et al. (1991).

The term “phytoremediation” is derived from the Greek word φυτο (phyto) that 
means plant and a Latin remedium that means “to restore” or “clean.” It deals with 
mitigation of pollutants from contaminated environment with naturally occurring or 
genetically engineered plants that have potential to accumulate, degrade, or elimi-
nate the contaminants like metals, pesticides, solvents, explosive, crude oil, its 
derivatives, etc. from the growing medium (Flathman and Lanza 1998; Prasad and 
Freitas 2003). The whole life span of a plant produces profound effects on the 
chemical, physical, and biological processes that occur in its instant vicinity.

Soil Remediation 
Techniques

Soil Vapor Extraction

Soil Washing Solidification

Stabilizati
on/immob
ilization

Encaps
ulation

Vitrification Electrokinetic

Fig. 5.2 Conventional soil remediation techniques
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5.4  Ricinus communis: A Multipurpose Plant

Ricinus is a fast-growing, perennial shrub growing up to 6 meters or more. It is an 
economical plant cultivated mainly for oil production which is obtained from its 
seed. After extraction of oil from caster seeds, it is heated at high temperature for 
destruction of toxins and used as a fertilizer and also incorporated into animal feeds. 
Oil obtained from caster seeds are mainly used as a purgative and laxative. Other 
commercial application of castor oil includes its use as a lubricant, lamp fuel, and a 

Table 5.1 Conventional soil remediation techniques

Techniques Descriptions

Soil washing Water-based method for scrubbing soils to remove 
contaminants. It removes contaminants from soils in 
two ways:

By dissolving or suspending contaminated soil in the 
wash solution (which can be sustained by chemical 
manipulation of pH for a period of time)

By concentrating them into a smaller volume through 
particle-size separation, gravity separation, and 
attrition scrubbing (similar to those techniques used in 
sand and gravel operations)

Soil vapor extraction Vacuum is applied through a well to evaporate the 
volatile components of contaminated soil, which are 
subsequently withdrawn in an extraction well

Solidification Techniques that encapsulate the waste in a monolithic 
solid of high structural integrity. Encapsulation may be 
of fine waste particles (microencapsulation) or of a 
large block or container of wastes (macroencapsulation)

Stabilization/immobilization Reduce the toxicity of a waste by transforming into less 
soluble, mobile, or toxic forms. Physical nature and 
handling characteristics of waste do not necessarily 
change

Vitrification During this process, high temperature is applied which 
may volatilize and/or destroy organic contaminants or 
volatile metal species (such as Hg) that must be 
collected for treatment or disposal. Soils contaminated 
with a wide range of inorganic and organic 
contaminants may be treated using vitrification

Electrokinetic During this process, soil contamination removal is 
achieved by application of an electric field

Thermal deposition Polluted soil is excavated, screened, and heated to 
temperatures up to the boiling point of the contaminants

Encapsulation It involves physical isolation and control of 
contaminant. The impacted soils are isolated by 
low-permeability caps or wall to confine the infiltration 
of precipitation

Conner and Hoeffner (1998), Mulligan et al. (2001), Khan et al. (2004), Ottosen and Jensen (2005), 
and Marques et al. (2009)
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component of cosmetics. It is also used in the manufacture of several valuable prod-
ucts like soaps, printer’s ink, plastic, fibers, hydraulic fluid, brake fluid, varnishes, 
paints, embalming fluid, textile dyes, leather finishes, adhesive, waxes, and fungi-
cides (Jena and Gupta 2012). The leaves of castor are used as a food for seri silk-
worms and stalks for fuel purpose (Kadambi and Dabral 1955). Castor oil is 
extensively used in Ayurvedic, allopathic, homeopathic, and Unani system of medi-
cines. Further, the castor plant is well reported for its antioxidant, anti-implantation, 
anti-inflammatory, antidiabetic, central analgesic, antitumor, larvicidal and adult 
emergence inhibition, antinociceptive, and antiasthmatic properties. All these prop-
erties are due to the presence of certain phytochemical constituents, viz., methyl 
ricinoleate, ricinoleic acid, 12-octadecadienoic acid, and methyl ester for antioxi-
dant; saponins, steroids, and alkaloids for antinociceptive; saponin, flavonoids, api-
genin, and luteolin for antiasthmatic; ethanolic extract of roots for antidiabetic and 
antihistaminic; flavonoids and tannins for hepatoprotective activity; and ricinine for 
molluscicidal, insecticidal, and larvicidal activity (Shukla et al. 1992; Ilavarasan 
et al. 2006; Gupta et al. 2006; Singh et al. 2010; Taur et al. 2011; Jena and Gupta 
2012).

5.4.1  Geographical Distribution of Ricinus communis

Ricinus communis most commonly known as “castor oil plant” and “Arandi” is an 
evergreen, fast-growing, herbaceous shrub, C3 plant, belonging to the family 
Euphorbiaceae (Kirtikar and Basu 1975; Huang et al. 2011; Aserse et al. 2012; 
Baishya and Kalita 2015). It is the native of northeastern Africa but has naturalized 
in middle east, with a wide distribution in the tropical and subtropical regions of the 
world (Vwioko and Fashemi 2005). Some of the species also have their distribution 
in the Mediterranean Basin, Ethiopia, Africa, Brazil, and India (Gana et al. 2013).

5.4.2  Ricinus communis: An Ecological Engineer

5.4.2.1  Heavy Metal Extractor
Heavy metals are the elements found to be present in the environment with the 
atomic number in between 63 and 200 and density greater than 5.0 gm/cm3, e.g., Cr, 
Cd, Ni, As, Pb, Mn, Al, Co, etc. (Garbarino et al. 1995; Jjemba 2004). In recent 
years, environmental pollution by different heavy metals has crossed the limit of the 
safe and pure environment, especially in the developing countries (Zhang et al. 
2014). Some of these metals like Cu, Mn, Fe, and Zn are essential micronutrients 
required by the plants and animals in low doses for proper growth and development, 
but higher doses may be extremely toxic due to their association with the metabolic 
malfunctioning, growth inhibition, and adverse health effects (Sapci and Ustun 
2012). Moreover, these metals also have the potential to get bioaccumulated and 
thus can also contaminate the food chain (Dirilgen 2011). In urban areas, activities 
like industrial and municipal effluent discharge without proper treatment, sewage 
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disposal, mining, smelting processes, etc. are the main source of the metal contami-
nation in the water bodies and soil. A number of conventional methods have been 
identified for treating the metal-contaminated water and soil, e.g., ion exchange/
chelation, coagulation, flocculation, chemical precipitation, adsorption, liquid 
membrane separation, size exclusion, etc. (Khellaf and Zerdaoui 2009). However, 
these technologies have different constraints, as they are generally expensive, not 
applicable at mild contamination levels, generate by-products, and require intensive 
energy (Kumar et al. 2013a, b; Garg et al. 2008; Priya and Selvan 2014). Thus, 
exploration of techniques for efficient removal of pollutants, particularly from the 
mildly contaminated water with no or little amount of waste generation, cost- 
effectiveness, and less energy demands are urgently required.

Phytoremediation, i.e., application of green plants for the accumulation and 
remediation of different heavy metals, has emerged as a cost-effective, adorable, 
and eco-friendly technology for the extraction and removal of heavy metals from 
the environment (Tangahu et al. 2011; Bosiacki et al. 2013; Kumar et al. 2014). 
Plants that accumulate very high concentrations of heavy metals in their organs, and 
are capable of growing under extreme adverse conditions and toxic for other spe-
cies, are referred to as “hyperaccumulators,” and the whole process is known as 
“phytoextraction” (Brooks et al. 1997). Hyperaccumulators are conventionally 
defined as species capable of accumulating metals at levels 100-fold greater than 
those typically measured in common non-accumulator plants (Lasat 2000). These 
hyperaccumulators take the advantages of their well-developed root canal system, 
which enable them to uptake different metals from the surrounding soil, sediment, 
and water, and shoot system for the translocation, accumulation, and degradation 
abilities for the purpose of removing the toxic metals from the environment 
(Hinchman et al. 1995).

Phytoextraction can be described as the uptake, translocation, and accumulation 
of the heavy metals and other inorganic and organic contaminants from the soil, 
sediments, and water by the means of root, shoot, and leaves of the green plants for 
the purpose of harvesting and restoration of heavy metals (Bhattacharya et al., 2006; 
Ginneken et al. 2007; Moreno et al. 2008; Ekwumemgbo et al. 2013). The accumu-
lated metals can be recovered from the ash, thus contributing toward the clean and 
pure environment.

5.4.2.2  Mechanism of Phytoextraction
Heavy metal extraction in plants is a multistep process that includes mobilization 
from soil into the soil solution and then into the plants. Several steps involved dur-
ing the process of phytoremediation are outlined below (Clemens et al. 2002):

 1. Dissolution
 2. Uptake by roots
 3. Transport to shoot
 4. Distribution in aerial sinks
 5. Sequestration and storage in the leaf tissue
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 1. Dissolution – Heavy metal ions directly present in the system cannot be absorbed 
by the plant until they are in mobile condition, i.e., dissolved in the medium and 
available for root uptake. When ion is soluble in the soil solution, it comes into 
mobile form and can be either taken directly by the cell wall of the root or carried 
up by specific metal transporters. Root secretes some chemicals which enable 
the process of capturing the metal in the rhizosphere and making it available to 
the roots, e.g., organic acids and carboxylates. Ananthi et al. (2012) studied the 
Pb phytoextraction potential of Ricinus communis L. and Brassica juncea (L.) 
Czern. They pointed out that solubility and bioavailability of Pb in the soil are 
limited due to its complexation with organic matter, sorption on oxides and 
clays, and precipitation as hydroxide, carbonates, and phosphates. Thus, for 
making the metal bioavailable, different chelating agents such as EDTA and cit-
ric acid are used. When EDTA solution was applied in the soil, significant 
increase in the concentration of Pb was observed which in turn increase the Pb 
uptake by the plants, i.e., phytoremediation.

 2. Uptake by roots – Cellular membranes are lipophilic in nature and as metal ions 
are charged; they cannot move freely across the cellular membranes. Therefore, 
ion transport into cells must be mediated by membrane proteins with transport 
functions, generically known as transporters (Lasat 2000). Heavy metal ions 
enter inside the root through the process of absorption on the root hairs and root 
cell wall via the plasma membrane, probably involving cationic channels such as 
calcium channel. Roots are also capable of accumulating significant quantities of 
these heavy metals and simultaneously restrict its translocation to the shoot 
(Lane and Martin 1977). This occurs through either active (symplastic) or pas-
sive (apoplastic) pathway (Lu et al. 2009). Symplastic pathway is dependent 
upon the formation of complexes and chelates, and apoplastic pathway is energy 
dependent.

 3. Transport to shoot – As compared to non-hyperaccumulator plants, hyperaccu-
mulator plants efficiently transport heavy metals from roots to shoots. Movement 
of metal-containing sap from the root to the shoot, termed translocation, is pri-
marily controlled by two processes: root pressure and leaf transpiration (Lasat 
2000). Heavy metals are transported by means of xylem, and xylem loading is 
mediated by membrane transport proteins (Clemens et al. 2002). This is the most 
complex process of the phytoextraction, as the translocation to shoot is facilitated 
by complexing of metal with low-molecular-weight chelators, gene expression, 
etc. Ethylenediaminetetraacetic acid (EDTA), 1,2-cyclohexylenedinitrilotetraace-
tic acid (CDTA), ethylenediamine-N-N′-bis(2-hydroxyphenylacetic acid) 
(EDDHA), etc. are the chelators, as reported by many researchers, used for 
enhancing the potential of the plants to phytoextract heavy metals by the process 
of chelation in the cytoplasm or storing them into vacuoles (Shen et al. 2002; Lin 
et al. 2009; Rascio and Navari-Izzo 2011). These chemicals have the ability to 
change the physiochemical and biological properties of the soil, which may facili-
tate the phytoextraction of the heavy metals (Ultra et al. 2005).

 4. Distribution to aerial sinks – Complexing with organic ligands, which may 
occur at any point along the transport pathway, converts the metal into less toxic 
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form, thus conferring high metal tolerance in hyperaccumulators (Peer et al. 
2005).

 5. Sequestration and storage in the leaf tissue – In the leaf tissues, metals are 
sequestered in extracellular or subcellular compartments, mainly in vacuoles. 
Metal is transported (via xylem sap) to the apoplast of leaves from where it is 
distributed within the leaf tissue via apoplast or transporters-mediated uptake by 
symplast (Mahmood 2010).

Ricinus communis, an evergreen herb, can grow even in very harsh environmental 
conditions and have been studied by different researchers and scientists for their 
potential to phytoextract various heavy metals from the soil because of its ability to 
grow in heavily polluted soil together with its capacity for metal ion accumulation 
and fast growth rate (Rajkumar and Freitas 2008; Shi and Cai 2009). Researchers 
have reported that the plant has the ability to absorb the toxic metals, translocate, 
and accumulate in their upper parts (Babita et al. 2010; Bauddh and Singh 2012a, 
b). R. communis has been found to have substantial tolerance against several abiotic 
stresses, e.g., salinity and drought, and have also accumulated significant amount of 
metal in its tissues (Fig. 5.3) (Bauddh and Singh 2012b).

5.4.2.3  The Phytoextraction of the Heavy Metals Depends 
on the Following Factors

5.4.2.3.1 Tolerance to Higher Concentrations of Metals
The amount of heavy metals phytoextracted from the soil and water is affected 
mainly by the tolerance tendency of the plants (Schmidt 2003). Shi and Cai (2009) 
compared Cd tolerance of eight energy crops and reported R. communis as a mod-
erately tolerant species toward higher levels of Cd contamination in comparison to 
rapeseed, sunflower, soybean, hemp, safflower, flax, and peanut. Coscione and 
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Fig. 5.3 Effects of drought and salinity stress on Cd accumulation in the roots and shoots of R. 
communis. Cd = 100 mg Cd/kg soil, Cd + D = 100 mg Cd/kg soil + drought, Cd + S = 100 mg Cd/
kg soil + salinity, Cd + D + S = 100 mg Cd/kg soil + drought + salinity (Bauddh and Singh 2012b)
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Berton (2009) and Pandey (2013) reported that R. communis has the ability to 
extract Ba from the contaminated soil. Pandey (2013) and Coscione and Berton 
(2009) have reported that the plants grow vigorously and extract a number of heavy 
metals (Cd, Zn, Cr, Cu, Pb, Mn, and Fe) when cultivated on the soil contaminated 
with fly ash.

In two different studies conducted by Bauddh and Singh (2012a and 2015a), R. 
communis was found to be a tolerant species during its cultivation in Ni- and 
Cd-contaminated soil (up to 150 mg metal Kg−1 soil) (Figs. 5.4 and 5.5).
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levels of the metal (Bauddh and Singh 2015a)
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Romeiro et al. (2006) have reported Ricinus communis to be a hyperaccumulator 
of Pb and showed tolerance properties in lead at concentration of 100, 200, and 400 
μmolL−1. Huang et al. (2011) demonstrated that R. communis L. has high potential 
for removing Cd from contaminated soils because of its fast growth, high biomass, 
strong absorption, and accumulation of Cd. Andreazza et al. (2013) studied the 
effect of the use of castor bean (Ricinus communis L.) as a potential phytoremedia-
tor for copper-contaminated soils. They concluded it to be highly resistant to soil 
contaminated with heavy metals like Cu and demonstrated a strong potential appli-
cation in phytoremediation purposes as castor bean plants did not present any visual 
symptoms of Cu toxicity when the plants were cultivated in the Cu-contaminated 
soil, even in the Cu mining waste, which contains a Cu concentration of 575 mg/kg 
of soil.

5.4.2.3.2 Accumulation Ability
This factor influence most of the processes of phytoextraction, as the higher is the 
capacity of the plant to accumulate concentration of the heavy metals, the higher is 
the probability of phytoextraction (Bosiacki et al. 2013). Shi and Cai (2009) 
observed the metal accumulation tendency of eight energy crops and reported that 
Cd accumulation by this energy crop is not much significant as compared to other 
energy crops like hemp, flax, and peanut. Bosiacki et al. (2013) studied the evalua-
tion of suitability of Amaranthus caudatus L. and Ricinus communis L. in phytoex-
traction of cadmium and lead from contaminated substrates. It has been reported 
that the highest concentration of Cd and Pb was observed in stem and lowest in the 
inflorescence of R. communis. According to Shi and Cai (2009), R. communis is 
moderately tolerant species toward Cd toxicity. Likewise, Hadi et al. (2015) reported 
maximum accumulation of Cd in the shoot of Ricinus communis when treatment of 
25 mg/L of Cd was given to the plant in comparison to other treatments of 0, 5, 10, 
15, 20, and 25 mg/L. Bauddh and Singh (2015b) studied the effects of amendment 
of organic and inorganic fertilizers on bioaccumulation and partitioning of Cd in R. 
communis. They reported that the Cd accumulation increased with application of 
inorganic fertilizers. However, organic fertilizers (viz., vermicompost) that are con-
sidered slow-release fertilizers reduced the metal accumulation in the plant tissues 
(Fig. 5.6).

Romeiro et al. (2006) reported R. communis to hyperaccumulate Pb at 10.54–
24.61 g Pb kg−1 dry weight of the plants. Melo et al. (2009) and Romeiro et al. 
(2006) have reported R. communis to be a better accumulator of Cd and Pb. Pandey 
(2013) has reported suitability of Ricinus communis L. for phytoremediation of fly 
ash disposal sites. The plant showed the tendency to accumulate different heavy 
metals in their parts. The metal accumulation trend was found to be in the following 
order: Ni>Cd>Zn>Cu>Pb at fly ash-polluted site except in the leaves which mainly 
depend upon some factors like pH, presence of humic substances, metal concentra-
tion, presence of other metals, type of plant species, age of vegetation, and sampling 
season (Maiti and Jaiswal 2008; Pandey 2013). Pandey (2013) had also reported the 
trend of bioaccumulation in different parts of the plant in the following order: 
root>stem>leaf for the fly ash-polluted site. Mahmud et al. (2008) studied the 
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phytoremediation potential of 49 plant species and reported that among them, R. 
communis showed a high ability to accumulate As from the soil with bioconcentra-
tion factors (BCFs) and translocation factors (TFs) of 6.79 and 1.47, respectively. 
Further, Bauddh et al. (2016) studied the Cd accumulation potential of R. communis 
and its accumulation, translocation, and partitioning in different plant parts and 
reported that about 51% Cd was stabilized in its roots and the rest of the metal was 
transferred to stem and leaves. Thus, the study indicates this plant to be highly toler-
ant to Cd contamination that could be used for the remediation of polluted sites.

5.4.2.3.3 Heavy Metal Concentration in the Medium (Soil)
The concentration of the toxic metal in the medium influences the accumulation 
potential of the plants. The higher is the concentration of the metal in the medium 
(soil, water), the higher is the probability of phytoextraction depending upon the 
extent of tolerance of the plants. R. communis has shown distinct accumulation at 
different concentration of heavy metals in their tissues, which affects the growth 
and development of the plant. Lu and He (2005) reported that R. communis can 
bioaccumulate 10–400 mg/kg of Cd which affected the growth of plant. At the 
beginning, during low concentration of Cd, there was hardly any damage caused to 
the plant, but as the concentration increased, the growth of the plant slowed down 
and was totally inhibited beyond the concentration of 40 mg/kg. The maximum 
bioaccumulation was 4460.3 mg/kg when the concentration of the metal in the soil 
was 360 mg/kg suggesting that higher metal concentration (i.e., >360 mg/kg) 
adversely affected the metabolism of R. communis. Mathiyazhagan and Natarajan 
(2013) studied metal extraction competence of plants on waste dumps of magnesite 
mine. It was reported that R. communis phytoextracted 85 mg/kg of Cd from the 
soil. Mahmud et al. (2008) studied the potential of indigenous plant species for the 
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phytoremediation of arsenic-contaminated areas of Bangladesh. The results indi-
cated that among 49 examined plant species belonging to 29 families, only one 
species of fern (Dryopteris filix-mas), three herbs (Blumea lacera, Mikania cordata, 
and Ageratum conyzoides), and two shrubs (Clerodendrum trichotomum and Ricinus 
communis) were found to be suitable for phytoremediation on the basis of high 
bioconcentration factors (BCFs) and translocation factors (TFs) of As.

5.4.2.3.4 Rate of Metal Uptake by the Roots and Translocation
The metal uptake by roots is initiated by the transport across the root cellular mem-
brane. Translocation of heavy metals from root to upper aerial parts is likely to 
occur via the xylem and is driven by the transpiration of leaves (Hart et al. 1998), 
whereas translocation factor can be defined as the transfer of metals from growing 
medium to other parts (root and shoot) of the plant species (Barman et al. 2000; 
Gupta et al. 2008; Andreazza et al. 2013). Both of these phenomena influence the 
potential of the plants to phytoextract the heavy metals. Huang et al. (2011) studied 
the phytoremediation potential of bioenergy crop Ricinus communis for DDTs and 
cadmium co-contaminated soil and reported that the total uptake of Cd varied from 
66 to 155.1 μg per pot, indicating that R. communis has great potential for removing 
Cd from contaminated soils which may be attributed to its fast growth, high bio-
mass, strong absorption, and accumulation. Hadi et al. (2015) have also studied the 
phytoremediation of cadmium by R. communis L. in hydroponic condition and 
reported that Cd contents in plant tissues were found increasing with increasing 
dose of Cd. The maximum Cd uptake was found at 25 mg/L of Cd. The pattern of 
Cd accumulation in different parts of plant was found as root>leaf>stem, and maxi-
mum bioaccumulation factor (0.455) was found in treatment of 10 mg/L of Cd. TF 
value ranged from 0.645 to 0.857 and 0.626 to 0.837 for root–shoot and shoot–
leaves, respectively, at the treatments of increasing doses of Cd (0, 5, 10, 15, 20, and 
25 mg/L Cd for 28 days.

Andreazza et al. (2013) reported R. communis to be hyperaccumulator of Cu as 
the bioconcentration factors (BCF) were found to be between 4.1 and 5.5 in the 
vineyard soils. Contrary to the other studies, Olivares et al. (2013) worked on the 
potential of R. communis for phytoremediation of mine tailings and oil production 
and analyzed accumulation of Cu, Zn, Mn, Pb, and Cd in the root and shoot of R. 
communis. They concluded that R. communis accumulated low concentrations of 
metals in aboveground plant parts and these were below phytotoxic values, and root 
metal concentrations were higher than those found in aerial plant parts except for 
Mn. Broadly, Ricinus had low metal translocation factors, except for Mn, and 
according to its metal concentrations in shoot and translocation factors, Ricinus was 
concluded not to be a hyperaccumulator plant. Mathiyazhagan and Natarajan (2013) 
studied metal extraction competence of plants on waste dumps of magnesite mine 
in South India and reported that R. communis had a higher value of translocation 
factor which indicated that metals (Pb and Cd) are accumulated by the plants and 
are equally retained in roots and shoots.
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5.4.2.3.5 Biomass Production
Biomass can also influence the tolerance level of the plants toward the toxic metals. 
According to Papoyan and Kochain (2004), plant species with higher biomass are 
better suited for the purpose of phytoremediation. Zhi-Xin et al. (2007) have 
reported that the biomass of the plants decreased with increase in the concentration 
of the toxic metals, as higher concentration of the toxic metals may be harmful to 
the tissues of the plants than lower. However, some of the researchers have reported 
that most of the hyperaccumulators were found to be small and slow growing (Lasat 
2002). Ananthi et al. (2012) studied the potential of Ricinus communis L. and 
Brassica juncea (L.) Czern. in natural and induced Pb phytoextraction. They 
reported that there was no significant reduction in biomass and root and shoot length 
of the Ricinus communis under different levels (0–800 mg/kg) of Pb indicating high 
tolerance of Ricinus communis to Pb. They reported that when soil Pb content was 
only up to 800 mg/kg, the plant was able to accumulate 190 mg/kg of Pb in its 
shoots within short duration of exposure. The translocation factor was also found to 
be >2, concluding it to be a hyperaccumulator. Rajkumar and Freitas (2008) and Ma 
et al. (2001) reported that plant growth-promoting bacterium has the potential to 
increase phytoextraction efficiency of R. communis L. directly by enhancing the Zn 
and Ni metal accumulation in plant tissues and indirectly by promoting the shoot 
and root biomass. Andreazza et al. (2013) have also recorded high levels of biomass 
production in both fresh mass and the dry mass of the shoots and roots of R. com-
munis after 57 days of growth in Cu-contaminated soil, indicating its high tolerance 
to Cu and great potential of phytoextraction of Cu from the soil. Further, it has also 
been reported that R. communis produces higher biomass and lower reduction in 
fresh and dry weights on Ni contamination than B. juncea. Antioxidant production 
such as proline and malondialdehyde in R. communis leaves also increases with the 
increase of concentration of Ni in soil (Baudhha and Singh 2015a, b). Melo et al. 
(2009) reported that application of As at higher concentrations decreased the growth 
of castor bean plant’s shoots and roots, contrary to this, Mahmud et al. (2006) 
reported less biomass reduction and high As accumulation from As-spiked soil by 
Ricinus communis in a greenhouse experiment.

5.4.2.3.6 Metabolic Activity of the Plants
Toxic metals interfere with different metabolic activities of the plants like photosyn-
thesis and respiratory carbohydrate metabolism in plant cells, probably by substitut-
ing another micronutrient in critical enzymes (Zhi-Xin et al. 2007). Heavy metals 
also inhibit the formation of chlorophyll and synthesis of amino Valeric acid which 
is required for photosynthesis (Stobart et al. 1985). According to Habash et al. 
(1995), heavy metals interfere with different steps of Calvin cycle, resulting in the 
inhibition of photosynthetic CO2 fixation. However, Lu and He (2005) reported that 
the low concentration of Cd may improve the growth of R. communis. Andreazza 
et al. (2013) studied the use of high-yielding bioenergy plant castor bean (Ricinus 
communis L.) as a potential phytoremediator for vineyard soils (inceptisol and mol-
lisol) contaminated with Cu and Cu mining waste. Plants exhibited a high growth 
potential in Cu-contaminated areas and attained the significant plant height after 
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57 days of growth in the mollisol soil. The plant attained an average height of 
28.3 cm which was higher than the non-contaminated soil (native soil), i.e., 24.7 cm. 
In the inceptisol, the castor bean plants exhibited an average plant height of 20 cm 
after 57 days of growth. Copper mining waste showed the worst growth of castor 
bean plants; however, their growth was still considered to be high, with an average 
height of 15 cm. Thus, the results showed the increased growth rate of plant, even 
at the higher concentration of toxic metal, claiming it to be a potential phytoextrac-
tor of Cu. Further it has been reported that the R. communis has a high accumulation 
potential and also possesses a good antioxidant defense system against Cd stress 
and may be used for the phytoremediation of metal-contaminated soils in place of 
edible crops, which enhance the risk of contaminating the food chain (Baudhha 
et al. 2015a, b).

5.4.2.3.7 Physicochemical Properties of Medium
The uptake of heavy metals largely depends upon the distribution of heavy metals 
in different phases of the medium which in turn is greatly influenced by pH, Eh, 
organic matter, and other properties (Zhi-xin et al., 2007). Mobility of heavy metals 
is mainly dependent upon the pH of medium in which plants are grown (Lim et al. 
2002). Increase in the pH of the medium increases the content of exchangeable ion’s 
activity and makes it more available for phytoextraction by plants. Naturally, the 
plants also secrete some diverse array of organic compounds which forms com-
plexes with metals, changing the pH of the medium, making them more bioavail-
able for the purpose of phytoextraction (Prasad 1995). Likewise, Eh could change 
the forms of heavy metals or immobilize them, thereby reducing the toxicity 
(Shuaman and Wang 1997).

5.4.2.3.8 Other Interactions
This category includes different kinds of interactions like ion–ion interaction, effect 
of presence of other chemicals, and organic substances. The presence of one metal 
ion can interfere with the extraction of other metals by forming or breaking different 
kind of bonds, complexes, etc. Bosiacki et al. (2013) have reported that R. commu-
nis have a preferential removal tendency toward Cd than Pb as higher mean weights 
of leaves and stems as well as total weight of plants were obtained in substrate pol-
luted with Cd in comparison to Pb. Zhang et al. (2015) have studied the effects of 
citric acid in increasing the phytoextraction of Cd/Pb by Ricinus and reported that 
citric acid positively interferes with the phytoextraction of Cd and Pb. The concen-
tration of Cd and Pb in plant shoots was increased by the addition of citric acid in 
all treatments by 78% and 18–45%, respectively, at the dosage of 10 mM kg−1 soil 
without affecting shoot biomass production. This was due to the reduction of cation 
exchange capacity, weakening of heavy metal adsorption, and activation of Cd and 
Pb in soil on addition of citric acid. They observed that addition of citric acid has 
enhanced the transportation of Cd and Pb from roots to shoots, which was beneficial 
for phytoextraction. Chaves et al. (2010) studied the content and distribution of cop-
per and zinc in castor bean (R. communis) cultivar. They reported that Zn transloca-
tion was higher than Cu in the castor bean plants. Thus, they concluded that castor 
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bean plants could not be considered as heavy metal hyperaccumulator; neverthe-
less, they can be considered as zinc accumulator. Hence, it may be concluded that 
R. communis is selective toward the accumulation of Zn than Cu, or the presence of 
Zn influences the availability of Cu for phytoextraction.

5.4.2.4  Biotransformation of Polyaromatic Hydrocarbons
Polyaromatic hydrocarbons(PAHs) are a group of over 100 different organic com-
pounds that are formed during the incomplete combustion of coal, oil, gas, garbage, 
or other organic substances like tobacco or meat cooked at very high temperature 
(Ravindra et al. 2008). These organic compounds contain carbon and hydrogen 
bond with multiple fused aromatic rings, e.g., naphthalene, anthracene, phenan-
threne, benzopyrene, fluorine, etc. These compounds are generally white or light 
yellow crystals with high melting temperature and are neither soluble in water nor 
volatile. These are found naturally in fire and grass fire, oil seeps, and volcanoes and 
in chlorophyllous plants, fungi, and bacteria and anthropogenically in petroleum 
and electric power plants, during incineration, home heating, and production of 
coke, black carbon, coal tar, and asphalt (Wilson and Jones 1993; Henner et al. 
1997; Soclo et al. 2000; Paria and Yuet 2006; Okon and Mbong 2013). Today, PAH 
contamination is a great environmental concern due to its ubiquitous occurrence, 
recalcitrance, toxicity, mutagenicity, carcinogenic properties, high retention time, 
and bioaccumulation properties (Juhasz and Naidu 2000; Mrozik et al. 2003; Kot- 
Wasik et al. 2004; Haritash and Kaushik 2009 Al-Sbani et al. 2016). The polycyclic 
aromatic hydrocarbon transformations in the natural environment include biotic and 
abiotic processes, such as volatilization, adsorption, photolysis, chemical oxidation, 
microbial degradation, phytoremediation, and biodegradation (Lors et al. 2012; 
Al-Sbani et al. 2016). Plant density and root parameters, such as diameter, length, 
and surface area, are important features involved in nutrient uptake as faster plant 
growth and larger total root surface area may facilitate the dissipation of PAHs 
(Casper and Jackson 1997; Søndergaard 1988; Liu et al. 2014). Rentz et al. (2005), 
Spriggs et al. (2005), and Hamdi et al. (2007) have reported that when soils were 
subjected to phytoremediation, there was a significant decrease in low- and high- 
molecular- weight PAH content of soils (Rentz et al. 2005; Spriggs et al. 2005; 
Hamdi et al. 2012). In this context, the rhizospheric region of plants plays a signifi-
cant role in the bioremediation of soils contaminated with PAHs and other organic 
chemicals (Spriggs et al. 2005; Hamdi et al. 2012). Rhizosphere which has high 
microbial activity region in relation to soil and root influences the dissipation of 
PAHs mainly because of high microbial growth stimulation and selection of specific 
microbial communities (Reilley et al. 1996; Kirk et al. 2005). Plant roots secrete 
different organic acids and sugars to facilitate and stimulate the activity of the rhi-
zospheric microorganisms and also favor the aerobic metabolism of PAHs 
(Schwitzguébel 2015). Thus, interactions between rhizospheric microorganisms 
and plant roots are the most important factors to phytoremediate the organic con-
taminants like PAHs, PCBs, and total petroleum hydrocarbons (TPHs).

In addition, the root proliferation improves oxygen flux, permeability, and break-
down of soil contents, mechanically, which causes an increase in bioavailability of 
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PAH for plant (Hamdi et al. 2007). Thus, the plants like R. communis, with deep, 
taprooted, dense secondary roots, have been extensively accepted for the phytore-
mediation of PAH-contaminated soils (Reilley et al. 1996; Fan et al. 2008).

Liu et al. (2014) have suggested that lower plant density (e.g., 260 plants m−2) is 
better suited for phytoremediation of PAHs when considering sustainability of the 
ecosystem. Wang et al. (2013) performed a pot experiment to explore the potential 
of phytoextraction of heavy metals and rhizoremediation of PAHs in co- contaminated 
soil by co-planting a cadmium/zinc hyperaccumulator and lead (Pb) accumulator 
Sedum alfredii with either Lolium perenne or Ricinus communis. They reported that 
the co-planting of S. alfredii with R. communis decreased the shoot biomass as com-
pared to that in monoculture. Further, Cd concentration in shoot of S. alfredii 
decreased, whereas, there was no reduction of Zn or Pb concentration observed, 
when grown with ryegrass or R. communis as compared to that in monoculture or 
co-planting treatments. The study reported that removal of Cd, Zn, and Pb by plants 
was similar across S. alfredii monoculture or co-planting with ryegrass or R. com-
munis, except higher Pb removal in S. alfredii and L. perenne co-planting treatment. 
Co-planting of S. alfredii with L. perenne or R. communis significantly increased the 
dissipation of pyrene and anthracene as compared to that in the bare soil or mono-
culture of S. alfredii. Dissipation rates were in the range of 98.6–99.1, 91.4–96.1, 
and 65.0–74.9% for phenolphthalein, pyrene, and anthracene, respectively. This 
dissipation was because of the enhanced soil microbial population and activities in 
both co-planting treatments making it a relevant technology for the degradation of 
PAHs. According to Wang et al. (2013), Ricinus communis has extensive root bio-
mass which helps to increase the potential of the plant to accumulate organic pollut-
ants like PAHs, DDT, and other pesticides, including Cd and other heavy metals, 
whereas co-planting of the hyperaccumulator plants like R. communis, B. juncea, 
and others may also enhance the chances of decontamination of soil co-contami-
nated with PAHs (Wang et al. 2013).

5.4.2.5  Sodic Soil and Degraded Land Reclamation
Soil is the most important part of the environment which fulfills the need of food 
and shelter of the living beings (Dominati 2013). Sodicity is defined by the amount 
of efficient exchangeable sodium (Na) which can adversely affect the growth of the 
plants. As the amount of Na increases in the soil, it tends to become more dispersed 
which results in the breakdown of the soil aggregates and thus lower the permeabil-
ity of soil for air and water. Similar to sodicity, land degradation is also one of the 
major factors which affect the growth and health of the soil. It may be because of 
the use of various chemical fertilizers and other industrial pollutants and has 
emerged as major problem in the developing countries like India (Bauddh et al. 
2015a, b).

The restoration of such degraded lands by the means of chemical and mechanical 
engineering has been widely used. Nevertheless, these techniques are expensive and 
not suitable for the structure and fertility of the soil (Gaur and Adholeya 2004). To 
overcome with all these constrains, phytoremediation has emerged as a promising 
method to restore degraded lands (Ma et al. 2011; Rajkumar et al. 2012). Many 
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edible and nonedible plants like Oryza sativa (Liu et al. 2007; Jamil et al. 2013), 
Brassica sp. (Gupta et al. 2009), Raphanus sativus (Hamon et al. 1999; Shevyakova 
et al. 2011), Triticum aestivum L. (Shtangeeva et al. 2004; Chandra et al. 2009), J. 
curcas, Salix viminalis (Vyslouzilova et al. 2003; Vervaeke et al. 2004; Hammer 
et al. 2003), Chilopsis linearis (Rodríguez et al. 2009), Calotropis procera, 
Parthenium hysterophorus, Millettia pinnata (Tulod et al. 2012), and Portulaca 
grandiflora (Cho-Ruk et al. 2006) have been used for phytoremediation of contami-
nated sites. Ricinus communis is a nonedible, energy crop and a potential phytore-
mediator of heavy metals, PAHs, and POPs. Further, it is a salt-tolerant plant species 
(Li et al. 2010). The application of R. communis for phytoremediation purpose in 
place of edible as well as nonedible stress-sensitive crops/herbs may be a good 
alternative for the remediation of contaminated, salt-stressed, and sodic soils. These 
properties make the plant a promising and viable substrate for amelioration of saline 
soils as well as biofuel production (Barnes et al. 2009). The crop growth and pro-
ductivity is greatly reduced by soil salinity and sodicity as about 560 × 106 hectares 
of sodic and saline–sodic soils are present all over the world which requires efficient 
and economic reclamation (Tanji 1990; Abro et al. 2015).

Reclamation and restoration of sodic soil require the removal of most of the 
exchangeable Na and its replacement by more favorable other ions like Ca2+. Joshi 
et al. (2012) studied the effect of Ca2+ on NaCl-stressed R. communis with respect 
to the growth response and seed germination. They reported that the salinity and 
sodicity of the soil adversely affected the seed germination and growth of the plant. 
However, when Ca2+ was supplied 1:025 Na+/Ca2+ ratio, the deleterious effect of 
NaCl on seed germination and plant growth was restored. They also suggested that 
salt stress also reduced N, P, K, and Ca content in the tissue of R. communis, but, by 
the addition of Ca2+ at critical levels to the saline soil, all the nutrients were restored. 
Sodicity of the soil may also increase with NaCl, but supply of Ca2+ significantly 
decreases Na content in the plant. The reclamation of such soil is dependent on the 
displacement of Na+ from productive soil horizons by Ca. Thus, gypsum, as source 
of soluble Ca, has been used as amendment by several workers for soil reclamation 
(Amezketa et al. 2005). However, many researchers have used inorganic condition-
ers and organic manures successfully for the reclamation of saline–sodic soils (de 
Mesquita et al. 2015; Li and Keren 2009).

De Mesquita et al. (2015) studied the effect of chemical and organic conditioners 
on the chemical attributes of saline–sodic soil on the initial growth of two castor 
bean (Ricinus communis) cultivars. Five treatments of saline–sodic soil were given 
without conditioners i.e. saline–sodic soil + biofertilizer, saline–sodic soil + chalk, 
saline–sodic soil + chalk + biofertilizer, and nonsaline soil. It was reported that the 
corrective effect of chalk on sodicity and on the nutrient availability for the plants 
as the application of chalk combined with biofertilizer promoted a better initial 
development of the Ricinus communis plant in comparison with other recovering 
treatments. Abro et al. (2015) studied the growth of Ricinus communis L. on newly 
reclaimed saline–sodic soil to assess the quality improvement of the sodicity–salin-
ity of the soil. After 2 months of the reclamation process by leaching (control), 
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gypsum, farmyard manure (FYM), and FYM + gypsum along with the non- 
decomposed, the castor bean was grown on post-reclaimed soil. The results indi-
cated that the combination of FYM + gypsum and the longest decomposition period, 
i.e., 12 weeks of decomposition, produced the highest mean and relative growth of 
R. communis. The authors conclude that the reduction in electronic conductivity 
(EC) and sodium adsorption ratio (SAR) does not ensure the productivity of 
reclaimed soil.

Wu et al. (2012) studied ameliorative effect of castor bean (Ricinus communis 
L.) planting on physicochemical and biological properties of seashore saline soil. 
They reported that after planting castor bean for two growing seasons, soil salinity 
lowered down than that under the control scenario, and the value of EC is also 
decreased significantly.

5.4.2.6  Radionuclide Accumulator
Nuclear power plants are operating in around 31 countries of the world. Nuclear 
power plants are polluting the environment by generating various nuclear wastes, 
anthropogenically, from different activities (viz., reactor operations, mining, fuel 
fabrication, fuel reprocessing, military operations, research laboratories) with radio-
nuclide production and applications of radioisotopes in medicine and industry, 
power plants, accidents, and disasters (Sharma et al. 2015). Naturally, earthquakes 
and tsunamis also cause the leakage of a considerable amount of radioactive pollut-
ants (Yoshida and Kanda 2012). Further, the presence of a large number of fission 
products along with multiple oxidation states and long-lived radionuclides such as 
neptunium (237Np), plutonium (239Pu), americium (241/243Am), curium (245Cm), 
cesium (137Cs), and strontium (90Sr) makes the waste streams a potential radiologi-
cal threat to the environment (Sharma et al. 2015). These radionuclides are capable 
of producing potential health threat due to their long half-lives, bioaccumulation 
tendency, and effortless translocation into the human body. Other than physiochem-
ical techniques for the removal of these contaminants from the environment, phy-
toremediation has emerged as an eco-friendly, cost-effective, and viable technology 
to cope with the problems. This technique offers a green chemistry-based route to 
remediate contaminated sites containing radionuclides (Eapen et al. 2006; Sharma 
et al. 2015). Among different hyperaccumulators, castor (Ricinus communis) is also 
becoming popular as a value-added plant for the phytoremediation of contaminated 
sites along with economic and ecological services (Bauddh et al. 2015a, b).

5.4.2.7  Potential Phytominer
Phytomining is bio-harvesting of metals from plants with higher biomass grown in 
substrate contaminated by mine sites along with recovery of economic metals from 
the plants (Chaney et al. 1998; Anderson et al. 1999). This is among one of the 
recent branches of phytoremediation producing low-value, sulfide-free bio-ore 
which either can be safely disposed off or, if the targeted metal is economically 
valuable, may be smelted or recovered. All over the world, a number of sites are 
available for the phytomining process as these sites are enriched with various valu-
able metals. Further, this technology can also be good mediator among research 
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institutes, industries, and communities to develop good understanding to target 
industrial waste dumping sites with a goal to mitigate hazard without causing any 
threat to the environment. But, as compared to other phytoremediation techniques, 
phytomining is in its infancy and more research is required to be done to harvest this 
technique efficiently in order to cope with the soil pollution.

Phytomining is a subbranch of phytoextraction which is used for the metal 
recovery from different metal-contaminated sites (Hunt et al. 2014). A commercial 
metal mining is usually performed from ores having a high concentration of target 
metals and requires huge capital investment. However, hyperaccumulators are 
known to efficiently extract metals from the metalliferous soils and translocate it to 
shoot tissues. After sufficient growth, plant is harvested, dried, and reduced to ash. 
This ash is further treated by roasting, sintering, or smelting methods, which allows 
the recovery of the metals present in the ash (Sheoran et al. 2009). Phytoextraction 
takes place in the plants which have higher growth rates, higher biomass composi-
tion, deep roots, tolerance to metal toxicity, and higher transportation rates 
(Cunningham and Ow 1996; Watanabe 1997). The most efficient plants are those 
which can readily translocate metals from the roots and accumulate them in their 
shoots. The shoot biomass, in turn, is harvested and processed for the recovery of 
the metals.

5.5  Ricinus communis: Potential Bioenergy Plant

In the future, the global energy demand is expected to increase considerably as a 
result of increased population growth and economic development, although fossil 
fuels like coal and petroleum will play an important role to fulfill the increased 
energy demand over the next 20 years. While fossil fuels will remain the conven-
tional fuel, renewable energy sources will be in great demands over the next decades. 
In the search for a renewable, biodegradable, and eco-friendly fuel, the castor oil 
has proven to be technically, economically, and ecologically beneficial and also 
offers as prospects for agricultural development (Gressel 2008; Mehmood et al. 
2011). Seeds from Ricinus contain around 45% oil which is used as a lubricant in 
high-speed engines and airplanes. Ricinus oil has an ash content of about 0.02% and 
sulfur content less than 0.04% with a higher cetane number (CN). The CN of Ricinus 
oil biodiesel is in good range for diesel engines with desirable properties, i.e., very 
low cloud and pour point values, which displays that the fuel is suitable for use in 
extreme winter temperature. Castor oil contains over 85% of the hydroxylate fatty 
acid, ricinoleic acid (D-12-hydroxyoctadec-cis-9-enoic acid), which is the source of 
an 18-carbon hydroxylated fatty acid with one double bond (Caupin 1997). Further, 
properties like unsaturated bond, high molecular weight (298), low melting point 
(5 °C), and very low solidification point (−12 °C to −18 °C) make it industrially 
useful. In addition since it is soluble in alcohol, it can be used in synthesis of 
biodiesel.
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5.6  Conclusion

R. communis is a robust and fast-growing economical crop with multiple applica-
tions. R. communis or castor plant is widely explored for its pharmacological uses 
due to the presence of certain specific chemicals, viz., ricins A, B, and C, which are 
well recognized for their antitumor property. The alkaloid (ricinine) and glycoside 
are being used in several herbal formulations for anti-inflammatory, analgesic, anti-
pyretic, cardiac tonic, and antiasthmatic effects. Although R. communis is a noble 
medicinal plant, it requires more investigation for maximum utilization of its phar-
macological properties. Further, R. communis is an evergreen herb which can be 
cultivated even in drastic environmental conditions. It has ability to grow in heavily 
polluted soil together with high metal accumulation and fast growth rate (Rajkumar 
and Freitas 2008; Shi and Cai 2009). Several researchers have reported about its 
potential to absorb the toxic metals, translocate, and accumulate in their upper parts 
(Babita et al. 2010; Bauddh and Singh 2012a, b). Generally, rhizospheric activity 
and root proliferation improve oxygen flux, permeability, and breakdown of soil 
content mechanically which causes an increase in dissipation and bioavailability of 
PAH in soil. R. communis with a deep, tap, and dense secondary root system has 
been widely adopted and successfully reported for the remediation of PAH- 
contaminated soil. Further, being a perennial plant, it can achieve the remediation of 
metal from contaminated soil throughout the year.
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Abstract
Phytoremediation is currently being envisaged as an ecologically sustainable and 
economical decontamination technique for polluted sites. Phytoremediation 
being a slow process limits the utility of the site to an extent for other activities, 
and therefore valorisation of the biomass produced by some means is very 
important. Biomass-based energy (bioenergy) is increasingly gaining popularity 
as a relatively clean, renewable and carbon-neutral alternative to fossil fuels. 
Coupling phytoremediation with bioenergy production by using fast-growing 
hyperaccumulating species having bioenergy potential appears to be a rather 
attractive opportunity. Millettia pinnata is a hardy tree species with well-estab-
lished bioenergy potential. The use of Millettia pinnata for simultaneous decon-
tamination (of heavy metal contaminated sites) and bioenergy production has 
been discussed in this chapter.
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6.1  Introduction

Soil is one of the most important natural resources bestowed upon humankind that 
forms through a very slow natural process of rock weathering. Maintaining the fer-
tility and integrity of soil is invaluable for the survival of our socio-economic struc-
ture. Anthropogenic activities have been generating humungous quantity of wastes 
that are being dumped in the environment with or without proper treatment. Soil has 
been the recipient of several types of waste originating from several industrial, 
municipal, commercial and agricultural activities. Among various types of waste, 
those containing heavy metals are of great environmental concern. Since the dawn 
of industrial revolution, human beings have been extensively mining and using 
heavy metals for several economic purposes. Heavy metals have been defined in 
several ways, but generally they include those elements having specific density 
>5gm/cm3 and atomic number >20 (Järup 2003). Although there can be ambiguity 
in defining what a heavy metal is, there is certainly no doubt about their hazardous 
nature. Heavy metals include several metals, transition metals, and metalloids hav-
ing relatively high density such as Pb, Hg, Ni, Cd, Cr, Zn, Co, Cu, As, Mn, Fe and 
Se. Some of the major sources of heavy metal pollution in soil include those arising 
from mine tailings, the use of paints and leaded gasoline, application of pesticides 
and fertilisers containing heavy metals, sewage sludge, combustion residue of coal, 
sewage sludge disposal, irrigation using contaminated wastewater, atmospheric 
deposition, etc. (Chander et al. 2001).

The presence of heavy metals in soil or groundwater is potentially hazardous due 
to their inherent toxicity to biota in elemental as well as in the combined form. 
Some of these heavy metals such as Fe, Mn, Co, Cu, Mo, Zn and Ni are essential for 
normal metabolism and growth of plants, while others such as Se, As, Cd, Pb or Hg 
have no known physiological role in plants. The former metals cause toxicity when 
their concentration exceeds supra optimal levels, while the latter elements are inher-
ently toxic to plants. Heavy metal toxicity arises when biota is exposed to bioavail-
able forms of heavy metals beyond their threshold tolerance levels for individual 
organisms. The phytotoxic effects may arise from alteration of several physiological 
processes operating at cellular and/or molecular levels. These include inactivation 
of enzymes, blocking of functional groups present in several metabolically impor-
tant molecules, displacement or substitution of essential elements by heavy metals, 
disruption of plasma membrane integrity and generation of reactive oxygen species 
(Rascio and Navari-Izzo 2011). These reactive oxygen species give rise to oxidative 
stress leading to membrane dismantling, cleavage of DNA strand, ion leakage, lipid 
peroxidation and deterioration of biomolecules (Quartacci et al. 2001). Since heavy 
metals cannot be degraded by any metabolic means, they tend to accumulate at suc-
cessive trophic levels and pose risk of exposure to other organisms at the higher 
trophic levels. Leaching of heavy metals from contaminated sites can lead to pollu-
tion transfer to other non-contaminated sites and also to the groundwater. Traditional 
approach of soil decontamination is based on soil excavation followed by its dump-
ing to landfill sites. In the present era, there are several competitive demands for 
land and excavation and dumping are merely methods of waste containment in the 
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landfill sites. Besides, land filling is not a permanent solution as the availability of 
land is limited, and there always exists possibility of release of contaminants through 
leaching or by other means. Stabilisation or immobilisations of contaminants by 
using chemical additives have also been investigated (Alkorta et al. 2004), but it is 
essentially a non-decontamination technique. Therefore, other alternative methods 
have been explored, and research is being carried out to develop environment- 
friendly techniques. Phytoremediation involves the use of plant species capable of 
tolerating low to moderate levels of contaminants and having ability to accumulate 
contaminants in their biomass for bioremediation of pollution. Plants have also been 
used as environmental sentinel for determining whether metals are close to the sur-
face for ascertaining the feasibility for metal mining at such locations. 
Phytoremediation is a group of mechanisms employed by plants for uptake, accu-
mulation, degradation, translocation, filtration, sequestration and stabilisation/
immobilisation of contaminants present in soil or groundwater. Six major types of 
phytoremediation mechanisms have been identified (Table 6.1). These include (1) 
phyto-extraction, (2) phyto-stabilisation, (3) rhizo-filtration, (4) phyto- volatilisation, 
(5) rhizo-degradation and (6) phyto-degradation (Tangahu et al. 2011). Out of these 
six, only four types of mechanisms (phyto-extraction, phyto-stabilisation, phyto- 
volatilisation and rhizo-filtration) are recognised for phytoremediation of heavy 
metals from contaminated sites, while the remainders are involved in remediation of 
organic contaminants.

Plants have a series of defence mechanisms that control the uptake, storage and 
translocation of heavy metals. Plants are commonly known to entrap heavy metals 
in the apoplastic environment by binding them to exudated organic acids or to the 
anionic groups present in the cell wall and thus prevent the entry of heavy metals in 
the root cell. When these contaminants find their way into the root cell through the 
plasma membrane, detoxification is achieved by their complexation with 

Table 6.1 Different techniques involved in phytoremediation and their respective mechanism

Phytoremediation technique Mechanism

Phyto-extraction Uptake of contaminants by plant roots and translocation to 
above-ground biomass

Phyto-stabilisation Accumulation of contaminants in plant roots or their 
immobilisation (transformation to bio-unavailable forms) in 
soil matrix by root exudates

Rhizo-filtration Removes contaminants from aqueous media of groundwater, 
soil moisture, surface runoff or water used for irrigation

Phyto-degradation Enzymatic degradation of contaminants to less toxic forms by 
root exudates and cellular enzymes

Phyto-volatilisation Contaminants are released through the stomata to the 
atmosphere

Rhizo-degradation/
phyto-stimulation

Plants stimulate rhizosphere-based microbes for enhanced 
microbial enzymatic degradation of contaminants

Tangahu et al. (2011)
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intracellular organic acids, amino acids, metal-binding peptides and by storage in 
vacuoles or by release of free ionic forms from the cytoplasm. These mechanisms 
somewhat limit the translocation of heavy metals to above-ground biomass, and 
most of the metals remain entrapped in below-ground biomass (root). Plants tackle 
the oxidative stress that may arise due to exposure to high levels of heavy metals by 
enhancing its antioxidant system. Although a relatively new development, phytore-
mediation has been attracting tremendous scientific attention due to the potential 
benefit that it might offer over other decontamination techniques. Phytoremediation 
is an appealing decontamination technique as it is relatively inexpensive and aes-
thetically pleasant when compared to other techniques. Several species of plants 
have been identified which can extract, accumulate, transform, stabilise and store 
significant quantity of heavy metals in their biomass without showing any signs of 
phytotoxicity. Certain plants which grow naturally on metalliferous soils have 
developed tolerance to presence of excessive levels of heavy metals in soil and an 
ability to accumulate massive amounts of metals (indigenously present in the soil ) 
in their tissues without suffering from phytotoxic effect (Prasad and Freitas 2003). 
Tolerance to very high levels of heavy metals by certain plants (hypertolerant 
plants) has been explained by two different mechanisms. Majority of hypertolerant 
plants retain and detoxify most of the heavy metals in root tissues with minimum 
translocation to above-ground biomass (excluders), while few hypertolerant plants 
actively take up very high levels of heavy metals, and most of it is translocated and 
retained in above-ground biomass (hyperaccumulators). Hyperaccumulators have 
been defined on the basis of threshold concentrations of different heavy metals 
beyond which they are known to have phytotoxic effects on congener non-hyperac-
cumulator plants. In comparison to congener non-hyperaccumulators, hyperaccu-
mulators can accumulate up to 100–1000-fold higher levels of heavy metals in their 
shoot without suffering from phytotoxic damage. About 450 species of hyperaccu-
mulator angiosperms have been identified which take up one or more types of heavy 
metals from the soil, and the concentration of heavy metals in their foliar biomass 
can be 100–1000-fold higher than in non-hyperaccumulators. Hyperaccumulators 
are known to accumulate exceedingly high levels of heavy metals in their foliar 
biomass without showing any signs of phytotoxicity which far exceeds the thresh-
old toxicity levels for most other plants; therefore, hyperaccumulation is an impor-
tant trait that can be used for phyto-extraction of heavy metals from soil. 
Hyperaccumulation is a valuable trait which can also be used for phytomining of 
heavy metals from heavily contaminated soil. Harvestable biomass of hyperaccu-
mulators can be incinerated, and the metal contained in ash can be reused. Several 
hypotheses have been proposed to explain the tendency of some plants to accumu-
late exceedingly high levels of heavy metals. Currently the most widely tested and 
accepted hypothesis is the elemental defence hypothesis (Jhee et al. 2006 and Jiang 
et al. 2005). The elemental defence hypothesis states that the hyperaccumulation 
trait in plants has evolved as a means to avoid herbivory and parasitism by animals. 
Several evidence based on research have supported this hypothesis including some 
recent studies on role of Ni (Jhee et al. 2006), Cd (Jiang et al. 2005), As 
(Rathinasabapathi, et al. 2007), Zn (Behmer et al. 2005) and Se (Galeas et al. 2008) 
in defence against herbivory. However, some of the studies such as those conducted 
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by Noret et al. (2007) and Huitson and Macnair (2003) seem to suggest that heavy 
metals in hyperaccumulators are not involved in any such defence mechanism. 
More research is required in order to test the elemental defence hypothesis by study-
ing more and more hyperaccumulators; by analysing additional heavy metals as 
most of the studies have focused on Ni, Zn, Cd, Se and As; and by exposing hyper-
accumulators to an array of herbivores under field conditions taking into account 
the level of tolerance to heavy metals in such animals (Rascio and Navari- Izzo 
2011). Plants make use of secondary organic metabolites in defence against several 
types of enemies. These secondary metabolites (organic defence) and heavy metals 
(elemental defence) seem to function jointly and additively against herbivore ene-
mies (joint effect hypothesis) in Ni hyperaccumulator S. polygaloides (Jhee et al. 
2006). Plants can only take up bioavailable forms of heavy metal, and depending on 
their bioavailability, metals have been categorised as readily bioavailable metals 
(Cu, Cd, Ni, Zn, Se, As), moderately bioavailable metals (Fe, Mn, Cu) and margin-
ally bioavailable metals (Pb, Cr) (Prasad 2003). The metals remain bio-unavailable 
under alkaline conditions and when they are strongly bonded to mineral particles 
present in the soil or precipitated. Thus, the physicochemical characteristics of soil 
are critical factors that affect the efficiency of phyto-extraction. Plants are known to 
secrete certain substances (phytosiderophores) for improving the mobility of metals 
(Salt et al. 1998). Plants secrete certain organic acids in the rhizosphere for effec-
tively altering the pH of the soil and thereby improve the bioavailability of certain 
metals. H+ released by plant root can displace the heavy metal adsorbed on mineral 
particles of soil and thus renders them bioavailable (Alford et al. 2010). Chelating 
agents such as EDTA, elemental sulphur, citric acid and ammonium sulphate can be 
added to the soil matrix for improving the bioavailability of heavy metals (Lai and 
Chen 2004, Lone et al. 2008). Care should be taken in using synthetic chelators like 
EDTA as when present in excess it may have toxic effects on the plants, and use of 
biodegradable and nontoxic chelators such as citric acid should be promoted (Ali 
et al. 2013, Smolinska and Krol 2012).

One significant disadvantage of phytoremediation is that most of the identified 
hyperaccumulators are slow-growing and low biomass-producing species, and thus 
phytoremediation of contaminated soils is a rather slow affair (Huang et al. 2004). 
This potentially impairs their phyto-extraction efficiency which is a function of har-
vestable biomass and concentration of heavy metals in the biomass. Therefore, 
more research is required for determining the phytoremediation efficiency of alter-
native fast-growing and high biomass-producing species. Since, phytoremediation 
is a slow process, the contaminated land cannot be used for any sort of economic 
activity unless an agronomic crop is employed. Valorisation of produced biomass by 
some means is required for adding an economic value to phytoremediation (Ghosh 
and Singh 2005). Edible crops cannot be used for heavy metal phytoremediation as 
heavy metals tend to bioaccumulate at successive trophic levels and doing so might 
expose the biota at higher trophic levels to hazardous concentrations of heavy 
metals.

Since the negative consequences of using fossil fuels are well known, prospects 
of using other renewable and clean alternatives forms of energy are growing day by 
day. Growing bioenergy plants as bioremediation agent for decontamination of 
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polluted sites can have bright prospects as it offers the possibility of simultaneous 
reclamation of contaminated sites and bioenergy production (Pandey et al. 2016). 
Bioenergy production from nonedible feedstocks eliminates the famous food versus 
fuel dilemma associated with edible bioenergy feedstocks. Bioenergy refers to 
energy derived from biomass of recent origin in the form of heat, electricity or bio-
fuel. Several biochemical and physicochemical conversion routes for biomass to 
bioenergy are well established. Gasification, direct combustion, hydrothermal liq-
uefaction, pyrolysis, anaerobic digestion, alcoholic fermentation and transesterifi-
cation are among the most commonly employed biomass to bioenergy conversion 
routes. Some of the biomass to bioenergy conversion routes can be more suitable 
than others for a given biomass depending on its biochemical composition. The 
presence of heavy metals in biomass does not have any detrimental effect on bio-
mass to bioenergy conversion efficiency; instead, heavy metals might catalyse some 
of the conversion techniques (Lievens et al. 2008). Among biomolecules, lipids 
have the greatest energy density (Evershed 1993), and plants which produce seeds 
rich in oil can serve as feedstock for lipid-based biofuels such as biodiesel. Most of 
the work on hyperaccumulators has revolved around species of Brassicaceae which 
account for as much as 25% of all discovered hyperaccumulators. Some of the spe-
cies of Brassicaceae such as Brassica napus (rapeseed/canola), Brassica juncea 
(Indian mustard) and Brassica rapa (field mustard) are reportedly good accumula-
tors of metals and also have a fast growth rate (Ebbs and Kochian 1997). These 
plants produce seeds rich in oil which can be transformed to biodiesel via a catalytic 
or noncatalytic reaction of transesterification. Biodiesel is a relatively clean alterna-
tive to mineral diesel, besides being renewable, nontoxic, carbon neutral and biode-
gradable. The residual biomass after lipid extraction from seed can be subjected to 
other conversion routes for extraction of energy or for the production of energy 
carriers (biofuels). Pyrolysis of heavy metal-infested biomass has also been investi-
gated, and the results obtained from these studies are promising. Lievens et al. 
(2008) and Liu et al. (2012) employed flash pyrolysis as a biomass to biofuel con-
version technology using heavy metal-infested lignocellulosic biomass and reported 
pyrolysis of such biomass to be a viable route for biofuel production. Some of the 
heavy metals (particularly Cu) served as a catalyst during pyrolytic degradation of 
lignocellulosic biomass to bio-oil. According to these and similar studies, the bio- 
oil and other non-condensable fractions produced as a result of biomass pyrolysis 
remain virtually devoid of heavy metals (which mostly remain enriched in residual 
char). Hydrothermal liquefaction (HTL) of biomass can also be performed under 
conditions of high temperature and pressure for production of bio-oil. Unlike pyrol-
ysis which requires prior drying of biomass, HTL can process wet biomass. Yield of 
bio-oil is reportedly enhanced in the presence of several transition metals such as 
Ni, Pt, Pd and Ru which are known to catalyse the process of HTL. Bio-oil derived 
from biomass via pyrolysis and HTL is inherently acidic, viscous and unstable and 
needs to be upgraded prior to its use as biofuel for purposes other than serving as 
heating oil. Several types of fossil fuel alternatives such as biodiesel and biogaso-
line can be produced from upgraded bio-oil. Alcoholic fermentation of cellulosic 
biomass produces bioethanol which can be used in place of or in addition to 
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gasoline/petrol. Poplar, willow, Miscanthus, etc. are being extensively studied as 
bioethanol feedstock due to their fast rate of growth and cellulose rich biomass. In 
addition to the above-mentioned biomass to bioenergy conversion techniques, other 
techniques such as biomass gasification, direct combustion, co-combustion, 
hydrotreatment, etc. are also being investigated.

As phytoremediation efficiency is a function of metal uptake rate and rate of 
biomass production, a fast-growing species is likely to have better metal removal 
efficiency. Very limited number of species have been investigated for their phytore-
mediation coupled with bioenergy production potential. In this chapter, we propose 
the utilisation of M. pinnata for simultaneous phytoremediation and bioenergy 
production.

Phytoremediation coupled with bioenergy energy production is a relatively new 
development; thus, most of the studies have either not considered heavy metal accu-
mulator plant/crop for bioenergy production or they have not analysed the fate of 
metals in biomass or bioenergy carriers. For instance, the concentration of metals in 
oil of oilseed crops grown on metal-infested soil has not been analysed extensively, 
and the concentration of metals in oil-based biofuels has not been reported. 
Compared to other plant parts, the concentration of metals in oil seeds is relatively 
low but, their fate when metal infested biomass based biofuels are combusted is not 
clearly understood. Since phytoremediation is still an emerging decontamination 
technique and the fate of heavy metals in infested biomass or bioenergy carriers 
derived from such biomass has not been studied extensively more research dedi-
cated towards these issues will be invaluable for better understanding of simultane-
ous phytoremediation and bioenergy production.

6.2  Introduction to Millettia pinnata

M. pinnata (L.) Pierre (previously known as Pongamia pinnata) is a medium-sized 
relatively fast-growing tree/shrub. It has been described as a briefly deciduous or 
evergreen tree having a broad crown, and branching is of either drooping or spread-
ing type (Orwa et al. 2009). It has the capability to fix atmospheric N2 symbiotically 
in association with several species of Rhizobium and Bradyrhizobium (Arpiwi et al. 
2013 and Samuel et al. 2013). The trunk is 50–80 cm or more in diameter, and it can 
be crooked or straight. The bark is either greyish or greyish brown in colour with 
smooth or faint fissures (vertical). Branchlets are devoid of hair and the pale scars 
of stipule are prominent. The arrangement of leaves (imparipinnate) is of alternate 
type, and each leaf has five to nine leaflets, and the terminal leaflet is the largest. 
When young, leaflets are pinkish red which mature to become glossy dark green in 
colour with prominent veins and dull green colour underneath. Inflorescence is 
raceme-like bearing two to four strongly fragrant flowers which grow up to 
15–18 mm in length. Flowering in general starts after 3–4 years with raceme-like 
inflorescence bearing pealike white, pink and purple flowers in small clusters which 
often blossom throughout the year. Pollination is achieved by several bee species 
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including Apis dorsata, A. cerana indica, Amegilla sp., Megachile sp. and Xylocopa 
sp. M. pinnata serves as an excellent source of nectar for production of honey by 
honeybees during summer (Raju and Rao 2006). The brown pods which are smooth, 
thick walled, flattened and elliptical appear immediately after pollination and take 
up to 10–11 months in maturation. The pods contain one or two bean-shaped 
brownish-red seeds which are about 1.5–2.5 cm long. The seeds are rich in oil and 
contain about 30–35% (w/w) oil. Figure 6.1 depicts the M. pinnata tree, its leaves, 
pods and inflorescence.

M. pinnata is a perennial tree growing natively in littoral zones of Southeast Asia 
and Australia. It symbiotically fixes atmospheric N2 in association with several 
strains of Bradyrhizobium and Rhizobium and thus might not need significant input 
of synthetic fertiliser or manure. It can survive varying degrees of aridity and is 
known to flourish in areas receiving 500–2500 mm of annual rainfall and can even 
survive in waterlogged soils. It tolerates slight frost and can resist and overcome 
scorching heat and drought. It is also tolerant to alkaline and saline soil. M. pinnata 
produces a dense network of lateral roots, and therefore it is preferred for checking 
soil erosion and for binding of sand dunes. It has widespread distribution in India 
and has been used extensively in Ayurveda (Indian traditional system of medicine) 
for the treatment of bronchitis, tumours, piles, whooping cough, wounds, rheumatic 
arthritis, ulcer and diabetes (Tanaka et al. 1992, Pandeya et al. 2013). In traditional 
systems of medicine several parts of M. pinnata are being used due to their well- 
known antiulcer, anti-plasmodial, anti-hyperglycaemic, anti-nociceptive, anti-lipid 
peroxidative, anti-hyperammonemic, anti-inflammatory, antidiarrhoeal and antioxi-
dant activity (Chopade et al. 2008).

6.3  Bioenergy Potential of M. pinnata

M. pinnata is among the most popular second-generation biodiesel feedstocks 
known for its superior characteristics in terms of oil content, fatty acid profile, agro-
nomic performance and tolerance towards several types of abiotic stress particularly 
for tropical nations like India where it is present indigenously. The national biofuel 
policy of India mandates blending of 20% biodiesel derived from nonedible feed-
stocks (particularly J. curcas and M. pinnata) grown on wasteland in high-speed 
diesel by 2017 (Government of India 2009). Since the yield of oil from J. curcas is 
reportedly highly variable depending on the growth conditions, M. pinnata appears 
to be a viable alternative. The seeds of M. pinnata contain about 30–35% (w/w) of 
oil which can be used for the production of biodiesel. Biodiesel is a renewable, 
cleaner, nontoxic and biodegradable alternative to mineral diesel. It can be used in 
place of or in addition to mineral diesel virtually for every purpose the latter is used 
for. Since vegetable oil in its natural form is usually very viscous, it cannot supple-
ment or substitute fuel used in compression ignition engines which are designed to 
run on a fuel having low viscosity (mineral diesel). Therefore, the viscosity of veg-
etable oil must be lowered to levels comparable to that of mineral diesel prior to its 
use in internal combustion compression-ignition (CI) engines. Four techniques for 
using vegetable oil as fuel in CI engines have been reported, and these include (1) 
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direct use and blending, (2) transesterification reaction, (3) pyrolysis or thermal 
cracking and (4) microemulsion (Ma and Hanna 1999). Out of these techniques, 
transesterification appears to be the most promising opportunity for utilisation of 
vegetable oil as fuel in CI engines. Transesterification involves reaction between 

Fig. 6.1 (a) M. pinnata tree, (b) leaves and pods of M. pinnata and (c) M. pinnata inflorescence 
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vegetable oil and a monohydric alcohol usually in the presence of an alkaline or 
basic catalyst. Transesterification reaction converts each triacylglycerol molecule in 
vegetable oil to three lower molecular weight molecules of fatty acid alkyl ester 
(biodiesel) and produces one molecule of glycerol as a by-product (Meher et al. 
2006). Several properties of biodiesel such as cetane number, viscosity, oxidative 
stability and cold flow properties (cloud point and pour point) are inherently depen-
dent on the fatty acid profile of the vegetable oil used as feedstock for transesterifi-
cation. Figure 6.2 depicts the gas chromatogram of M. pinnata oil. Fatty acid profile 
of vegetable oil in turn is dependent on several biotic and abiotic factors.

Cetane number indicates the ignition quality of a fuel to be used in CI engines 
relative to cetane (C16H34), and higher value of cetane number for mineral diesel 
alternatives is desirable. Oxidative stability in biodiesel depicts the susceptibility of 
the fuel to oxidation under variable conditions of storage and use, and oxidised 
biodiesel produces several undesirable effects on fuel quality, engine performance 
and exhaust composition. Cold flow properties such as cloud point and pour point 
indicate the temperature at which biodiesel starts gelling and can no longer flow, 
respectively. Lower values of cloud point and pour point are desirable for the use of 
biodiesel under cold climate conditions. In general the cetane number and viscosity 
increase with increase in degree of saturation in fatty acids, while the values of 
oxidative stability and cold flow properties increase with increase in degree of 
unsaturation. The fatty acid profile of M. pinnata oil is reported in Table 6.2.

Table 6.3 reports several properties of biodiesel derived from M. pinnata oil and 
number 2 mineral diesel

As biodiesel contains about 11% oxygen (w/w), it facilitates completion of com-
bustion reaction between the fuel (biodiesel) and the oxidant (oxygen), and thus the 
use of biodiesel reduces the emission of unburned hydrocarbons and carbon 

Fig. 6.2 Gas chromatogram of biodiesel derived from M. pinnata oil (Scott et al. 2008)
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monoxide (EPA 2002) (Fig. 6.3). Biodiesel contains negligible amounts of sulphur, 
and hence the emission of oxides of sulphur is also checked. However, the use of 
biodiesel reportedly enhances the emission of oxides of nitrogen marginally, which 
is possibly due to the generation of high temperature in the combustion chamber 
facilitated by the presence of relatively higher levels of oxygen in biodiesel. The use 
of biodiesel in CI engines along with mineral diesel in proportions up to 20% bio-
diesel is being practiced without any need of engine modification, but the use of 
neat (100%) biodiesel is hampered by the design of the CI engines, and the use of 
neat biodiesel requires engine modifications. The fuel properties and emission char-
acteristics of biodiesel blend are greatly dependent on the proportion of biodiesel in 
the blend.

In addition to transesterification, other routes of biomass to bioenergy conver-
sion are available. But unfortunately, most of the research interest on plants like M. 
pinnata as a source of bioenergy has traditionally revolved around the production of 

Table 6.2 Fatty acid profile 
of M. pinnata oil

Fatty acid Percentage in oil

Palmitic acid (C16:0) 3.7–7.9

Stearic acid (C18:0) 2.4–8.9

Oleic acid (C18:1) 44.5–71.3

Linoleic acid (C18:2) 10.8–18.3

Linolenic acid (C18:3) 1.8–2.6

Arachidic acid (C20:0) 2.2–4.7

Eicosenoic acid 
(C20:1)

9.5–12.4

Behenic acid (C22:0) 4.2–5.3

Lignoceric acid (C24:0) 1.1–3.5

Bobade and Khyade (2012)

Table 6.3 Comparison of no. 2 diesel, biodiesel standards and M. pinnata biodiesel

Fuel property No. 2 diesela Biodiesel limits
M. pinnata 
biodieselb

Fuel standard ASTM D975 ASTM D6751 –

Higher heating value, (Btu/gal) ~137,640 – –

Lower heating value, (Btu/gal) ~129,050 – –

Kinematic viscosity, (at 40 °C) 1.3–4.1 1.9–6.0 5.44

Oxygen, (wt %) 0 - 11

Sulphur, (wt %) 0.0015 max 0.05 (max.) <0.005

Flash point, (°C) 60–80 93.0 (min.) 158

Cloud point, (°C) −35 to 5 Report to customer 5

Pour point, (°C) −35 to −15 Report to customer −2

Cetane number 40–55 47 (min.) 57

Acid value, (mg of KOH/g) – 0.50 (max.) 0.44

Oxidative stability, (h) – 3 (min.) 2.33
aTyson (2009), b Sharma et al. (2010)
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biodiesel from its seeds rich in oil via transesterification. Unlike transesterification 
which employs only the lipids present in seed, other routes also facilitate the use of 
lignocellulosic biomass for production of biofuels or bioenergy. In this regard, 
pyrolysis of biomass deserves attention. Pyrolysis involves thermal cracking of bio-
mass at high temperature in the absence of air, which results in production of bio- 
oil, char and non-condensable gases having higher energy density than the parent 
biomass. Flash or fast pyrolysis technique in which biomass is heated rapidly with 
very short vapour residence time has been developed as a means to enhance the 
production of bio-oil. The energy density of bio-oil is low (15–20 MJ/kg) attributed 
to the presence of high moisture and oxygen content. Pyrolysis involves a series of 
fragmentation and depolymerisation reactions of lignocellulosic biomass constitu-
ents. Bio-oil obtained from fast pyrolysis of biomass is a highly complex mixture of 
over 400 compounds. Bio-oil is a dark-brown colour, highly viscous and often cor-
rosive liquid having high oxygen (35–40 wt %.) and water content (15–30 wt %.). 
Nayan et al. (2012) in their study on pyrolysis of M. pinnata seeds reported maxi-
mum yield of bio-oil (57 wt %) at 500 °C having physical properties similar to that 
of bio-oil obtained from other feedstocks (Table 6.4). The bio-oil was reportedly 
useable as fossil fuel substitute and as a feedstock for valuable chemicals after 
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Table 6.4 Physical 
properties of M. pinnata seed 
bio-oil

Properties Bio-oil from M. pinnata seed

Density at 15 °C (kg/m3) 0.9384

Kinetic viscosity at 40 °C (cSt) 27.9

Pour point (°C) 16

Cloud point (°C) 28

Gross calorific value (kcal/kg) 8113

Sulphur content (wt %) 0.05

Nayan et al. (2012)
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proper upgradation/treatment, while the suggested use of solid char was as an adsor-
bent or as a solid fuel. Bio-oil as such, cannot be used as a fuel for internal combus-
tion engines as its characteristics are very different than that of petroleum and need 
to be upgraded catalytically for moisture and oxygen removal in order to produce 
several types of biofuels such as biogasoline and biodiesel along with several other 
bioproducts. Bio-oil can also be obtained via hydrothermal liquefaction of biomass 
in which moist biomass is subjected to temperature of about 300–350 °C and high 
pressure (5–20 Mpa) in the presence of a catalyst for breaking down the biomass 
components into smaller fragments. Gasification, on the other hand, is a partial 
oxidation of biomass at high temperature for the production of syn-gas (a combus-
tible mixture of gases consisting of H2, CH4, CO, CO2, etc.). Biomass has been one 
of the most important sources of primary energy in which biomass is directly com-
busted as fuel wood for cooking and also as a source of heat for several industrial 
and commercial purposes.

Triacylglycerol present in oil can be converted to simpler hydrocarbons by its 
hydrocracking or hydrotreatment under conditions of elevated temperature and 
pressure in the presence of a catalyst which involves addition of hydrogen at the 
points of unsaturation and removal of oxygen. The product of vegetable oil hydro-
cracking (usually referred to as green diesel or renewable diesel) can be used as a 
diesel fuel substitute having properties very similar to that of mineral diesel (Liu 
et al. 2009). The carbohydrate polymers (cellulose and hemicellulose) present in 
lignocellulosic biomass can be broken down via biomass pretreatment followed by 
chemical or enzymatic hydrolysis to their respective monomers which can either 
serve as substrate for alcoholic fermentation for the production of bioethanol or as 
growth substrate for the production of single cell oil or biomass by microorganisms 
(Kumar et al. 2008). Clearly, multiple approaches for biomass to bioproduct conver-
sion are possible, and using these conversion techniques, multiple bio-based prod-
ucts from a given plant can be obtained. Recently the concept of biorefinery (an 
integrated facility analogous to petroleum refinery) has gained tremendous scien-
tific interest. It uses different biomass conversion routes for the effective utilisation 
of virtually every component of biomass for the production of different bio-based 
products including biofuels and several other value-added products (Hasunuma 
et al. 2013). Carbohydrates (cellulose, hemicelluloses and starch) can be used for 
the production of bioethanol, lipids can be used for the production of lipid-based 
fuels (particularly biodiesel or green diesel) and the residual fraction (e.g. lignin) of 
limited utility can be combusted for delivering heat and energy for biorefinery unit 
operations. Likewise, there are several possible routes for the conversion of differ-
ent biomolecules in the biomass and even for the bulk biomass, and biorefinery is 
based on the concept of industrial symbiosis which involves synergy of waste mate-
rial/energy between different unit operations in order to derive maximum value out 
of the biomass in an environmentally sustainable manner. Different biomass to bio-
energy conversion routes are illustrated in Fig. 6.4.

6 Bioenergy and Phytoremediation Potential of Millettia pinnata



182

6.4  Phytoremediation Potential of M. pinnata

Employing agronomic crops for phytoremediating contaminated sites is highly 
advantageous. Phytoremediation using plants having high bioenergy potential can 
offer several ecological and economic benefits to the society in terms of decontami-
nation of environment, oxygen production, wasteland reclamation, erosion control, 

Fig. 6.4 Lignocellulosic biomass to bioenergy conversion routes
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sink for air pollutants and timber in addition to biomass for bioenergy production. 
In a study on remediation of coal overburden (coal mine spoil dump) using ten phy-
toremediator species (including M. pinnata) assisted by addition of biofertilisers 
(VAM and nitrogen-fixing bacteria) and sugar industry sludge, Singh and Juwarkar 
(2014) reported an economic return (including ecological benefits) to the tune of 
36,562 US $ 20 years after plantation. The total investment required was reported to 
be 1250 US $ per hectare, and the reported payback period was only 2.5 years.

Although bioenergy potential (particularly as biodiesel feedstock) of M. pinnata 
has been explored extensively, its phytoremediation potential has only been exam-
ined in few preliminary comparative studies.

A decrease in concentration of metals (Cd, Zn, Fe, Pb, Ni, Cr, Mn and Cu) in coal 
mine spoil dump by 50–60% within 3 years of plantation was reported (Singh and 
Juwarkar 2014). Plant species when supplemented with biofertilisers and sugar 
industry sludge were able to tolerate high metal content in spoil dump and produced 
biomass at a rapid rate (Table 6.5).

M. pinnata when grown on landfill site waste (municipal origin) containing vari-
ous heavy metals was able to substantially reduce the concentration of metals 
(except Fe) in waste soil within 2 months of plantation (Table 6.6).

In comparison to control soil, the plantations were able to produce higher bio-
mass when grown on waste soil at a rapid rate. The concentration of chlorophyll a, 
chlorophyll b in leaves and Na+ and K+ in plant tissues was reportedly relatively 
higher in plantations grown in waste soil. The authors also examined the T. S of 

Table 6.5 Comparative growth characteristics of different plants grown on metal-infested soil 
dump

Plant species Total biomass (T ha−1) Total carbon (T ha−1)

Ficus religiosa 12.54 6.27

Eugenia jambolana 10.50 5.25

M. pinnata 28.86 14.43

Gmelina arborea 21.62 10.81

Singh and Juwarkar (2014)

Table 6.6 Reduction in concentration of heavy metals after 60 days of M. pinnata plantation

Heavy 
metal

Initial concentration of metals in  
contaminated soil (in mg 0.1gm−1 soil)

Metal concentration in soil after 60 days of 
M. pinnata plantation (in mg 0.1gm−1soil)

Cu 8.83 6.06

Zn 14.490 5.372

Cr 4.97 0.564

Ni 1.12 0.251

Fe 21.07 22.175

Mn 14.464 5.372

Shirbhate and Malode (2012)
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M. pinnata grown in control and waste soil for comparison and several differences 
were reported. The accumulation of pollutants by plants grown on waste soil was 
reportedly in the form of blackish deposits in vascular and cortical tissues (Shirbhate 
and Malode 2012). Kumar et al. (2009) in their in vitro study on effect of Cu and Cr 
on germination of M. pinnata seeds, its growth, metal tolerance and uptake reported 
that the seedlings of M. pinnata can tolerate the presence of Cu (50–400 μM) and 
Cr (100–800 μM) in the growth medium. According to Kumar et al. (2009), Cu is 
more toxic to M. pinnata than Cr, the accumulation of metals in the stem was 
restricted and seed coats has an excellent property to hold metals, and it can be 
employed as an absorbent for decontamination of liquid waste. Overall the presence 
of heavy metals in the growth medium did not seemingly affect the growth charac-
teristics of M. pinnata seedling. The growth performance of 1-year-old seedlings of 
M. pinnata irrigated with industrial effluent (in various proportions of 0, 25, 50, 75 
and 100% with tap water) containing heavy metals was evaluated (Manzoor et al. 
2015). They reported an increase of 7.4% in shoot length and 33% increase in num-
ber of leaves compared to control when plantations were grown on 10% effluent. 
Leaf area and number of branches reportedly grew by 8.5 and 3%, respectively, 
when plantations were irrigated with 50% effluent. However, the value of all the 
estimated parameters for growth and tolerance analysis decreased with any further 
increase in proportion of effluent. Three tree species (V. parviflora, S. saman and M. 
pinnata) were compared for their growth and phytoremediation potential when 
grown on Cu-infested soil amended with or without VAM and/or zeolite for 170 
days, and the most efficient combination was found to be that of M. pinnata grown 
on Cu-infested soil amended by both VAM and zeolite. When M. pinnata was grown 
on copper-contaminated soil (amended by addition of VAM and zeolite), it was able 
to accumulate 1219.75 and 26 μg g−1 dry matter as copper in its root and shoot, 
respectively (Tulod et al. 2012).

6.5  Discussion

Phytoremediation is among the most promising and perhaps the most sustainable 
set of techniques available till date for the decontamination of polluted sites. Since 
it is a slow process, utilisation of fast-growing species capable of producing high 
biomass having some sort of economic value is critical. Valorisation of biomass 
produced for production of bioenergy seems to be an attractive opportunity. For this 
purpose, identification of ideal hyperaccumulator plants having high bioenergy 
potential is of utmost importance. M. pinnata being a hardy legume tree in terms of 
tolerance to a wide range of abiotic stress such as endurance to variable degree of 
aridity, water logging, salinity, alkalinity, slight frost, etc. is increasingly being 
examined for its bioenergy potential owing to its relatively rapid growth rate and 
30–35% of oil in its seed. Therefore, exploration of its ability to tolerate and flourish 
in growth media contaminated with hazardous heavy metals with significant trans-
location of heavy metals to above-ground biomass without suffering from phytotox-
icity is invaluable. M. pinnata a plant native to tropical and subtropical Asia is 
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among one of the most commonly researched nonedible oil-producing biodiesel 
feedstock. Two M. pinnata biomass to bioenergy conversion techniques of trans-
esterification of its oil and pyrolysis of its oil and/or biomass have been reported in 
the literature. Extensive amount of research on transesterification of its oil is avail-
able, and the findings are very promising particularly for tropical countries like 
India where it has found its place in national biofuel policy as potential biodiesel 
feedstock. It can grow even on marginal lands or lands of limited utility (wasteland) 
and reportedly has the potential to bring about wasteland reclamation and employ-
ment opportunity. However, only few preliminary comparative studies have been 
carried out on soil decontamination using M. pinnata. The results are promising, but 
since phytoremediation is still a new and relatively less examined technique of 
decontamination, more and more objective-based research is required. The future 
course of research should be dedicated to decipher the mechanism of tolerance in 
M. pinnata to heavy metal(s), its hyperaccumulation ability, mechanism and regula-
tion of metal uptake, accumulation, translocation and sequestration. Further the fate 
of accumulated metal(s) in biomass when it is used for the production of bioenergy 
is not fully known except for simple combustion of biomass in air as firewood. 
Although in comparison to other plant parts seeds sequester relatively less amount 
of heavy metal, the fate of metal upon transesterification, subsequent use of bio-
diesel in internal combustion engine and exhaust quality are not clearly understood. 
Pb, Zn, Cu, Sn, brass and bronze may catalyse the oxidation and polymerisation of 
biodiesel components (Tyson 2009). Bio-oil derived from fast pyrolysis of lignocel-
lulosic biomass grown of metal-infested media usually contains relatively very trace 
amounts of heavy metal with major fraction remaining entrapped in solid charcoal. 
The metals contained in charcoal can be effectively recycled for utility purposes. 
Phytoremediation in combination with bioenergy production has been reported to 
have economic and environmental feasibility (Singh and Juwarkar 2014). Genetic 
engineering of plants for enhanced Cd, As, Hg and Se accumulation has been car-
ried out by introduction of foreign metal transporter and metal chelator genes. 
Extensive research leading to discovery of genes regulating metal metabolism and 
genome sequencing projects are likely to open new vistas for development of effi-
cient specialist/generalist hyperaccumulators (Eapen and D’souza 2005).

6.6  Conclusion

Valorisation of biomass produced by hyperaccumulating plant species by bioenergy 
production appears to be a promising opportunity. M. pinnata being a hardy plant 
with well-established bioenergy potential has not been examined extensively for its 
phytoremediation potential. Some of the preliminary comparative studies on phy-
toremediation potential of M. pinnata have yielded promising results. But several 
research gaps in terms of tolerance and ability of M. pinnata to accumulate different 
heavy metals or combination thereof without suffering from phytotoxicity, regula-
tory mechanism governing phytoremediation, effect of different soil amendments, 
rhizospheric interaction with microorganisms, and fate of accumulated metals and 
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their effect on combustion process and exhaust quality when contaminated biomass 
is used for bioenergy production still persist.
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7Phytoremediation Potential of Leucaena 
leucocephala (Lam.) de Wit. for Heavy 
Metal-Polluted and Heavy Metal- 
Degraded Environments

Jamilu Edrisa Ssenku, Muhammad Ntale, Ingvar Backeus, 
and H. Oryem-Origa

Abstract
Regeneration of heavy metal-polluted and heavy metal-degraded sites has 
remained a global challenge despite the existence of numerous conventional 
physico-chemical techniques that can be applied. In view of the large size of the 
degraded areas and the cost implications, the application of the inexpensive 
“green” and sustainable technique of phytoremediation is unrivalled by any other 
possible alternative techniques. However, its effectiveness is largely dependent 
on judicious selection of the plant to be used. We thus assessed the suitability of 
Leucaena leucocephala for phytoremediation of heavy metal-polluted and heavy 
metal-degraded sites. L. leucocephala has numerous inherent characteristics that 
can be exploited to augment phytoremediation and lower the cost of regenera-
tion. The species can survive in harsh environmental conditions with the excep-
tion of heavily frosted conditions and occurs in a wide range of ecological 
settings. The species is fast growing, capable of reaching maturity in 6 to 7 
months to produce a vast amount of seeds that can germinate into numerous 
seedlings to carry on further remediation of the polluted site. It can produce large 
quantities of phytomass that can accumulate heavy metals and can repeatedly be 
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harvested to regenerate a polluted area through phytoextraction. Heavy metal- 
laden phytomass of L. leucocephala moulds into furniture and is used for con-
struction to preclude contamination at the site of use. It is excellent on coppicing, 
thus eliminating the costs of replanting during the phytoremediation programme. 
The species is endowed with high proficiency for nitrogen fixation through nod-
ule formation and can substantially revitalize microbial mass and micro- 
bioactivities to pave way for re-establishment of self-sustaining plant communities 
over the polluted sites. Its flexibility to nodulate with rhizobia of other legumes 
and its rhizobia to nodulate with other legumes could optimize nitrogen content 
revitalization of the polluted soils. However, the species is invasive and could be 
adopted under stringent measures to avoid its spread. It is also very palatable to 
animals and may thus be of limited application in the phytoremediation of areas 
accessible to animals. Suitability of the species in heavily polluted areas is mini-
mal as many of the inherent characteristics may not fully be expressed.

Keywords
Bioenergy plants • Phytoremediation • Restoration • Heavy metals • 
Phytosiderephore • Hyper-accumulation

7.1  Brief Biology and Ecology of Leucaena leucocephala

Leucaena leucocephala (Lam.) de Wit. is a tree species belonging to the family 
Fabaceae and subfamily Mimosoideae, which is a host to many species capable of 
prolific vegetative growth even under extremely unfavourable environmental condi-
tions (Dias et al. 2008). It is native to southern Mexico and northern Central America 
(Hill 1971). Being a free-seeding and colonizing plant, it has over the years man-
aged to establish itself in areas with significantly varied ecological settings but free 
of frost. Currently, the species has naturalized itself in many areas and in some cases 
outside the tropics (Hughes 1998; Jayanthy et al. 2014), where climatic conditions 
are detrimental to its growth. According to Suttie (2005), the species occurs in a 
wide range of geographical areas including those that are semiarid provided it can 
find some soil moisture. In highly frosted periods, aerial growth of the species 
ceases, but the crowns survive and subsequently grow robustly in the following 
summer with numerous branches (Shelton and Brewbaker 1994). It is a deciduous 
plant species of varied forms that range from shrubby varieties to medium-sized 
trees (National Research Council 1984; Parrotta 1992).

L. leucocephala tolerates a wide range of soil conditions, from skeletal and stony 
soils to heavy clays, although best growth occurs on well-drained soils with pH 
ranging between 6.0 and 7.5 (National Research Council 1984, Parrotta 1992). 
According to Shelton and Brewbaker (1994), it can grow on mildly acidic soils with 
pH >5.2. It does best on deep, well-drained, neutral to calcareous soils and is often 
found naturalized on the rocky coralline terraces of Pacific Island countries (Suttie 
2005). It is well adapted to clay soils and requires good levels of phosphorus and 
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calcium for best growth (Shelton and Brewbaker 1994). Generally the species has 
always failed to grow on soils with low pH, low phosphorous, low calcium and high 
aluminium concentration (Orwa et al. 2009), which are characteristic of most heavy 
metal-polluted sites. Further still, high soil salinity and water logging are detrimen-
tal to the growth of the species.

Although L. leucocephala can survive on sites receiving less than 600 mm to 
more than 2000 mm annual rainfall, it grows best on sites receiving about 1500 mm 
annual rainfall with a dry season lasting approximately 4 months (Parrotta 1992). It 
is not tolerant of poorly drained soils, especially during seedling growth, and pro-
duction can be substantially reduced during periods of water logging, but once 
established, it can survive short periods of excess moisture (Suttie 2005). It grows 
well in areas with annual temperatures ranging from 20 to 30 °C with mean monthly 
minimum and maximum temperatures of 16 and 32 °C, respectively (National 
Research Council 1984; Van den Beldt and Brewbaker 1985). For optimal growth, 
it requires warm temperatures of 25–30 °C (Jayanthy et al. 2014). Brewbaker et al. 
(1985) suggest that temperature limitations occur above 1000 m elevation within 
10° latitude of the equator and above 500 m elevation within the 10–25° latitude 
zone. Under conditions of adequate moisture content, L. leucocephala flowers and 
produces fruits throughout the year with associated suppression of vegetative 
growth (Orwa et al. 2009).

7.2  Global Mine Waste Disposal and Remediation 
Challenges

Mining activities generate enormous volumes of wastes which are usually deposited 
on the surface and abandoned after definitive closure of the mines. Due to pollution 
by the wastes, the soils close to the wastes are usually degraded to magnitudes that 
lead to complete loss of vegetation cover and impediment of revegetation for a pro-
longed period of time. Heavy metal pollution of the lithosphere and hydrosphere 
ecosystems by abandoned mine wastes is still a global challenge as the wastes from 
which it arises are generated in large quantities and have a long-term persistence in 
the environment (Ssenku et al. 2014d). The exposure of the pyrite materials to water 
and oxygen usually leads to the generation of acid mine drainage (AMD) through 
oxidation and reduction reactions below:

 1. FeS + 7O2 + 2H2O → 2FeSO4 + 2H2SO4

 2. 4Fe2+ + 3 O2 + 4H+ → 4Fe3+ + 2H2O
 3. Fe3+ + 3H2O → Fe(OH)3 + 3H+

 4. 4FeS (s) + 15O2 + 14H2O ↔ 16H+ + 8SO4
− +4Fe(OH)3 (s)

The AMD characterized with extremely low pH and elevated concentrations of 
heavy metals pollutes and degrades sites close and far away from the wastes. 
Remediation of such AMD-polluted and AMD-degraded soils is a hard task 
(Tandy et al. 2009), due to the excessive costs incurred when conventional 
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techniques are applied. The conventional techniques usually involve pneumatic 
fracturing, solidification/stabilization, vitrification, excavation and removal of 
contaminated soil layers, physical stabilization or washing of contaminated soils 
with strong acids or heavy metal chelators (Bhargava et al. 2012). These rely 
heavily on “dig and dump” or encapsulation, neither of which decontaminates the 
soil (Pulford and Watson 2003). Phytoremediation has in the recent years proved 
to be economical, eco- friendly and aesthetically acceptable (Santana et al. 2012; 
Stingu et al. 2012; Witters et al. 2012). Given the size of most of the degraded and 
polluted sites and the cost implications, the application of the “green” and sustain-
able technique of phytoremediation is unrivalled by any other possible alternative 
techniques. L. leucocephala is known to be suitable for effective and yet inexpen-
sive restoration of degraded mining sites through afforestation (Maleko and 
Mtupile 2012). There are numerous bioenergy plants with varying suitability for 
phytoremediation. Thus effectiveness of any of the above phytoremediation tech-
nique adopted to clean up the environment can greatly be enhanced by judicious 
selection of the bioenergy plant to use.

7.3  What Is Phytoremediation?

Phytoremediation is a biotechnological approach involving the use of green plants 
to clean up contaminated environment. It is a technique that is increasingly 
becoming popular among scientists, environmentalists and remediation engineers. 
It comprises of plant-based remediation technologies such as phytoextraction, 
phytostabilization, phytovolatilization, phytofiltration and phytodegradation 
(Fulekar et al. 2009; Marques et al. 2009). Restoration of the normal pre-mining 
physico-chemical characteristics of heavy metal-polluted sites through phytoreme-
diation majorly involves extraction of the heavy metals from the polluted soil 
(phytoextraction) and/or inactivation of heavy metals (phytostabilization) in the 
soil. Through phytoextraction, the plant takes up heavy metals from the soil or water 
and translocates them into the shoot or any other harvestable parts (Sas-Nowosielska 
et al. 2008). In the long run, repeated cycles of harvesting metal loaded shoots that 
are transported away followed by sprouting may reduce the concentration of heavy 
metals in the polluted medium. On the other hand, phytostabilization involves the 
establishment of a plant cover on the surface of the polluted site with the ultimate 
aim of reducing the mobility of pollutants within the vadose zone through accumu-
lation by roots or immobilization within the rhizosphere (Nanthi et al. 2011). 
Additionally, the established plant cover reduces both wind and water erosion of 
fine soil particles laden with heavy metals and through production of root exudates 
that may bind heavy metals restricting their leaching to the water table.
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7.4  Criteria for Selection of Bioenergy Plants 
for Phytoremediation

Various parameters have been devised to gauge the suitability of a plant species for 
phytoremediation. According to USEPA (2012), gauging the suitability of the plant 
species should be based on its ability to extract or degrade the pollutant targeted, 
adaptation of the species to the local climate, biomass productivity, depth of root 
penetration, compatibility with soils to be remediated, plant species growth rate and 
ease of planting and maintenance. Generally, tree and shrubby bioenergy plants like 
L. leucocephala have high potential to grow deeper roots that can scavenge for 
heavy metals resident in deeper layers of the polluted substratum. On a large scale, 
the deeper rooting by these plants coupled with their inherent high phytomass pro-
ductivity can boost heavy metal uptake from the polluted substratum leading to its 
regeneration through phytoextraction.

In some instances, indices like bioconcentration factor (BCF) – proportion of 
metal concentration of the dry weight of the plant to the metal concentration of the 
dry weight of the soil (Ashraf et al. 2011) – and translocation factor (TF), propor-
tion of metal concentration in above-ground dry matter to the metal concentration 
in the dry weight of the roots (Deng et al. 2004; Santillan et al. 2010), have been 
used. Translocation factor value greater than 1 is indicative of the plant’s high accu-
mulation efficiency and potential to phytoextract a particular heavy metal (Zhang 
et al. 2002; Santillan et al. 2010), while values less than 1 are indicative of the spe-
cies potential for phytostabilization of a particular heavy metal (Li et al. 2007; 
Zacchini et al. 2008; Saraswat and Rai 2009). In this chapter, the suitability of L. 
leucocephala for phytoremediation of heavy metal-polluted and heavy metal- 
degraded sites with respect to the above factors and other inherent characters has 
been evaluated.

7.5  Suitability of Leucaena leucocephala 
for Phytoremediation

L. leucocephala is a multipurpose tree species currently used to improve the fertility 
of agricultural soils and serves as a fodder tree if grown on non-contaminated soil 
(Daimon 2006; Franzel et al. 2014) and as a hedge plant, timber and bioenergy crop 
plant. Its innumerable roles has led to its worldwide recognition as a miracle tree 
(Brewbaker 1987) and has attracted a lot of interests from environmentalists and 
scientists to explore its potential for phytoremediation of polluted sites. L. leuco-
cephala is now considered as one of the tree species that has potentials for phytore-
mediation in many tropical and subtropical areas (Ma et al. 2009). The species can 
grow on poor soils most probably due to its nitrogen-fixing capabilities. L. leuco-
cephala has been reported to also grow on chromite overburdens in India by Rout 
et al. (1999) to provide a plant cover that has effectively delimited the dispersal of 
heavy metals by erosion from the mine tailings to the neighbouring environments. 
Adoption of the species could eliminate maintenance costs in the form of fertilizer 
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application and replanting. Specifically, the species suitability for phytoremediation 
is ascribed to its attributes as discussed below.

7.5.1  Enhancement of Secondary Succession by Native Species 
on Heavy Metal-Polluted Sites

Heavy metal-polluted sites remain devoid of any vegetation cover due to the persis-
tence of heavy metals and impoverished nutritional status. Nitrogen deficiency of 
mine wastes is one of the factors that preclude plant species re-establishment and 
maintenance of healthy plant growth (Yang et al. 2003, Song et al. 2004). Adoption 
of L. leucocephala for phytoremediation improves soil conditions paving way for 
secondary succession by the native species that leads to phytostabilization of the 
heavy metal-polluted sites. The leaf litter derived from the species can improve soil 
organic matter content (Majule 2006) and also enhance the nutritional status over 
time through its decomposition and mineralization (Brewbaker et al. 1985) to create 
conducive environmental conditions that attract other native plant species to grow 
on sites under regeneration. Phytoremediation of amended acidic pyrite and 
copper tailings by L. leucocephala has been shown to lead to re-establishment of 
understorey plant communities with higher species diversity, richness and cover than 
E. grandis (Sssenku et al. 2014a). This highlights the species higher potential for 
phytostabilization of sites with similar pollution problems and climatic conditions.

7.5.2  Growth Rate and Phytomass Accumulation

Besides heavy metal accumulation and tolerance, plant species adopted in phytore-
mediation strategy should be fast growing, with deep rooting system, and producing 
abundant phytomass. L. leucocephala is a well-known fast-growing leguminous 
tree species, with a high potential for producing large quantities of seeds and phyto-
mass within a short interval of time that can repeatedly be harvested, leading to 
regeneration of the affected area through phytoextraction. Under optimum condi-
tions, stands of the species have been reported by Balasundaran and Ali (1987) to 
yield annually the highest quantities of wood ever recorded. Leucaena is exten-
sively cultivated mainly for phytomass production due to its high regenerative 
capacity, which is more than 50 t ha−1 year. L. leucocephala yields higher quantities 
of wood than species; it has been compared with most short-duration trials ranging 
between 3 and 5 years (Brewbaker 1987). Wood may be harvested from the species 
on cycles ranging from 6 months to 10 years. Upon harvests of the wood during 
phytoremediation, the species coppices readily with rare loss of a tree, eliminating 
costs of replanting.

The heavy metal-laden wood of the species harvested from the site under regen-
eration has several uses that eliminate pollution of new sites where it is put to use. 
The wood has average heating values on oven-dry basis of about 19.4 MJ kg−1 (4640 
kcal kg−1) and thus could be used as fuel wood, generating less than 1 percent 
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volume of ash (Brewbaker 1987) that could safely be kept or have its heavy metals 
extracted for commercial purposes. Wood from the species can be used to make 
excellent charcoal, with heating values of 29 MJ kg−1 (Brewbaker 1987). The wood 
from L. leucocephala has fibre contents that are similar to that of other tropical 
hardwoods and could produce paper with good printability and low tearing and 
folding strengths (Brewbaker 1987). The wood could also be used to make furni-
ture, craftwood items and other items used in daily life. All the aforementioned 
economic values provide safe means of disposing of heavy metal-laden wood or 
immobilizing heavy metals after phytoextraction to preclude contamination at the 
site of use.

The inherent faster growth of the species could result in increased nutrient exu-
dation and secretion of mucigel from roots and decay of roots to create an organic 
carbon-rich environment in which microbes can thrive and act optimally to restore 
the polluted area (Hernandez-Allica et al. 2006; Khan et al. 2009). Further still, by 
growing very fast, its new thick canopy could diminish erosion and inflow of heavy 
metals to surface of water bodies and promote water conservation within the rhizo-
spheres through reduced evaporation. The faster growth could also enhance produc-
tion of phytosiderophore that can sequester heavy metals within the rhizospheres of 
L. leucocephala, precluding their leaching to underground water. Alongside its 
modulation of soil condition during phytoremediation, by growing faster on larger 
polluted sites, it can trap and sequester large quantities of carbon dioxide into its 
biomass, thereby helping to mitigate climate change impacts.

However, its growth and survival are adversely affected when grown in highly 
heavy metal-polluted unamended soils for remediation (Plate 7.1). Thus, like any 
other plant species, amelioration of the harsh conditions is a prerequisite to ensure 
its growth on highly heavy metal-polluted soils (Haoab et al. 2013) for remediation. 
Successful pretreatment of soils heavily polluted with pyrite and copper tailings to 
pave way for establishment of L. leucocephala has been demonstrated by Ssenku 
et al. (2014a) under field conditions through application of limestone and compost.

7.5.3  Heavy Metal Uptake and Hyperaccumulation

In addition to high phytomass productivity, proficiency of in situ restoration of 
heavy metal-polluted sites through phytoremediation by vascular plants is depen-
dent on heavy metal uptake and translocation to the harvestable phytomass. The 
roots of L. leucocephala have been reported to accumulate higher concentrations 
Fe, Zn, Cu and Mn than the leaves (Gupta et al. 2000). Similarly, less quantities of 
As are translocated from the roots to the shoot (Schneider et al. 2013). In pot experi-
ments conducted by Shanker et al. (2006), L. leucocephala seedlings accumulated 
exceedingly high concentrations of Cr in roots that were ninefold higher than the 
concentrations which accumulated in shoots after 1 year of establishment. The 
reduced translocation of the above heavy metals from the roots to the shoot by 
L. leucocephala is an interesting mechanism not only for using the species for 
regeneration of sites polluted with the heavy metals cited but also for protection of 
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the species (Smith et al. 2010a, b; Wong 2003) against phytotoxicity. Furthermore, 
the translocation pattern is suggestive of the species suitability for remediation of 
sites polluted with these heavy metals through phytostabilization rather than 
phytoextraction.

L. leucocephala has been shown to accumulate Pb in shoot to concentrations 
>1000 mg kg−1 (Meeinkuirt et al. 2012). Studies by Yitao et al. 2014 have revealed 
that L. leucocephala accumulates Pb and Cd in the above-ground parts than in the 
roots. This is reminiscent of its high phytoextraction potential of Pb and Cd. However, 
it should be avoided for remediation of Pb polluted site accessed by both wild and 
domestic animals to avoid consumption of Pb and Cd intoxicated foliage. In a study 
to evaluate the suitability of L. leucocephala for phytoremediation of Zn and Cd pol-
luted soils by Saraswat and Rai (2011), the species attained maximum remediation 
efficiency in moderately contaminated soils definitely due to high phytomass 

Plate 7.1 A completely bare heavy metal-polluted site before amendment application (a) and the 
establishment and growth of L. leucocephala after amendment application (b). Note the failure of 
growth on unamended subplot and the paltry growth of grasses due to leaching of pollutants by 
fresh water after delimiting fresh inflow of polluted storm water. Ls = limestone; Comp = 
compost
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production and/or high metal accumulation. This is in conformity with earlier obser-
vations on the species made by Vyslouzilova et al. (2003) and Tlustos et al. (2006). 
More than 80% of the total Pb absorbed by the entire L. leucocephala plant accumu-
lates in its parts comprising the root, branch, stem, bark and xylem (Quan et al. 2001), 
in which it can permanently be restrained from returning to the environment. This is 
indicative of the species superior phytoremediation potential for Pb as a large quantity 
of it was accumulated in the plant parts for its phytostabilization (root) and phytoex-
traction (harvestable parts – branch, stem, bark and xylem) leaving a small portion of 
it in the leaves that would be taken back to the soil under regeneration as litter.

7.5.4  Susceptibility to Pathogens and Insect Folivores

The health of any plant adopted in a phytoremediation strategy is paramount to 
ensure optimal production of phytomass, uptake and accumulation of heavy metals 
and cover of the polluted soils to preclude heavy metal dispersal. Although L. leu-
cocephala is known for its high resistance to diseases, it is susceptible to some 
pathogens (Pound and Martinez-Cairo 1983) and entomological folivores that may 
compromise its suitability for phytoremediation of a heavy metal-polluted and 
heavy metal-degraded site. The species is prone to attacks by Camptomeris leucae-
nae (Stev. and Dalbey) Syd. that causes leaf spot (Pound and Martinez Cairo 1983). 
It may also be affected by Colletotrichum spp. pathogens to cause leaf spot.

The species is also susceptible to fungal infections that may cause undesirable 
effects to the plant and ultimately its phytoremediation potential. Stem gummosis 
owing to Fusarium semitectum (Singh 1981; Singh et al. 1983) and F. acuminatum 
Ell. & Ev. occurs to the species. Some Fusariums have also been reported to cause 
stem and root rots. Infections by Phytophthora drechsleri have led to the develop-
ment of necrotic patches or cankers and death of the entire tree of L. leucocephala 
in some parts of the world notably Hawaii. A collar rot of young trees of L. leuco-
cephala due to infection by Sclerotium rolfsii has been reported in Florida by 
Brewbaker (1987). The pods and seeds may be affected by different fungi and bac-
teria such as Pseudomonas fluorescens with severe effects on the fecundity of the 
species during phytoremediation.

Apart from pods and seeds, the damage to other parts of the species by insect is 
not common (Pound and Martinez-Cairo 1983). Thus, insects can adversely affect 
the self-seeding potential of the species to provide a plant cover over the heavy 
metal-polluted soils by inflicting damage on the pods and fruits. Two insects, ants 
and psyllids (jumping plant lice), are known to cause severe damage to Leucaena 
trees including L. leucocephala (Brewbaker 1987). According to Brewbaker (1987), 
the establishment of the species in the East African region without application of 
insecticides to eliminate termites or harvester ants is virtually impossible. Even 
though termites may initially be absent in a heavy metal-polluted site, subsequent 
changes to the soils by L. leucocephala and amendments applied may lead to recol-
onization of the site by termites and ultimately causing severe damage to the spe-
cies. The Leucaena psyllid, Heteropsylla cubana Crawford, is one of the most 
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severe pests of Leucaena on record, capable of causing severe setback to fodder 
production in some parts of the world and significant effects on production of wood 
(Brewbaker 1987). Leaf feeding by the beetles, Apogonia rouca and Adoretus sini-
cus, has been reported in India and Hawaii, all of which can greatly compromise the 
suitability of the species for phytoremediation. In view of the potential pathological 
and entomological constraints, optimal exploitation of the traits of L. leucocephala 
to optimize phytoremediation would require at some instances proper management 
of the infections. Under severe infestation and attacks, treatment against these 
pathogens and pests may escalate the cost of cleanup, thus undermining one of the 
phytoremediation cardinal goals of cost minimization.

7.5.5  Reproduction Potential

High reproduction rate by early colonizers on heavy metal-polluted sites is vital for 
the species to perpetuate their existence and occupy more bare areas of the site tar-
geted for phytoremediation. L. leucocephala grows very fast within 6 months to 
reach reproductive maturity (National Research Council 1984; Van den Beldt and 
Brewbaker 1985) and produce numerous seeds that can germinate to carry on fur-
ther remediation of the site. During field trials of the species on heavily polluted 
soils in Queen Elizabeth Conservation Area (QECA) in Uganda by Ssenku et al. 
(2014a), it grew very fast only on soils amended with limestone and compost to 
reach reproductive maturity 7 months after planting before Eucalyptus grandis and 
Senna siamea. Subsequent pod formation and dispersal of numerous seeds led to 
seedling emergence that was directly proportional to pod formation (Table 7.1). The 

Table 7.1 Pod formation and seedling emergence of L. leucocephala in unamended and amended 
heavy metal-polluted plots in QECA

Site Amendment application
Average number of pods/
plant (n=4)

Average seedling 
emergency/m2

KTDS Unamended 0 0

Limestone 79 139

Compost 42 188

Limestone+compost 36 111

LPPTS Unamended 0 0

Limestone 71 216

Compost 50 196

Limestone+compost 39 106

HPPTS Unamended 0 0.

Limestone 0 0

Compost 20 24

Limestone+compost 9 16

From Ssenku (2015)
KTDS Kilembe tailings dam site, LPPTS low polluted pyrite trail site, HPPTS highly polluted 
pyrite trail site
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numerous seedlings covered a significant proportion of the floor of the plots 
(Plate 7.2), thus limiting any further dispersal of the heavy metals. In highly 
polluted zones, seedling emergence and establishment are low due to poor pod 
setting, low seed production and high concentration of heavy metals that according 
to Shafiq et al. (2008), adversely affect germination of seeds and subsequent seed-
ling establishment and growth in L. leucocephala.

This trend has also been demonstrated by Ssenku et al. (2014a). Albeit prolific 
emergence of seedlings, there may not be a recognizable new generation of L. leu-
cocephala trees establishing themselves under the canopy of the mature trees. This 
is attributed to the vulnerability of seedlings to numerous environmental factors. 
The seedlings are intolerant of frosts which are known to cause leaf shedding 
(Isarasenee et al. 1984). Shading from the mature trees reduces the growth of the 
seedlings of the species. However, the species possesses a superior tolerance to 
reduce light when compared with other tree legumes (Benjamin et al. 1991). Proper 
growth, development and establishment of the seedlings to enhance phytoremedia-
tion by L. leucocephala require full sunlight (Parrotta 1992) and proper manage-
ment of other emerging species since the seedlings are more susceptible to 
suppression by competing vegetation (Parrotta 1992).

7.5.6  Rooting Pattern and Volume

Root pattern and volume characteristics are salient traits that need to be put into 
consideration when selecting plants for phytoremediation. The two root traits are 
related to higher capacity for absorption and accumulation of essential nutrients and 
heavy metals during phytoremediation. Roots are essential for the growth and 

Plate 7.2 Ground of a Leucaena leucocephala amended plot covered by seedlings that emerged 
after dispersal of seeds from the pods
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development of a plant, and their modifications have consequences on other plant 
parts (Biermacki and Lovett-Doust 2002). Rooting in L. leucocephala is heavily 
dependent on the magnitude of heavy metal pollution. It forms very thin roots and 
ultimately smaller root volume on heavily polluted pyrite and copper tailings lead-
ing to low phytomass production. The elevated concentrations of heavy metals 
inhibit root elongation through their adverse effects on cell division, including 
inducement of chromosomal aberrations and abnormal mitosis (Huillier et al. 1996; 
Jiang et al. 2001; Liu et al. 2003; Radha et al. 2010) that culminates into disorders 
of root cell metabolism and depression of root growth, which severely undermines 
the potential of the species for phytoremediation.

Rooting in heavy metal-polluted soils by L. leucocephala can significantly be 
enhanced through application of both organic and inorganic amendment materials. 
However, the much desired potential for forming deeper roots to scavenge and 
regenerate polluted deeper layers is lost, as roots curve (Plate 7.3) and grow super-
ficially avoiding deeper layers of the polluted soil profiles having concentrations 
that are prohibitive to growth. The response of root growth by L. leucocephala upon 
amendment application greatly limits its potential for phytoextraction of the deeper 
layers in heavily polluted sites.

7.5.7  Nodulation and Nutrient Replenishment

Optimization of growth and survival of any plant selected for phytoremediation on 
the stressful polluted site is obligatory and greatly challenging. According to 
Al-menaie et al. (2010), growth and survival of trees introduced for phytoremedia-
tion are dependent on plant growth requirements, of which mineral nutrients are 

Plate 7.3 Curved root of L. leucocephala in response to amendment application
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very important. However, heavy metal-polluted sites are nutritionally very poor 
(King 1988) characterized with very low content of the key macronutrient phospho-
rous and total nitrogen due to low organic matter content and low mineralization 
rates. Thus, remediation of heavy metal-polluted sites would require nutritional 
enhancement either through addition of artificial fertilizers or use of plants that can 
boost their fertility. Adoption of nitrogen-fixing plant species in a phytoremediation 
strategy could substantially lower the costs as opposed to the use of fertilizers. The 
use of nitrogen-fixing L. leucocephala has been commended for this task (Schneider 
et al. 2013). L. leucocephala is a perennial bioenergy plant that can fix more than 
500 kg N/ha a year (Aganga and Tshwenyane 2003) that could substantially amelio-
rate nitrogen deficiency which delimits re-establishment of native plant species in 
heavy metal-polluted sites. The species has dual characteristics of heavy metal 
sequestration and nitrogen fixation and is thus suitable for metal decontamination 
(Tawfik 2008) and fertility improvement (Ma et al. 2006).

L. leucocephala forms symbiotic relationship with the nitrogen-fixing bacterium 
Rhizobium loti (Halliday and Somasegaran 1983), which is generally fast growing 
(3–5 h generation time) and acid producing, probably responsible for the species 
intolerance to acid soils. The seedlings of L. leucocephala nodulate with the rhizo-
bia which is not exceptionally species specific. Its rhizobium can nodulate a number 
of leguminous plant species and most especially from the genus Acacia (Dommergues 
1982). Analogous to the above, rhizobia from a number of species of Acacia, 
Mimosa, Dalea spp., Neptunia spp., Piptadenia spp., Sabinea sp. and Sesbania 
grandiflora can nodulate L. leucocephala. Fluidity of the rhizobia of L. leucoceph-
ala to nodulate other legumes and the rhizobia of other legumes to nodulate it may 
lead to elevated nodulation, nitrogen enrichment and establishment of plant cover 
that can substantially control heavy metal pollution. L. leucocephala roots have 
poorly developed root hairs and appear to rely heavily on mycorrhiza for nutrient 
uptake. Several species of Glomus and Gigaspora can infect the species. Huang 
et al. (1985) have reported Glomus fasciculatus to significantly improve uptake of 
minerals by L. leucocephala, notably P, K and Ca. L. leucocephala growth improves 
microbial mass C and N in the heavy metal soils (Saraswat and Rai 2011), which 
can also be released upon the death of the microorganisms in forms that can be used 
by L. leucocephala and other successional species during phytoremediation.

Growth and nodulation of L. leucocephala in heavy metal-polluted soils improve 
upon fertility attributes of heavy metal-polluted soils. Improvement of soil fertility 
by the species has been shown to improve with increasing duration of phytoreme-
diation and to decrease with increasing concentration of heavy metals (Saraswat and 
Rai 2011). The potential of the species to nodulate and improve the nutritional sta-
tus of highly heavy metal-polluted soils has been reported to be severely dimin-
ished. Nodule formation (number) by L. leucocephala has been shown to fall with 
increasing free aluminium in acid soils. Similarly, field trials of the species on heav-
ily polluted pyrite and copper tailings revealed complete failure of nodulation and 
growth (Ssenku et al. 2014c). Failure of nodulation of L. leucocephala in untreated 
soils heavily polluted by acidic pyrite and copper tailings was due to extremely low 
pH that was in the range of 2.27–3.48 (Ssenku et al. 2014d). In such acidic soils, 
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Balasundaran and Ali (1987) have reported abnormal formation of roots, impair-
ment of nodulation, dismal growth of the whole plant and low survival of Rhizobium 
to occur in L. leucocephala. These adverse effects could be ameliorated to enhance 
phytoremediation by the species through application of organic and/or inorganic 
amendments (Ssenku et al. 2014a). The findings by various authors are suggestive 
of the species suitability for phytoremediation of moderately heavy metal-polluted 
sites as opposed to extremely polluted ones.

7.5.8  Restoration of Microbial Activity

The exposure of soil to heavy metals results in reduction of microbial diversity and 
microbial activities (Wang et al. 2007), thus deterioration of soil quality. Such soils 
are characterized by low microbial biomass (Clemente et al. 2006), poor structure 
and poor plant growth potential. Restoration of such heavy metal-polluted and 
heavy metal-degraded soils is strongly hinged on the revitalization of the microbial 
activity. During restoration, the microorganisms play a cardinal role in soil redevel-
opment and biogeochemical cycling to improve and maintain soil fertility. 
Phytoremediation of heavy metal-polluted ecosystems would thus require adoption 
of a plant that can substantially revitalize microbial mass and activities to pave way 
for re-establishment of self-sustaining plant communities. L. leucocephala can be 
employed as the phytoremediator, especially because it is a host plant for arbuscular 
mycorrhizal fungi (Smith and Read 1997) and other microfloral species. These 
fungi play a fundamental role in the absorption of nutrients (Gardezi et al. 2000; 
Gardezi et al. 2004) by L. leucocephala to boost its establishment and growth on the 
soil under remediation. It is known to form a mutualistic relationship with the 
nitrogen- fixing bacteria Rhizobium loti (Halliday and Somasegaran 1983). 
According to González-Chavez (2000), the mutualistic association occurring 
between L. leucocephala and Rhizobium and mycorrhizal fungi seems to tolerate 
the presence of heavy metals and could be exploited for phytoremediation of soils 
polluted with heavy metals.

In some instances, faster regeneration of the polluted site would be desirable. 
However, phytoremediation is rather too slow but could be accelerated by exploiting 
the wide range of microfloral species that inhabit its rhizospheres. Several bacterial 
species associated with plants can play a major role in accelerating phytoremedia-
tion of heavy metal-contaminated soils by promoting plant growth and health 
(Compant et al. 2010; Dary et al. 2010). The microfloral species of L. leucocephala 
may enhance phytoextraction of heavy metals by acidification that increases bio-
available fractions of heavy metals, phosphate solubilization and uptake which 
could improve phytomass production and promote the release of phytosiderophores 
and biosurfactants that have a synergistic effect on phytoremediation.

Studies by Saraswat and Rai (2011) have shown that phytoremediation of Cd and 
Zn polluted soils for duration of 1 year by L. leucocephala significantly increased 
dehydrogenase and urease activities by 70% and 50%, respectively, over the control 
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soils. According to Vasquez-Murrieta et al. (2006), the species enhancement of 
enzymatic activities during phytoremediation is attributed to its ability to reduce 
heavy metal content through sequestration thus minimizing their detrimental effects 
on the enzymes in polluted soils under regeneration. Comparative studies by Ssenku 
et al. (2014b) on soils polluted by pyrite soils and copper tailings revealed a higher 
efficacy for revitalization of bacterial functional diversity by L. leucocephala than 
Eucalyptus grandis. At a rhizosphere and symbiotic level, the species has been 
reported to improve environmental conditions for bacterial communities (Vázquez- 
Luna 2015). The species is now considered as a good resource for development of 
bioinoculants (Gopalakrishnan et al. 2014) that may be applied to augment phytore-
mediation efficiency.

7.5.9  Palatability to Ruminants and Invasiveness

Phytoremediation is very slow and would thus require long-time survival of the spe-
cies adopted. In addition to the pathological problems, the species should be free of 
attacks from animals to which it is palatable and guarded against anthropogenic 
attacks due to its economic values to the surrounding community. Due to its palat-
ability, its survival during field phytoremediation trials at sites within Queen 
Elizabeth Conservation Area was minimal partly due to recurrent consumption of 
its foliage by Kobus kob thomasi (Uganda kob), despite deterrent measures that 
were instituted to limit their accessibility to the plant (Ssenku et al. 2014a). Thus, 
for phytoremediation of heavy metal-polluted sites within wildlife protected areas 
and sites accessible to domestic animals, L. leucocephala may not be suitable since 
it may in turn serve as link through which heavy metals may be channelled into food 
chains of wildlife and man.

L. leucocephala is a belligerent colonizing species mainly due to its continuous 
flowering and fruiting throughout the year, self-fertility and prolific seed produc-
tion. The species is also a renowned resprouter capable of resuming growth after 
exposure to fires and chopping off of the aerial parts. According to Orwa et al. 
(2009), L. leucocephala is an ubiquitous invasive species capable of growing in a 
wide array of areas including those that are disturbed and degraded. Usually the 
ultimate goal of mine land rehabilitation is to reinstate the pre-disturbed land use or 
ecosystem (DEHP 2012). Due to its invasiveness, it may, once adopted in a phytore-
mediation strategy, establish itself on the polluted and degraded sites leading to the 
emergence of a plant community that is totally different from the pre-disturbed one 
and above all spread over to the untargeted areas. This is undesirable more so if the 
remediation is to be carried out within a protected area such as the heavily heavy 
metal-polluted pyrite areas in Queen Elizabeth Conservation Area. However, L. leu-
cocephala has numerous advantages that comes along with its adoption in a phy-
toremediation programme and thus be used under stringent measures to control its 
invasiveness.
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7.6  Conclusions and Recommendations

L. leucocephala has multifaceted inherent properties that can optimize the effective-
ness of phytoremediation of heavy metal-polluted sites and substantially lower the 
costs involved. Its environmental plasticity that has enabled it naturalizes itself in a 
wide range of geographical regions, and to grow on poor and degraded soils makes 
it probably a more suitable candidate for phytoremediation than most of the other 
bioenergy plant species. The species has a high proficiency for nitrogen fixation 
through nodule formation and revitalization of microbial activity that can improve 
the conditions of heavy metal-polluted soils for secondary succession of the native 
plant species and ultimately the establishment of self-sustaining plant communities. 
The high reproduction potential due to its prolific seed production, high growth rate 
and phytomass accumulation can substantially enhance phytostabilization and phy-
toextraction of heavy metal-polluted sites. Suitability of L. leucocephala for regen-
eration of areas heavily polluted with heavy metals is minimal, rendering 
pretreatment with amendment materials a prerequisite. The unsuitability is exacer-
bated by low soil pH that increases the available fractions and uptake of heavy met-
als to levels that are phytotoxic to the species. The species is also susceptible to 
insect and mammal folivores and bacterial and fungal pathogens that may under-
mine the suitability of the species in areas where they are prevalent.

L. leucocephala should be adopted for phytoremediation of sites with climatic 
conditions to which it is well adapted or can grow optimally. The species potential 
to cope with the magnitude of pollution should be tested under laboratory and/or 
greenhouse conditions at planning stage before full-scale application. For sites that 
can easily be accessed by animals, strategies to preclude browsing and destruction 
of L. leucocephala should be devised to avoid channelling of heavy metals into their 
food chains and costs that come along with replanting. In circumstances where con-
servation of the native flora is much treasured, the species may be used but under 
stringent measures to control its invasiveness.
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8Phytoremediation Potential 
of Industrially Important and  
Biofuel Plants: Azadirachta indica 
and Acacia nilotica

Jaya Tiwari, Atul Kumar, and Narendra Kumar

Abstract
A huge gap between demand and supply of energy, soil contamination with 
heavy metals, radionuclides, pesticides and other harmful chemicals, degrada-
tion of soil due to salinity/sodicity, acidity, soil erosion and decrease in soil 
microbial diversity, etc. are some great challenges of the twenty-first century. 
Subsequently, there is an undisputable need to create viable option for economi-
cal and sustainable remediation of the polluted soils. Phytoremediation as a strat-
egy to solve environmental defilement has been quickly accepted on the grounds 
because it is energy efficient, financially savvy and satisfying procedure for the 
remediation of polluted sites; furthermore it is relevant to a wide scope of con-
taminants, including heavy metals and radionuclides, and additionally organic 
solvents like chlorinated solvents, polycyclic aromatic hydrocarbons, pesticides/
insecticide, explosives and surfactants. Phytoremediation of a contaminated soil 
becomes a ‘win–win’ strategy if it is done with such plant species which are not 
only efficient in removing the pollutants but also have industrial application and 
generate large amount of biomass in form of food, fodder and biofuel. Therefore, 
the present study comprehensively reviewed the above-mentioned quality of 
Azadirachta indica and Acacia nilotica and also compared the fuel efficiency of 
both the plants. It was found that Azadirachta indica and Acacia nilotica both 
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have phytoremediation capability in soil and water medium along with tremen-
dous medicinal and therapeutic properties. The biodiesel derived from both the 
tree species is energy efficient and meets the requirement of international 
standards.

Keywords
Azadirachta • Acacia • Bioenergy • Heavy metals • Phytoremediation • 
Sustainability

8.1  Introduction

Soil is the fundamental requirement of our agricultural framework, nourishment 
security, worldwide economy and ecological sustainability. Fast rate of urbanization 
and industrialization rendered the soil contaminated with heavy metals and organic 
pollutants, which debilitate biological systems, surface and groundwater quality, 
sustenance and human wellbeing. Consequently, it is the need of hour to create suc-
cessful advances for sustainable management and remediation of the contaminated 
soils (Oh et al. 2014). Worldwide researchers have shown their interest in accepting 
phytoremediation as a technique to tackle environmental contamination. In this 
green innovation, ‘tolerant plants’ have been used to clean up soil and groundwater 
from heavy metals and other harmful organic compounds. Phytoremediation 
includes growing plants in a defiled media to eradicate environmental contaminants 
by encouraging sequestration and/or degradation (detoxification) of the contami-
nants. Plants are unique organism furnished with astounding metabolic and assimi-
lation abilities and in addition transport frameworks that can take up supplements or 
contaminants selectively from the polluted soil or water media (Alberto and Gilbert 
2013).

Phytoremediation has developed as an innovative device with extraordinary 
potential that is most valuable when pollutants are restricted close to the root zone 
of the plants (top 3–6 ft). Moreover, phytoremediation needs very less energy; it is 
cost-effective, aesthetically pleasing technique of remediation of polluted sites with 
low to medium levels of pollutants (Mojiri et al. 2013). The strategy for phytoreme-
diation makes the utilization of either natural metal hyperaccumulator plants or 
genetically designed plants (Setia et al. 2008). A variety of contaminated waters can 
be phytoremediated, whether it is sewage or municipal wastewater, agricultural run-
off/drainage water, industrial wastewater, coal pile runoff, landfill leachate, mine 
waste and groundwater plume (Olguin and Galvan 2010).

Many extensive research studies and small-scale demonstrations on phytoreme-
diation have been carried out, but large-scale applications are still limited to a very 
small number of projects (Cunningham and Ow 1996). The selection criteria for the 
appropriate plant species could be one of the reasons. The uptake of contaminants 
by plants is governed by several factors. These factors are:
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• Plant species: The physical characteristics, genetic makeup and biological pro-
cesses including absorption/adsorption, translocation and transformation of pol-
lutant play important role in the uptake of pollutants. Higher biomass production 
and climatic adaptability of species (seeds or plants should match the climate of 
the phytoremediation site) and soil conditions are required for effective phytore-
mediation. Selection of the plant species whether annuals or perennials, mono-
culture or deciduous is an important consideration.

• Physical properties: Physicochemical parameters such as pH, electrical conduc-
tivity and organic matter, concentration of contaminants, texture and mineralogy 
of the soil affect the removal/degradation of the contaminant.

• Root zone: Root length and diameter affect uptake and degradation of contami-
nants. Plant enzymes and root exudates also affect the degradation of contami-
nants. These plant root exudates organic acids such as citrate and oxalate that 
affect the bioavailability of metals. The type, amount and effectiveness of root 
exudates and enzymes produced vary between species and even within subspe-
cies or varieties of one species.

• Plant biomass: For high contaminant removal, the plant species should produce 
high biomass (Schnoor et al. 1995).

The following steps are included in the phytoremediation process:

Step 1. Problem area identification
Step 2. Physicochemical analysis of the soil before use of the phytoremediation
Step 3. Plantation of accumulators
Step 4. Use of agricultural and specialized measures and assessment of vegetative 

development
Step 5. Picking and drying the plants
Step 6. Physicochemical analysis of soil near the root after completed 

phytoremedia-tion
Step 7. Chemical composition analysis of green leaves of plants
Step 8. Determination of coefficient factors of plants

The key criteria determined for potential phytoremediators incorporate seed ger-
mination, seedling growth, plant development and their reproduction (Jonathan 
et al. 2004; Krishna and Govil 2004). Consequently in light of its low cost, ease and 
minimum technical problems, phytoremediation has turned out to be exceptionally 
prominent technology worldwide. In India, serious effort is being given to identify 
indigenous plant species that can be utilized to remediate contaminations, e.g. phar-
maceutical wastes, arsenic, fly ash, debris and metals (Fig. 8.1) (Willey 2007).

Furthermore, for better experimental setup of phytoremediation by using a spe-
cies, it is important to have complete information about the geological and geo-
graphical conditions of the study area. Also, it is necessary to collect the right 
information about the various kinds of species existing in the degraded lands in 
India (Table 8.1).
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Fig. 8.1 Feasible phytoremediation studies in India (Tangahu et al. 2011)

Table 8.1 Species used for phytoremediation and rehabilitation of degraded lands in India

Salt-effected ravine areas
Forage and fuel species  
for eroded areas

Vegetative barriers for runoff 
and soil loss from Doon Valley

Trees and shrubs Trees Grasses
Acacia tortilis Prosopis juliflora Panicum maximum

Albizia amara Prosopis cineraria (Guinea grass)

Dichrostachys cinerea Acacia tortilis Eulaliopsis binata

Leucaena leucocephala Acacia radianoa (Bhabar grass)

Acacia nilotica Ziziphus mauritiana Vetivera zizinoides

D. sissoo (Khus grass)

Albizia lebbeck Shrubs
Prosopis juliflora Calligonum polygonoides

Terminalia arjuna Crotolaria burhia

Azadirachta indica Aerva javanica

Ziziphus nummularia

Grasses and legumes
Chrysopogon fulvus Grasses
C. ciliaris Lasiurus sindicus

Pennisetum pedicellatum Panicum turgidum

Saccharum spontaneum P. antidotale

D. annulatum

Phaseolus atropurpureus

Stylosanthes species

Tangahu et al. (2011)
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Hence, the overall analysis signifies that the selection of plant variety is critical 
to ensure effective remediation and the scientific world is looking for such plants 
species which are not only suitable for phytoremediation but also fast growing, 
produce high biomass with well-developed and profuse root system, stress tolerant, 
cheap to cultivate, industrially and commercially important and having potential to 
produce biofuels (biodiesel). The present study attempted to comprehensively 
review various qualities of A. indica and A. nilotica and also compare the fuel effi-
ciency of both the plants.

8.2  Problems Related to Soil

Soil is considered as ‘the biogeochemical engine of Earth’s life support system’ 
(Ang et al. 2012) and asset that provides us food, fodder, fibre and fuel. In addition 
to these important agricultural service products, soils provide such biological com-
munity benefits that cannot be computed in terms of money. These life-supporting 
services incorporate, for instance, reuse of carbon and essential nutrients for all 
living organism, filter and store water, regulate environment and control insects. 
The soil health has been overlooked after green revolution. This has affected plant 
growth and has led to decline in crop productivity. More importance has been given 
to nutrition of crops than ‘nutrition of soils’ (Lee et al. 2006). At times, physico-
chemical parameters of soil are altered in such a way that it makes the cultivation on 
such soil very difficult and it requires proper management.

Soil is not just the source of nutrients for plants but also acts as an assimilation 
site for the removal of contaminants which enter the soil due to industrial and other 
anthropogenic activities. These activities may introduce various toxic metals, viz. 
arsenic, cadmium, cobalt, chromium, cooper, mercury, molybdenum, nickel, lead, 
vanadium, zinc, etc. If accumulation of metals in soil becomes excessive, it will 
accumulate in the plant tissues and causes serious impacts on the health of human 
beings and animals (Saraswat and Chaudhary 2014). There is another problem asso-
ciated with soil worldwide, i.e. contamination with radionuclide elements. It goes 
into soil fundamentally from atomic weapons-related exercises and various nuclear 
accidents like nuclear disasters at Chelyabinsk and Chernobyl (Karavaeva et al. 
1994). The concentration of radionuclides in contaminated soil varies greatly. 
Sometimes even their low concentration affects the agricultural production and 
causes potential hazards to human health via food chain and other pathways. In this 
way, there is an extraordinary pressure to make huge volumes of soil free from 
radionuclides and other chemical contaminations (Willey 2007).

8.3  Remediation Techniques

Soil contamination is a noteworthy environmental issue around the world, as an 
aftereffect of mining, manufacturing and urban exercises over the past several years. 
The chemical composition of soil, especially its metal concentration, has 
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environmental significance as its high concentration can decrease soil fertility 
responsible for biological magnification which eventually can jeopardize human 
health. The human health risk associated with metal-contaminated soil has attracted 
attention worldwide (Arantzazu et al. 2000; Denti et al. 1998; Krzyztof et al. 2004; 
Sandaa et al. 1999). Various physical and chemical methods have been utilized as a 
part of soil remediation (Barceló and Poschenrieder 2003; Cunningham et al. 1995). 
Some of these methods are:

 1. Washing of soil
 2. Physical inclusion or chemical interactions between the stabilizing agent and the 

pollutant for solidification/stabilization
 3. Vitrification
 4. Electrokinetic treatment
 5. Chemical oxidation or reduction
 6. Excavation and off-site treatment or storage at a more appropriate site (‘dig and 

dump’)
 7. Incineration

All these remediation methods have some negative environmental impacts. 
Therefore, researchers have offered the adoption of less invasive, alternative reme-
diation options (‘gentle’ remediation technologies), the so-called green remedia-
tion, based on life cycle analysis (LCA) in order to conserve resources and minimize 
environmental impacts (Gomes 2012; Glass 2000). Phytoremediation is a word 
derived from the Greek prefix ‘phyto’ which implies plant and suffix ‘remedium’ 
which means to clean (or) restore (Vasavi et al. 2010). It has been used as a natural 
option for the ecologically harmful physical remediation strategies currently in 
practice, which depends on the utilization of green plants to separate, sequester and/
or detoxify toxins (Facchinelli et al. 2001; Govil et al. 2001). The constituents 
which can be removed by phytoremediation incorporate Pb2+, Sr, Cd2+, Cu2+, Ni2+, 
Zn2+, Cr6+ and U. The plant-influenced soil environment can change metals from a 
soluble to an insoluble oxidation state As, Cd, Cr+, Pb and Zn.

Phytoremediation of contaminated soils could be achieved by one or more of the 
following mechanisms: phytoextraction, phytostabilization, phytodegradation, 
 phytovolatilization, rhizofiltration and rhizodegradation as shown in Fig. 8.2. 
Phytoremediation can be applied to a broad range of contaminants, including heavy 
metals and radionuclides, as well as xenobiotic compounds (Abbas et al. 2016; Ang 
et al. 2012). The success of phytoremediation processes is highly dependent on the 
potential of plants to extract and/or transform pollutants to less toxic substances 
since uptake, accumulation and degradation of contaminants shift from plant to 
plant. The plants utilized in phytoremediation are by and large chosen on the basis of 
their growth rate and biomass, their capacity to endure and immobilized contami-
nants, the depth of their root zone and their capability to transpire groundwater 
(Basavaraja et al. 2011). The plants utilized in phytoremediation should not only 
immobilize, break down or volatilize the contaminants but should also grow rapidly 
in different conditions. As a promising innovation, phytoremediation in management 
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and remediation of contaminated soils has its own merits and demerits. The advan-
tages are that phytoremediation is a natural and in situ remediation framework driven 
by sun-powered and green plants. It is quicker than natural attenuation and can pre-
serve the soil resources. It is cheap and does not induce the secondary pollutants. 
Successful phytoremediation immobilizes the toxins towards groundwater and pre-
vents it from being contaminated, maintains the soil structure and improves the soil 
quality and productivity. Soils treated with phytoremediation are still more suitable 
for its original purpose, i.e. agricultural application, and this way prevents the loss of 
soil resources (Abbas et al. 2016; Ang et al. 2012).

8.3.1  Phytoremediation: Main Mechanisms and Strengths, 
Weaknesses, Opportunities and Threats (SWOT) Analysis

The uptake and aggregation of contaminants differ from plant to plant and species 
to species of same genus (Singh et al. 2003). Selection of appropriate plant species 
for phytoremediation plays a vital part in the advancement of remediation strategies 
(decontamination or stabilization), particularly on low-or-medium-contaminated 
soils (Singh et al. 2003). Several distinct groups of plant species according to their 
trace element accumulation capability are excluders with avoidance (or limitations) 
system for element uptake, exceptionally sensitive markers lacking a protection 

Phytovolatilization is the
extraction and subsequent out-
gassing of compounds from soil

through the foliage. 

Phytodegradation is the use of plants
and associated microorganisms to

degrade organic pollutants. It can take
place inside the plant or within the

rhizosphere of the plant.

Phytostabilization is the
immobilization of compounds
in soil,or the stabilizing of soil

itself to prevent erosion.

Phytoextraction is the uptake
translocation and accumulation

of pollutants in plants.

Rhizofiltration is the sorption of
contaminants to roots or other

plant parts, or the precipitation in
the root zone.

Fig. 8.2 Mechanisms involved in phytoremediation (Singh et al. 2003; Fischerová et al. 2012; 
Krishna and Govil. 2007; Meagher 2000)
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mechanism and accumulators with mechanism of metal resilience and accumula-
tion ability in the above-ground biomass. Among various accumulators, there is a 
particular subgroup which is represented as hyperaccumulators (Singh et al. 2003). 
Hyperaccumulator plants are commonly grown on metalliferous soils and do not 
show any symptoms of metal phytotoxicity in their entire life cycle. Unfortunately, 
less biomass is produced from these plants as compared to other plant species. 
Hyperaccumulation limits were defined with respect to individual metal as 100 mg 
kg−1 of Cd, 1000 mg kg−1 of Pb and 10,000 mg kg−1 of Zn of plant dry weight 
(Fischerová et al. 2012).

Soil contaminants can be remediated by plants through several biophysical and 
biochemical processes (Fig. 8.2). In case of removal of heavy metals and radionu-
clides, plants extract and translocate harmful oxyanion to above-ground tissues for 
later reap, convert more toxic substances into less toxic substances or at least 
sequester the metals in roots to prevent leaching from the site (Krishna and Govil 
2007; Meagher 2000). For organic pollutants, there are four mechanisms, which are 
included in phytoremediation (Trapp and Karlson 2001):

 1. Direct uptake and accumulation of contaminants and transformation in plant 
tissues

 2. Transpiration of volatile organic compounds (VOCs) from leaves
 3. Release of exudates that stimulate microbial movement and biochemical changes 

in the soil
 4. Enhancement of mineralization into less toxic constituents, e.g. carbon dioxide, 

nitrate, chlorine and ammonia at the root–soil interface – attributed to mycor-
rhizal fungi and the microbial consortia connected with that surface

A strengths, weaknesses, opportunities and threats (SWOT) examination of phy-
toremediation technique is presented in Table 8.2. This table focuses on the internal 
and external factors that are favourable and unfavourable to its execution.

8.3.1.1  Advantages
 1. The cost in phytoremediation is very minimal than that of conventional process 

both in situ and ex situ.
 2. Plants can be easily maintained and monitored.
 3. The possibility of the regeneration and reuse of valuable metals.
 4. It causes very less harm to ecosystem as it uses naturally occurring organisms 

and conserves the natural state of the environment.

8.3.1.2  Limitations
 1. With phytoremediation, it is impractical to fully prevent the draining of contami-

nants into the groundwater
 2. The survival of the plant is influenced by the toxicity-polluted land and general 

states of the soil.
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Table 8.2 SWOT analysis for phytoremediation

Strengths Weaknesses

Natural pumping and filtering systems derived 
energy from sun. Since this method is ecofriendly, 
it has received more public acceptance

Plants suitable for phytoremediation 
should have various characteristics: rapid 
growth, high biomass and deep roots, 
simple to harvest and should tolerate and 
accumulate a wide range of heavy metals 
in their aerial and harvestable parts

Provides various ecosystem services by controlling 
soil erosion, carbon sequestration and wildlife 
habitat. It additionally makes socioeconomic 
advantages by broadening local manufacturing 
into new items that engage local labours, therefore 
develop value-added industry

Phytoremediation works at a low pace 
than physicochemical processes and 
should be considered as a consistent and 
sustainable remediation process

Cost-effective option as compared to other 
physical remediation systems

The limited number of target metals that 
can be extracted by phytoremediation, the 
roots can reach up to limited depth, the 
difficulty of generating a high-biomass 
crop of wanted species and the paucity  
of enough knowledge on the agronomic 
practices and management. This 
technology is applicable to moderately 
polluted land and cannot work  
as an equivalent on more intensely 
polluted sites

Generation of a recyclable metal-rich plant 
deposit, applicable to wide range of toxic metals 
and radionuclides; removal of secondary air or 
waterborne wastes. A few metals can be recovered 
from the biomass, which assist in reducing 
generation of hazardous waste and create reusing 
and recycling revenues. Less site destruction and 
destabilization, low ecological effect and 
aesthetically pleasant benefits compared with 
biosorption incorporate persistent in situ recovery 
of the biomass and the capacity of living plant 
cells to supplement passive sorption of metals with 
metabolic mechanism of metal uptake and 
detoxification

Significance of choosing the appropriate 
plant for the phytoremediation 
application, whether it is local to that 
ecosystem where the phytoremediation is 
practising

Limited successful experience; not 
applicable for all chemical compounds

Opportunities Threats

Can be clubbed with different strategies. The 
coupling of phytoextraction with other soil 
reclaiming method (e.g. soil cleaning, soil vapour 
extraction) in so-called ‘treatment trains’ is 
picking up interest; this might be particularly 
helpful in situations where mixed type of 
pollutants requires the utilization of more than one 
strategy to adequately remediate site

Soil composition and texture, pH, salinity 
and concentration of pollutant and other 
toxins must be within the range of plant 
tolerance. In most polluted soils, the 
quantity of microorganisms is declined so 
that there are insufficient microbes either 
to encourage contaminant degradation or 
to support plant development

(continued)
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 3. Possible bioaccumulation of contaminants which then went into the food chain 
from primary level consumers to higher level of consumers.

Phytoremediation is applicable to a considerable number of organic and inor-
ganic chemical compounds and can be applied either in situ or ex situ. It is an inno-
vative technology and also an intricate cleanup method, which provides a 
cost-effective, environment-friendly alternative to conventional physical and chemi-
cal cleanup methods (Reeves and Baker 2000; Bañuelos et al. 1999). Therefore, in 
this study phytoremediation technology has been reviewed on two species of noned-
ible trees (A. indica and A. nilotica) assessing their remediation efficiency and 
determining which plant is more efficient in accumulating pollutants and better in 
producing biofuel (Pierzynski et al. 1994).

Table 8.2 (continued)

Optimization of normal procedures through 
cultivation, air circulation, seepage, the utilization 
of soil added substances and ameliorants (e.g. 
lime, manure, zeolites and phosphates), the 
encouragement of soil microflora (including 
mycorrhizae), earthworm inoculation and specific 
planting

Contaminants that are exceptionally 
hydrophilic may drain outside the root 
zone and require control and should also 
include the identification of organic 
contaminant metabolites to guarantee that 
there are no harmful products

Perspectives on amelioration of the method like 
chelate-enhanced phytoextraction and genetic 
engineering, metagenomics, etc.

Successful phytodegradation requires 
biodegradable pollutants to be 
biologically accessible for retention to,  
or uptake and transformation by, plant or 
plant-related microbial system. This relies 
upon the relative lipophilicity of the 
compound, the soil properties and the age 
of the contaminant

Soil bioaugmentation positively affects metal 
bioavailability by increasing the concentration of 
the most available fractions of metals and 
subsequently phytoextraction

Disposal of crop after phytoextraction 
mechanism

If generated biomass from phytoremediation 
method could be valorized, then the primary 
downside of phytoextraction (slow rate of 
remediation process) gets to be invalid and slower 
working phytoremediation plans based on gradual 
attenuation of the pollutants instead of short-term 
forced extraction might be envisaged

In addition there is concern about 
metal-accumulating plants giving an 
exposure pathway to toxic pollutants to 
enter the ecological food chain if nearby 
herbivores consume these plants

Meagher (2000), Trapp and Karlson (2001), Sas-Nowosielska et al. (2004), Kim and Owens 
(2010), Lebeau et al. (2008), and Lokeshwari and Chandrappa (2006))

J. Tiwari et al.



221

8.4  Azadirachta indica (A. indica) and Acacia  
nilotica (A. nilotica)

8.4.1  Overview of A. indica and A. nilotica

8.4.1.1  A. indica (Neem)
Neem tree is predominantly cultivated in the Indian subcontinent and is considered 
as supreme tree and a divine gift of nature. Neem is a member from the mahogany 
family, Meliaceae. It is known by the botanical name A. indica A. Juss. Neem has 
been utilized widely by mankind to treat different ailments before the accessibility 
of written records which recorded the start of history. Since ancient times, neem has 
been utilized by mankind. The Latin name of neem, ‘A. indica’, originated from the 
Persian. Azad signifies ‘free’; dirakht signifies ‘tree’; i-Hind signifies ‘of Indian 
origin’. Henceforth it actually signifies ‘the free tree of India’ (Abbas et al. 2016; 
Ang et al. 2012). The neem tree is considered as an incredible plant that has been 
pronounced as the ‘Tree of the 21st century’ by the United Nations (Kumar and 
Navaratnam 2013). A. indica A. Juss and M. azedarach are two closely related spe-
cies of Meliaceae. The former is prominently known as Indian neem (margosa tree) 
or Indian lilac and the latter as the Persian lilac. Neem is an evergreen tree, grown 
in different parts of the Indian subcontinent. All parts of the tree have been utilized 
as conventional medication for homemade cure against different human sicknesses. 
Neem has been widely utilized as a part of Ayurveda, Unani and homoeopathic 
medicine and has turned into a cynosure of modern medicine. The Sanskrit name of 
the neem tree is ‘Arishtha’ signifying ‘reliever of ailments’ and thus is considered 
as ‘Sarbaroganibarini’. The tree is still viewed as ‘village dispensary’ in India. The 
significance of the neem tree has been noticed by the US National Academy of 
Sciences, which published a report in 1992 entitled Neem: A Tree for Solving Global 
Problems (Biswas et al. 2002).

8.4.1.2  Taxonomical Classification
The taxonomic grouping of neem is as follows: Kingdom, Plantae; Order, Rutales; 
Suborder, Rutinae; Family, Meliaceae; Subfamily, Melioideae; Tribe, Melieae; 
Genus, Azadirachta; Species, indica (Hashmat et al. 2012).

8.4.1.3  Botanical Description
The height of neem tree varies between 40 and 50 ft or higher with a straight stem 
and long spreading branches which give them wide round crown; barks are dark 
brown and rough with wide longitudinal gaps separated by flat ridges. The leaves 
are compound, imparipinnate, each comprising 5–15 leaflets (Parotta 2001). The 
compound leaves are themselves alternative to one another. It bears numerous flow-
ered panicles, mostly in the leaf axils. The seeds are ovate and about 1 cm long with 
sweet aroma and white oblanceolate petals. It produces yellow drupes that are ellip-
soid and glabrous, 12–20 mm long. Fruits are green, becomes yellow on maturity, 
scented with garlic like odour. Young leaves and flowers come in spring season 
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(March–April). Ripening of fruits occurs between April and August depending 
upon region (Parotta 2001; Ross 2001).

8.4.1.4  A. nilotica
Acacia nilotica (L.) Willd. ex Del, commonly known as babul, Kikar or Indian gum 
Arabic tree, is worldwide known as a multipurpose tree (National Academy of 
Sciences 1980). According to Bargali and Bargali (2009), it is considered as one of 
the worst weeds in Australia because of its invasiveness, tendency to spread very 
fast and economic and environmental impacts. It is widely distributed throughout 
arid and semiarid regions of the world. Acacia species are commonly known as 
‘babool’ in India and ethnomedicinally used for the treatment of different 
ailments.

8.4.1.5  Taxonomical Classification
The taxonomic division of babool is as follows: Kingdom, Plantae; Order, Fabales; 
Family, Fabaceae; Subfamily, Mimosoideae; Genus, Acacia; Species, nilotica.

8.4.1.6  Botanical Description
The height of babool tree varies from 7 to 13 m, with a trunk diameter of 20–30 cm. 
The spread branches form a broad crown at medium height which is almost sym-
metrical. The bark is very dark brown to black, rough with deep regular vertical 
fissures in older tress. The thistles are almost straight, paired at the nodes of the stem 
and usually pointing slightly towards backside. The leaves are bipinnate, 4.5–7 cm 
long, with 2–14 pairs of pinnae (Spicer et al. 2007). The bright yellow flowers are 
borne on globe-shaped flower heads. The flowers have sweet aroma and appear near 
the start of the rainy season. The nutritious pods retain their seeds at maturity and 
are dispersed by animals. The pods are compressed, slightly curved and vary from 
slightly constricted to almost rosary like (string of beads). The pods are smooth or 
covered with fine hairs (Orwa et al. 2009).

8.4.2  Geographical Distribution and Cultivation

8.4.2.1  A. indica
It is a native of East India and Burma and extensively grown in Southeast Asia and 
West Africa and very recently in the Caribbean and South and Central America. It 
is planted and often naturalized throughout the dry regions of tropical and sub-
tropical India, Pakistan, Sri Lanka, Thailand and Indonesia. Similarly planted and 
frequently naturalized in Peninsular Malaysia, Singapore, the Philippines, 
Australia, Saudi Arabia, Tropical Africa, the Caribbean, and Focal and South 
America (Parotta 2001). In the South Pacific, neem is found in the Fiji Islands. In 
Australia, it was initially introduced around 60–70 years back. In China, A. indica 
was planted on subtropical island of Hainan and Southern China. In Nepal, Neem 
trees are found in the southern, low-lying areas (Terai region). In Sri Lanka, it is 
widely distributed in northern parts of the island. In Iran, neem trees are grown 
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near the coast up to the Chat el Arab in Iraq on the Arabian Peninsula. In Qatar and 
Abu Dhabi, neem was planted under proper watering system utilizing desalted 
seawater in streets and public gardens. A huge neem tree plantation was set up on 
the Arafat fields near to Makkah to give shade to pilgrims (http://www.neemfoun-
dation.org/). A. indica can be successfully grown on all types of soil. Its root sys-
tem is highly developed and has unique ability to extract nutrients and moisture 
even from highly leached soils. Thereby, it plays significant role in preventing soil 
erosion and desertification. The species has vast climatic adaptability. It thrives 
well at very high temperature where maximum temperatures are as high as 50 °C 
and tolerates cold up to 0 °C, on altitudes up to 1500 m. Two species of Azadirachta 
have been identified, A. indica A. Juss – native to Indian subcontinent – and 
Azadirachta excelsa Kack. confined to the Philippines and Indonesia (Jattan et al. 
1995; Hegde 1995; Ogbuewu et al. 2011). The former grows as a wild tree in India, 
Bangladesh, Burma, Pakistan, Sri Lanka, Malaysia, Thailand and Indonesia. 
Presently neem trees are successfully grown worldwide in about 72 countries, in 
Asia, Africa, Australia and North, Central and South America (Ahmed et al. 1989; 
Sidhu 1995; Sateesh 1998; Fathima 2004).

It has been assessed that there are around 25 million trees cultivating all over 
India, out of which 55.7% are found in Uttar Pradesh alone followed by Tamil 
Nadu (17.8%) and Karnataka (5.5%). Other states of India where neem tree are 
grown include Andhra Pradesh, Assam, Bihar, Delhi, Gujarat, Haryana, Himachal 
Pradesh, Kerala, Madhya Pradesh, Maharashtra, Meghalaya, Orissa, Punjab, 
Rajasthan, West Bengal alongside Andaman and Nicobar Islands, the Union 
domain (Sindhuveerendra 1995; Chakraborthy and Konger 1995; Bahuguna 1997; 
Fathima 2004). India stands first in neem seed generation, and around 442,300 tons 
of seeds are generated yearly yielding 88,400 tons of neem oil and 353,800 tons of 
neem cake (Ogbuewu et al. 2011).

8.4.2.2  A. nilotica
A. nilotica has been grown widely for generations in arid and semiarid regions of 
India and Pakistan. It is a plant of arid regions and does not grow in areas receiving 
annual rainfall more than 1250 mm or in regions susceptible to frost or very low 
temperature (Puri et al. 1994). This species has capability to tolerate salt and dry 
environments (Minhas et al. 1997), grazing, drought and fire. Acacia often forms 
the significant fraction of the woody vegetation in the semiarid areas on African 
savannas (Tybirk 1989).

A. nilotica is naturally occurring widespread in the drier areas of Africa, from 
Senegal to Egypt and down to South Africa and from Arabia eastward to India, 
Burma and Sri Lanka in Asia. The biggest tracts are found in Sindh. It is widely 
distributed in Indian forests, roadsides, farmlands, tank foreshores, crop fields, vil-
lage pasture lands, wastelands, bunds, along the national roadways and railway 
tracts. Most of the time it occurs as an isolated tree and rarely found in patches in 
forests (Bargali and Bargali 2009).
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8.4.3  Industrial Application of A. indica and A. nilotica

8.4.3.1  A. indica
In 2002, at the World Neem Conference, the thought of advancing neem as an 
‘Industrial Plant’ was proposed (Kumar 2003). Several industries including drugs, 
cosmetics and textile industries utilize neem oil (Jattan et al. 1995). In India, neem 
is widely utilized by many Ayurvedic drug industries. Neem oil and powdered 
neem leaves are used in different cosmetic products such as face creams, nail 
enamel, nail oils, shampoos and conditioners (Jattan et al. 1995). A new hair 
cleanser (shampoo), using seed extract of neem, was found very effective, more 
than permethrin-based product, against head lice under in vitro conditions neem 
cake, a byproduct of neem oil industry, is utilized as animal food, manure and natu-
ral pesticide. Neem oil is often utilized in production of soap. Medicated neem 
soaps have become very popular in India (Ogbuewu et al. 2011). Uses of neem and 
its derivatives are as follows:

• Neem-based toothpaste is commonly used in India and European countries.
• Neem acts as a source for many oral hygiene preparations and dental care items.
• Neem bark generates gum and tannins which are utilized in tanning, dyeing, etc.
• Neem seed pulp is a rich source of carbohydrate, which is used in fermentation 

industries and for methane gas production.
• Plantation of neem and manufacturing of neem products generate employment 

and income.

Collection of neem seeds further supplied to the industries to create important 
means of employment and income for the poor households, especially the women 
from rural area. About 540,000 tons of seeds are produced annually in India and 
yield 107,000 tons of neem oil and 425,000 tons of neem cake. The amount of aza-
dirachtin available is calculated to be about 1600 tons for every year, generating 
huge amount of crude material for pesticide industry. In the production sector, the 
yearly calculated turnover is about 1000–1200 crores INR. Small-scale industries 
have a key role to play in harnessing the potential.

8.4.3.1.1 Phytochemistry
Biologically active compounds extracted from various parts of the plant include: 
azadirachtin, meliacin, gedunin, nimbidin, nimbolide, salannin, nimbin and valas-
sin. Meliacin forms the bitter component of neem oil; the neem seed also possesses 
tignic acid, which is responsible for the peculiar smell of the oil (Sharma et al. 
2011). Neem kernels contain 30–50% of oil mostly used in soap, pesticide and 
pharmaceutical industries and contain many active compounds which are together 
called as triterpene or limonoids (Djenontin et al. 2012). The four best limonoids 
compounds of neem are azadirachtin, salannin, meliantriol and nimbin. Limonoids 
have insecticidal and pesticidal properties (Mondal and Mondal 2012).
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8.4.3.1.2 Medicinal Use
The whole tree has been used medicinally for centuries. It has been utilized in 
Ayurvedic medicine for more than 4000 years because of its medicinal values. The 
ancient Sanskrit medical literatures reveal several advantages from neem’s fruits, 
seeds, oil, leaves, roots and bark; each part has been utilized in the Indian Ayurvedic 
and Unani medicine and is currently used in drug and cosmetics industries (Brototi 
and Kaplay 2010).

8.4.3.1.3 Pharmacological Actions
Various parts of neem act as abortifacient (drug which causes miscarriage), analge-
sic (pain killer), anthelminthic (drugs that remove parasitic helminths from human 
body), antibacterial (kills harmful bacteria), antiyeast, antiulcer, antifertility, antifi-
larial, antifungal, antihyperglycaemic (counteracting high levels of blood glucose 
level), anti-inflammatory, antiviral, antimalarial, diuretic (these are medicines that 
help in reducing the amount of water from the body) , antinematodal, antipyretic, 
antispasmodic (drug which is used to relieve spasm of involuntary muscles, insecti-
cidal, antispermatogenic, antitumor, hypercholesterolemic (effective against ele-
vated serum cholesterol levels), immunomodulator (chemical agent that modifies 
the immune response (Parotta 2001; Ross 2001).

8.4.3.1.4 Health and Personal Care Products
Many fast-moving consumer goods like personal health and hygiene products man-
ufactured from seed, oil and leaf of neem tree are skin-related products (eczema 
ointment, antiseptic lotion), hair care products (hair cleanser, conditioner and hair 
oils), oral cleanliness (tooth powder and paste and neem twigs), curative (loose 
neem leaves, tea, green capsules, powders), products used for household purposes 
(bathing soap bars, detergents, mosquito repellent (spray and cream) and candles) 
(Sharma et al. 2011; Srivastava and Rupainwar 2010).

8.4.3.1.5 Therapeutic Uses
Different parts of neem are also utilized for various types of cure. Bark extract with 
hot water is consumed orally by the adult female as a tonic to improve menstrual 
release (emmenagogue). Anthraquinone portion of dried flowers, fruits and leaves 
is taken orally for leprosy. Hot water extract of the flowers and leaves are consumed 
orally to cure hysteria and are utilized to cure external injuries. The dried flower is 
effective for the diabetic patients. Hot water extract of dried fruit is utilized against 
piles and external skin problems and ulcers. Hot water concentrate of the whole 
plant is utilized as anthelmintic, an insect-killing spray and laxative. Juices of bark 
of Andrographis puniculata, A. indica, Tinospora cordifolia are taken orally for cur-
ing filariasis (Hasmat et al. 2012). The warm water extract is taken for fever, diabe-
tes and as a tonic, refrigerant and anthelmintic. Fruit leaf and root, ground and 
blended with dried ginger and ‘triphala’, are brought orally with tepid water to treat 
common fever. Leaves because of insecticidal properties are kept with woollen and 
different materials for a long time. Leaf juice is given to cure gonorrhoea and leu-
corrhoea. Washing with neem leaves is useful for curing itching and other skin 
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illnesses. Leaf juice is utilized as nasal drop to treat worm infestation in the nose. 
Inhalation of bark steams is valuable in treatment of throat infection. Extract of 
flower is given in dyspepsia and general debility (Chatterjee and Pakrashi 2008). 
The delicate twigs of the tree are utilized as toothbrush (Kabeeruddin and Mufradat 
2007; Tandon and Sirohi 2010). The seed oil of neem is utilized in leprosy, syphilis, 
skin inflammation and chronic ulcer (Hasmat et al. 2012; Kabeeruddin and Mufradat 
2007).

8.4.3.2  A. nilotica
A. nilotica is a multipurpose tree in true sense and widely used in conventional 
agroforestry system. In the current scenario of climate change, agricultural activi-
ties, cultivation of A. nilotica has emerged as a viable option for controlling the 
harmful impacts of climate change (Singh et al. 2013). It is found to be well nodu-
lated with Rhizobium species (Dreyfus and Dommergues 1981).

The wood is a common fuel in Sindh region in Pakistan, and huge quantities are 
used as a firewood and charcoal. The calorific value of sapwood is 4800 kcal per kg, 
while that of heartwood is 4950 kcal per kg. The wood is bulky (specific gravity, 
0.67–0.68) and the trees occasionally cut back to ground level periodically to stimu-
late growth rate. The hard, tough wood is termites resistant, waterproof, and is com-
monly used for railroad sleepers, tool handles and carts. It is an alluring wood, is 
useful for cutting and turnery and is still utilized for boat building. It is one of the 
best mining timbers in Pakistan. It is commonly utilized for furniture. The leaves 
and pods are generally utilized as grain and, in dry areas of Sindh, constitute the 
main food for goats and sheep. Pods contain much as 15% unrefined protein. The 
bark and pods are broadly utilized in tanneries; their tannin content differs from 12 
to 20% gum. A. nilotica is most likely the first commercial source of gum Arabic; 
however, this variable item now comes basically from Acacia senegal (A. senegal). 
The gum is still utilized in production of matches, inks, paints and sweet shop 
(Firewood crops 1980; Natural vegetation assessment report. 2008).

8.5  Application of A. indica and A. nilotica in Soil 
Reclamation

8.5.1  Amelioration of Sodic Soil by A. indica and A. nilotica

Large portion of Indo-Gangetic alluvial plain is sodic land. In past few decades, 
their reclamation has gained much attention. From 1980 onwards, several workers 
initiated afforestation on sodic soils with salt-tolerant species (Sissay 1986; Totey 
et al. 1987; Sharma 1988). It has been observed that the growth of trees depends on 
the variation in the sodicity levels (Singh et al. 2011). Salt-tolerant species were 
identified according to the characteristics of sodic soil which may vary from place 
to place and from low to high exchangeable sodium percent (ESP) (Yadav and 
Singh 1970; Toth 1981). Later on, focus had been shifted from mere growth obser-
vation of salt-tolerant trees to biomass and productivity of few trees (Chaturvedi 
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1985; Dogra 1989; Singh 1991; Singh 1998; Chaturvedi et al. 1991; Chaturvedi and 
Behl 1996; Jain and Singh 1998). Keeping this in view, various plant species like A. 
indica, A. nilotica, Eucalyptus, etc. were grown which not only ameliorate the 
sodic/alkali soil but also provide biomass in terms of fuelwood, fodder, fibre, tim-
ber, etc.

Furthermore, the survival and growth performance of Prosopis juliflora, 
Terminalia arjuna, Pongamia pinnata, Acacia nilotica, Azadirachta indica, 
Eucalyptus tereticornis has been evaluated and studied (Singh et al. 2008), and it 
has been observed that survival of A. nilotica was >95%. After 10 years of planting, 
diameter at breast height was also maximum in A. nilotica, whereas crown diameter, 
lopped biomass and litter fall were minimum in A. indica. When the data on soil 
amelioration was evaluated, it was found that A. indica reduced the pH from 10.6 to 
9.8, electrical conductivity (EC) from 1.43 to 0.33(ds/m), organic carbon from 0.8 
to 2.7 and ESP from 85–92 to 56. A. nilotica showed more significant results which 
lowered the pH of same soil up to 9.7, EC to 0.77(ds/m), organic carbon to 3.5 and 
ESP to 56.The study also compared the rhizosphere acidification and phytoremedia-
tion in A. nilotica grown on saline sodic soil and A. ampliceps and observed that 
both the species of Acacia have shown higher improvement in the soil properties 
like pH, sodium absorption ratio (SAR), bulk density (BD) and infiltration rate 
(Abbas et al. 2016). A. ampliceps has been identified as more suitable species than 
A. nilotica. Furthermore, A. nilotica was also evaluated for determining its potential 
to improve sodic soil in Hosadurga Taluk of Chitradurga district, central dry zone of 
Karnataka (Basavaraja et al. 2011). On evaluation, it has been found that this spe-
cies had showed a noticeable reduction in pH and EC, SAR, ESP and increased 
concentration of Ca, Mg and K, organic carbon, cation exchange capacity (CEC) 
and other major nutrients. Suwalka and Qureshi (1995) reported study of nine tree 
species on sodic soil (Typic Natrustalf) in Rajasthan, India. Out of nine tree species, 
A. nilotica survived better. However, A. indica failed to survive. It was also reported 
that higher ameliorative effect was showed by A. nilotica than A. indica.

Thus, based on above studies, it can be concluded that A. nilotica has more capa-
bility to reclaim sodic soil. However, A. indica has less potential to reclaim it; in 
some of the studies it did not even survived on the sodic soil.

8.5.2  Anticlastogenic Activity of A. indica and A. nilotica 
by Removing Organic Contaminants

Anticlastogenic activity is the mutation which occurs when the base pair sequence 
of DNA or RNA is altered. It may occur because of several factors, e.g. exposure to 
ultraviolet or ionizing radiation, chemicals, during cell division or DNA replication. 
Mutation can be minimized by using anticlastogens which interfere with DNA 
repair, mutagen metabolites or with free radicals. There are several natural compo-
nents-originated anticlastogens (e.g. flavonoids, tannins, carotenoids, phenolics, 
pigments, etc.). It has been reported that these chemicals also help in prevention of 
cancer (Vishwanatha et al. 2010).
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Several research findings reported that the extracts of different parts of various 
plants have anticlastogenic potential. A. indica and A. nilotica are among them. 
Vinod et al. (2011) evaluated the mutagenic and antimutagenic property of neem oil 
and its DMSO extract in in vitro Ames Salmonella/microsome assay and in vivo 
mouse bone marrow micronucleus test and reported anticlastogenic activity of neem 
oil in the micronucleus test. However, in the Ames assay neem oil showed lesser 
antimutagenicity against MMC, but it has been proven that the reduction of clasto-
genic effect of cyclophosphamide and mitomycin C can be extracted by neem leaf 
(Mukhopadhaya and Mukherjee 1998).

On the basis of results, it was concluded that methanol extracts of neem flowers 
(MENF) at 100 and 500 mg kg−1 body weight showed no clastogenic effects. But, it 
possesses anticlastogenic potential in the rat liver, particularly at high doses 
(Kupradinun et al. 2013).

A. arabica Wild or A. nilotica Wild is now known for several biological activi-
ties, viz. anti-free radical, anti-quorum sensing, chemopreventive, anthelmintic, 
antimutagenic, cytotoxic, antimicrobial, anti-inflammatory, etc. These properties of 
A. nilotica are mainly attributed to various metabolic active compounds in different 
parts of the plant, e.g. polyphenolic compound in bark, polysaccharides, calcium, 
magnesium in gums, proteins and amino acids, tannins, gallic acid, chlorogenic 
acid, etc. (Alambayam et al. 2014).

Furthermore, a correlation has been established between the antimutagenic and 
chemopreventive property of the bark of A. auriculiformis and A. nilotica by using 
Ames antimutagenicity assay and mouse mammary gland organ culture (MMOC) 
model in two different strains using both direct-acting and indirect-acting mutagens 
(Kaur et al. 2002). Anticarcinogenic activity test was done by observing the effect 
of chemical carcinogen 7,12-dimethylbenz[a]anthracene (DMBA). A good correla-
tion between antimutagenic assay and MMOC model suggested the antimutagenic 
and chemopreventive properties of both the species of Acacia.

Moreover, a leaf extract of A. nilotica showed significant anticlastogenic and 
chemopreventive properties as compared to other parts of this tree species (Kalavani 
and Mathew 2010). Extract of flower and gum are next to leaf in showing such 
activities (Meena et al. 2006). Kaur et al. (2005) reported that the anticlastogenic 
and cytotoxic activities against direct-acting mutagens (NPD or sodium azide) and 
S9-dependent mutagens 2AF are mainly due to the presence of gallic acid and poly-
phenols in acetone extract.

8.5.3  Biosorption

Biosorption is a process that allows certain biomass to accumulate and adsorb pol-
lutants onto its cellular structure. It is an economical method for the remedy from 
heavy metals or any other environmental contaminants from wastewater. Low cost, 
less generation of sludge, recovery of metal and regeneration of biosorbent make it 
successful over other conventional methods (Volesky and Holan 1995; Kratochvil 
and Volesky 1998). Bacteria, fungi, algae, agricultural waste, saw dust, etc. are 
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different categories of biosorbent (Vijayaraghvan and Yun 2008). Besides this, there 
are several other low-cost biomaterials that can be used as biosorbent of heavy met-
als. Several important phytochemicals, azadirachtin, salanin, meliantriol, nimbin 
and nimbidin of A. indica, have a great metal-binding capacity (Ang et al. 2012). 
Several scientific studies have been conducted on the utility of A. indica leaf as 
biosorbent material for the sorption of cadmium(II) (Sharma and Bhattacharya 
(2005), chromium(VI) (Babu and Gupta 2008), lead(II) (Bhattacharya and Sharma 
2004)) and copper (Febriana et al. 2010). Furthermore, the adsorption of A. indica 
bark for iron removal from aqueous solution was found to be 80% within few min-
utes of contact time (Rajjak and Bapurao 2013). In another study of adsorptive 
potentiality of A. indica, leaf powder and activated charcoal were compared for the 
removal of chromium(VI) ions from aqueous solution. Neem leaf powder was found 
to be more efficient and economical than the activated charcoal in the chromium 
removal (Tawde and Bhalerao 2010). The successful attempts have been made to 
remove basic dye called Rhodamine B from aqueous solution by A. indica leaf pow-
der in acidic pH range (Sharma et al. 2008). Bhattacharya and Sharma (2004) found 
52–99% removal of dye Congo red from its aqueous solution by using neem leaf 
powder as biosorbent. Biosorbent prepared from mature dried neem leaves was also 
effective in 80% removal of fluoride from aqueous solutions at pH range of 5–7 
using batch adsorption process (Bharali and Bhattachrya 2015). Furthermore, a 
study was conducted to evaluate the efficiency of neem leaf, stem and bark powder 
in the removal of zinc from wastewater. It was found that the biosorbent was effi-
cient in zinc uptake from wastewater. The bark powder of A. indica could also 
remove dye (Arshad et al. 2008; Srivastava and Rupainwar 2010).

Besides A. indica there are other plants also whose various parts could be consid-
ered as very effective biosorbent. In this context A. nilotica is a very good example. 
Thenmozhi and Santhi (2015) characterized activated A. nilotica seed pods for the 
adsorption of nickel from water solution. A. nilotica was found as a nontraditional 
low-cost biosorbent for the removal of Pb(II) and Cd(II) ions from aqueous solution 
(Waseem et al. 2014). The investigation of the biomass derived from the stem of A. 
nilotica had been done for the removal of As ions from surface water samples and 
observed 95% sorption efficiency (Baig et al. 2010). Thus powder of stem of A. 
nilotica can be used as low-cost biosorbent for As. Few researchers have used A. 
nilotica seed shell ash-supported Ni0.5Zn0.5Fe2O4 magnetic nanoparticles for the 
removal of Pb(II) from aqueous solution and reported it to be effective in controlling 
water pollution due to Pb(II) ions (Hosseini and Moeinpour 2016). The improved 
activated char of A. nilotica branches (CANBI) has been utilized to see the adsorp-
tion efficiency. This process not only efficiently removed the phenol, but CANBI 
was also successfully regenerated (Dass and Jha 2015). Hence, it has been investi-
gated that the physical characteristics of A. nilotica leaves can be utilized as an 
adsorbent for the removal of hazardous Cr(VI) ions from wastewater (Prasad and 
Thirumalisamy 2013).
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8.5.4  Removal of Radionuclides

Radionuclides in the soil pose significant risk to human and ecological wellbeing. 
These radionuclides go into the soil because of periodic nuclear accidents (e.g. 
Chernobyl disaster of 1986 and Fukushima Daiichi nuclear disaster in 2011) and 
utilization of radioactive material in different research, and formative tasks, bio-
medical, mechanical destinations, mining, atomic power plant and small fraction of 
radionuclides may even show genuine human wellbeing impacts. The commonly 
known radionuclides include cobalt-60 (60Co), plutonium-239 (239Pu), radium-226 
(226Ra), radon-222 (222Rn), technetium-99 (99Tc), thorium-232 (232Th) and uranium-
 238 (238U). However, the common radionuclides created through atomic reactors by 
means of the part of essential elemental atoms are thallium-201 (201Tl), iridium-192 
(192Ir), caesium-137 (137Cs) and strontium-90 (90Sr), which takes longer time to 
decay (Kurnaz et al. 2007). Additionally, 238U decays to form 226Ra, which has a 
half-life of 1600 years (Prakash et al. 2013). During the process of photosynthesis, 
both the stable inorganic components and the unstable ones (radioactive compo-
nent) discover their way into these plants. Natural radionuclides are exchanged and 
cycle through characteristic natural procedures and between the different ecological 
compartment by going into the biological community and food chain through direct 
or indirect contamination of natural radionuclides (Adewumi 2011; Elujoba et al. 
2005). It is possible for plants to absorb radionuclides during nutrient absorption 
through their roots and transport such nutrients via their phloem to their active por-
tions. The rate of natural radionuclide uptake is very much dependent on the activity 
concentration in the soil. The root uptake relies upon soil properties, e.g. pH, min-
eralogical organization, organic matter substance and nutrient status, and also meta-
bolic and physiological attributes of the plant species (IAEA 2006). Plant uptake of 
radionuclides is one of numerous vectors for the movement of characteristic radio-
nuclides into people from nature by means of food chain.

In recent years interest has been developed for usage of plants for the removal of 
radionuclides from soil (Entry et al. 1997; Zhu and Shaw 2000). Phytoremediation 
has been practised to a variety of radionuclide-affected areas. Different plants have 
different ability to accumulate radionuclides and decontaminate the soil (Dushenkov 
2003).

8.5.4.1  Estimation of Transfer Factor (TF)
The uptake of radionuclides or various elements by plants from the soil is regularly 
called as transfer factor (TF), the ratio of concentration of radionuclide/heavy metal 
in plant tissue and soil (in Bq.kg−1 or mg.kg−1) (Rao and Sudhakar 2013):

 
TF

Dry
=

Metal concentration in Plant tissue weight

Metal con

( )

ccentration in Soil weight from where the plant was gro( )Dry wwn.  

An experiment was carried out for uranium uptake from sandy soil treated with 
various concentration of uranium by utilizing two types of Acacia (A. albida and 
A. nilotica). Results revealed that there is a distinction in the capacity of the Acacia 
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seedlings examined to digest different concentration of uranium through their roots. 
A. nilotica showed the largest amounts of absorption and storage of uranium in dry 
weight of roots in various concentrations (202, 339, 1175 and 1477 μg.g−1, respec-
tively) of the concentrations (50, 100, 200 and 500 mgkg−1). In contrast with the 
root of A. albida, the absorption of uranium was (60, 54, 133 and 526 μg g−1) in the 
concentration of the same samples. The capacity of A. nilotica is superior to that of 
A. albida to uptake uranium from the soil, where 80–90% of the uranium is absorbed 
by the seedlings, contrasted with 44–85% in A. albida.

8.5.4.2  Case Study
Emphasis on plant research has increased in recent times, and a large body of evi-
dence has been collected to show the substantial potential of medicinal plants used 
in different traditional systems all over the world. About 70–80% of the world popu-
lation, particularly in the developing countries, relies on nonconventional medicine 
in their primary healthcare (Chan 2003; Desideri et al. 2010). Natural radionuclides 
are present in every domain of the environment: air, water, soil, food and humans 
(WNA 2014).

As indicated by the International Food Safety Authorities Network (INFOSAN 
2011), plants utilize as nourishment regularly have 40K, 232Th and 238U and their 
progenies. It is normal that resemblance would be found in plants utilized for thera-
peutic purposes since plants are the essential pathway of natural radionuclides going 
into the human body through the food chain. In a variety of concentrations, Naturally 
Occurring Radioactive Materials (NORMs) have always been present in every part 
of the earth and in the tissue of all living beings. Natural radionuclides such as 40K, 
232Th and 238U can be found almost everywhere, in soil, public water supplies, oil 
and atmosphere, thereby subjecting human beings to reasonable exposure (Ali 
2008; Varier 2009).

8.5.4.2.1 Materials
Tree barks of neem (A. indica) have been collected from the campus of Banaras 
Hindu University. Barks were grinded and washed over and over by double distilled 
water and dried at room temperature before being utilized as adsorbents.

Stock solutions of Cd2+, Hg2+ and Cr3+ (1.0 mol dm−3 ) were prepared by dissolv-
ing suitable measures of their salts (cadmium nitrate, mercuric nitrate and chromic 
chloride) in double distilled water and were standardized according to EDTA titra-
tion method (Flaschka 1964). The stock solutions have been diluted in the desired 
experimental sportive concentration as and when required and after that marked 
with their respective radionuclides (115mCd, t1/2 = 44.8 d, specific activity = 177.6 
± 10% MBq/g in dilute HNO3; 203Hg, t 1/2 = 47.0 d, specific activity = 151 ± 10% 
MBq/g in dilute HNO3 and 51Cr, t 1/2 = 27.8 d, specific activity = 222.7 ± 10% 
MBq/g in dilute HNO3) procured from the Board of Radiation and Isotope 
Technology (BRIT), Mumbai (India).
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8.5.4.2.2 Sorption Measurement
The sorption estimations were done by mixing at regular interval and equilibrating 
0.1 g of tree bark test with 10.0 cm3 of named sorptive solution, centrifuged for 
phase division, and after that supernatant solution was investigated for its β-activity 
estimation utilizing an end window GM counter. Radioactivities of a few specimens 
were additionally checked for their g-activity utilizing either a single channel 
γ-spectrometer (ECIL, Nucleonix, Hyderabad) or an MCA coupled gamma spec-
trometer (Canberra Series 35 Plus or Nucleonix, Hyderabad). Methods for the esti-
mation of quantity adsorbed and different parameters were similar to those given in 
earlier works (Mishra et al. 1996).

8.5.4.2.3 Irradiation of Adsorbents
Irradiation of sorbent (neem barks) at various time intervals was done utilizing a 
11.1 GBq (Ra-Be) neutron source having an integral neutron flux of 3.8 × 106 n/cm2/s 
and associated with a nominal γ-dose of ca. 1.72 Gy/h furthermore utilizing a high 
dose γ-cell (60Co source) unit GC-900 (BRIT, Mumbai, India) having an action of 
ca. 94.4 ATBq (mean dose rate of 4.66 kGy/h). The irradiated biomasses were then 
utilized along with unirradiated materials for the uptake investigation of three ions 
(viz. Cd2+, Hg2+ and Cr3+) from aqueous solutions.

8.5.4.2.4 Results and Discussion
All results reported are an average of, at least, four independent measurements. The 
effect of concentration (10−2 to 10−8 mol dm−3) of Hg2+ and Cr3+ on the uptake 
behaviour of neem bark was studied. The resultants of such analysis were displayed 
as a graph for the amount sorbed against time for uptake of Hg2+ on neem bark 
(Fig. 8.3a) and Cr3+ on neem bark (Fig. 8.3b).

It is evident from these time-rate curves that at first the uptake of metal particles was 
very fast, turning out to be slower with the time and afterwards an evident  balance 
between the two stages was reached inside of ca. 4 h of contact time. No further 

Fig. 8.3 Time variation of sorption of (a) Hg2+ and (b) Cr3+ ions by neem (A. indica) bark at 
 different concentrations of sorptive (Tiwari et al. 1999) 
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change in sorption occurs even after 24 h of contact of the bulk solution with solid 
sorbents. It was observed that most metal uptake happens during the initial time of 
contact which is comparable with prior reports (Mishra et al. 1997a, b; Scott et al. 
1995) on dead biomasses. Moreover, on living biomasses, Aspergillus niger, Penicillium 
spinulosum and Trichoderma viride (Townsley et al. 1986), the sorption of heavy metal 
particles was observed to follow the same pattern, and it was recommended that the fast 
accumulation is because of increased pH during the uptake process.

Furthermore, the concentration data has been investigated for Langmuir and 
Freundlich adsorption isotherms. It was observed that the data fit well to the estab-
lished Freundlich equation, instead of the Langmuir mathematical equation for the 
studied systems:

 log / log loga n c ke e= +1  

where ae and ce are the amounts sorbed (mol g−1) and bulk concentration (mol 
dm−3) at equilibrium and K and 1/n are the Freundlich constants referring to sorp-
tion capacity and intensity of sorption, respectively. The straight lines were found 
for these systems on plotting log ae vs log ce (Fig. 8.4) at 293 K, which gives the 
value of K and 1/n by intercept and slope of these lines, respectively, and are 
returned in Table 8.3.

The estimation of 1/n being less than 1 demonstrates that the surface of sorbent 
is heterogeneous in nature and demonstrates the energy of the adsorption sites to 
have an exponential dispersion (Benes and Majer 1980).

In addition of the two heavy metal toxic ions (Hg2+ and Cr3+), an attempt was 
made for the sorption of Cd2+ ion on the surface of neem bark tests, and results 
demonstrated that this ion did not adsorb considerably (just up to 3–5%), and 

Fig. 8.4 Freundlich 
isotherms of Hg2+ and Cr3+ 
on neem (A. indica) bark 
(temperature: 293 K) 
(Tiwari et al. 1999)
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consequently further tests were not done with this ion. Similar results were also 
obtained for Cd2+ on rice husk (Mishra et al. 1997a)

8.6  Comparative Analysis of Phytoremediation Potential 
and Biofuel Efficiency of A. indica and A. nilotica

8.6.1  Biofuel Efficiency of A. indica

Biodiesel has advantages that include properties such as biodegradability, renew-
ability, less toxicity and few emissions of gaseous and particulate pollutants with 
larger cetane number than normal fossil fuels. The overall process for extracting 
biodiesel from natural oil from the plant species is described in Fig. 8.5.

Charcoal which is made up from A. indica wood is of very good quality, and the 
wood has been used as firewood since ages. Oil from A. nilotica is used for burning 
the lamps throughout India. A. indica seeds as nonedible plant oil sources can also 
be used for biodiesel and bioethanol production. To determine the catalytic conver-
sion of nonedible oil sources for the generation of biodiesel and maximizing the use 
of biomass, two case studies have been discussed here.

8.6.1.1  Case I: Biofuel Production from A. indica Seeds Using 
Transesterification

Transesterification utilizes alcohols in the presence of acid, a base or enzyme as a 
catalyst relying on the free fatty acid content of the crude materials. This chemical 
process breaks the triglyceride molecules into alkyl esters as biodiesel fuels and 
glycerol as a byproduct (Khandelwal and Chauhan 2012).

8.6.1.1.1 Materials
Seeds of A. indica were collected, washed and dried in an oven (37 °C) for the oil 
extraction. Some chemical content such as sodium hydroxide (99% purity, analytical 
grade, Acros Organics) and methanol (99.8%, analytical grade, Fluka) were added 
before applying yeast strains to culture the A. indica in the biological laboratory.

8.6.1.1.2 Methods
A. indica seeds were mechanically pressed while adding warm water (10–20 ml) to 
press out the oil. Solvent extraction using n-hexane has been performed to enhance 
the recovery of oil from the seeds and then the n-hexane has been evaporated using 

Table 8.3 Freundlich parameters for the sorption of Hg2+ and Cr3+ on neem (A. indica) bark (tem-
perature: 293 K)

System 1/n K (mol g−1) × 102

Neem bark, Hg2+ 0.846 (±0.007) 33.1 (±0.97)

Neem bark, Cr3+ 0.936 (±0.003) 6.91 (±0.79)

The uncertainty quoted is ±3σ
Tiwari et al. (1999)
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a rotary evaporator. The collected oils from A. indica seeds have been stored to 
perform the transesterification process on it. Transesterification process of recov-
ered oil from the neem seeds was performed.

8.6.1.1.3 Ethanol Fermentation from Biomass
At the final stage of producing ethanol from the biomass, 30 g of A. indica was 
mixed with 100 ml of distilled water. In sterilized mixture, cultured yeast (3.5 g) 
was added in 50 ml of water to perform its fermentation. Finally, ethanol was col-
lected through distillation (1–3% yield) (Lin and Tanaka 2006).

The viscosity and specific gravity of A. indica oil and A. indica biodiesel were 
compared with standard for diesel fuel (ASTM Standard D 975) and standard for 
biodiesel fuel (ASTM D 6751) in Table 8.4.

Oil

Catalyst

Methanol
Hotbox Oven

Separator

Glycerol

Ester

Methyl

Dryer

Methanol Removal

Neutralization
&Washing

Methyl Ester

WaterFatty Acid
Dryer

DryerFinished Biodiesel

Finished Biodiesel

Fatty Acid
Glycerol
HCl Acid

Salt

Methanol
H2SO4

Fig. 8.5 Schematic biodiesel process (Khandelwal and Chauhan 2012)

Table 8.4 Viscosity and specific gravity of different fuels (Lin and Tanaka 2006)

Fuel Viscosity at 40 °C (mm2/s) Specific gravity at 25 °C

Standard for diesel fuel  
(ASTM Standard D 975)

1.3–4.1 0.85

Standard for biodiesel fuel  
(ASTM D 6751)

1.6–6.0 0.88

A. indica oil 15.29 0.93

A. indica biodiesel 5.246 0.85
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8.6.1.2  Case II: Production of Biodiesel via Neem Seeds Oil 
by Utilizing Their Base-Catalysed Transesterification and Its 
Mixing with Diesel

8.6.1.2.1 Plant Material
The organic substances consisted of some neem oil acquired by solvent extraction 
from A. indica’s fully developed fruit seeds. Such collected seeds were then washed 
and first dried naturally and followed by oven drying at 40 °C for a week.

8.6.1.2.2 Methods
The process for extracting biofuels from the A. indica involved extraction of oil, 
physiochemical characterization, fatty acid analysis, transesterification of neem 
seed oil and blending of diesel and neem seeds oil.

8.6.1.2.3 The Extraction of Oil
The oil utilized for the transesterification and mixing with diesel was separated with 
the Soxhlet technique by taking cyclohexane as solvent.

8.6.1.2.4 Transesterification of the Neem Seeds Oil
Generally biodiesel is produced by the process of transesterification. A reaction 
between oil and an alcohol (usually methanol or ethanol) produced alkyl esters 
(often methyl or ethyl) and glycerol. These reactions are reversible, so an excess of 
alcohol is used to shift the balance in the direction of the product (esters and glyc-
erol) synthesis. In the industrial process, a molar ratio (alcohol/oil) of 6:1 is mostly 
used to obtain greater conversion rate to 98% (Kaura et al. 1998).

Most frequently methanol is used as alcohol because it is cheaper, but it is more 
toxic. Hence, ethanol is considered as a better choice. The kinetics of reaction trans-
esterification process could be enhanced by using a base, an acid or enzymes as 
catalyst. The transesterification was carried out by taking ethanol/oil in a molar ratio 
6:1, and the catalyst (sodium hydroxide) was fixed at 1% of the oil (w/w). The reac-
tion took place in a protected reactor manufactured by PIGNAT Company (France), 
equipped with a stirrer EUROSTAR of Ika-Werke type at 75 °C. The stirring speed 
was fixed at 1200 rpm. Towards the completion of the transesterification process, 
the reaction mixture was neutralized by adding citric acid at 6%. The partition of the 
two phases (glycerol and ester) was done by utilizing a separator funnel after 24 h 
of decantation (Kaura et al. 1998).

8.6.1.2.5 Blending of Diesel and Neem Seeds Oil
Mixing or blending of neem seeds oil with diesel is a process called as biodiesel 
synthesis, in which vegetable oils are diluted with diesel fuel or with an ethanol 
solvent. In this study the NSO–diesel blend (NSODB) was prepared by taking 1:5 
ratio of oil–diesel as the ratios in this range, i.e. 1:10 to 1:5, were found to be effec-
tive. Dilution is then followed by mixing in which mixture was homogenized by 
stirring in the reactor at room temperature before being analysed (Djibril et al. 2015; 
Hashmat et al. 2012).
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8.6.1.2.6 Physicochemical Properties of the Neem Seeds Oil
To characterize neem seed oil, various physicochemical parameters were analysed 
and furnished in Table 8.5. The calorific value of neem seeds oil was calculated by 
utilizing the following empirical relationship: calorific value = 11,380 − iodine 
value − 9.15 × saponification value (Djibril et al. 2015).

Neem seed oil showed high saponification index (200.54 mg g−1) which indi-
cated its high degree of saponification. In this case, more water or little alcohol may 
cause soap formation during the transesterification. But the less water content of 
neem seed oil (<0.05%) did not cause saponification during the transesterification 
and subsequent process of separation and cleaning. The ash (0.02%) content was 
found within the maximum value (0.1%); it would not affect the functioning of the 
injection pump and the cylinder. The sulphur content (0.11%) was lower than its 
maximum limit. However, the carbon residue content was found noticeably very 
high (1.45%), which is beyond permissible limit for diesel (0.2%), which increases 
the chances of their deposition after combustion. NSO has relatively high net calo-
rific value (39.53 MJ/kg), which renders it as good source for biodiesel production. 
The high flashpoint of NSO (227 °C) ensures safety from risk of catching fire during 
working. It cannot be used as fuel in the colder condition because it has freezing 
point (10 °C) and the pour point (12 °C), which are well below those of diesel. The 
viscosity of the NSO was reported 49.79 mm2/s much higher than that of diesel and 
for fuel application; therefore it should be reduced by transformation of the triglyc-
erides into fatty acids esters or by dilution with diesel.

Table 8.5 Physicochemical 
properties of NSO

Characteristics Value Methods

Acid value (mg.g−1) 9.10 AFNOR T60–204

Saponification value (mg.g−1) 200.54 AFNOR T60–206

Iodine value (g.100 g−1) 74.82 AFNOR T60–203

INS 126 -

Peroxide value (meq O2.kg−1) 1.49 AFNOR T60–220

Density at 25 °C 0.912 ASTM D 4052

Refraction index at 25 °C 1.465 Direct reading

Viscosity at 37.8 °C (mm2 .s−1) 49.79 ASTM D 445

Calorific value (MJ.kg−1) 39.53 -

Flashpoint (°C) 227 °C ASTM D 93

Freezing point (°C) 10 °C ASTM D 97

Pour point (°C) 12 °C ASTM D 97

Ash (wt%) 0.02 ASTM D 482

Carbon residue (wt%) 1.45 ASTM D 189

Sediments (wt%) 0.01 ASTM D 4052

Water content (% v) < 0.05 ASTM D 9590

Djibril et al. (2015), Kaura et al. (1998), and Hashmat et al. (2012)
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8.6.1.2.7 Determination of Fatty Acid Composition of Neem Seeds Oil
The fatty acid profile was found by analysis of its fatty acid methyl esters (FAME) 
in gas chromatography (GC) using the French Standard NF ISO 5508. The four 
primary fatty acids (Table 8.6) found in neem seed oil were oleic acid (41.91 ± 
0.69%), linoleic acid (19.59 ± 0.44%), stearic acid (18.71 ± 0.46%) and palmitic 
acid (15.59 ± 0.27%). The high proportion of linoleic and oleic acid proportion was 
also reported in Jatropha oil and Pongamia pinnata (Karanja). In neem seed oil, 
these fatty acids constitute major proportion (95.80%) of the total fatty acids. The 
ratio of unsaturated/saturated fatty acids was around 60%, which renders the neem 
seed oil as unsaturated in nature.

8.6.1.2.8 Impact of Reaction Time on Ester Yield
The impact of reaction time on the synthesis of the ethyl esters was studied at 75 °C 
with 1% (w/w oil) of catalyst and a molar ratio 6:1. The analysis conducted at fixed 
time intervals, i.e. after 30 min, 60 min, 90 min, 120 min, 150 min 180 min, 210 min 
and 240 min (Figs. 8.6 and 8.7), showed the fast production of esters. After 30 min, 
there was 58% of ester yield, and after 60 min it was 92%. However, the maximum 

Table 8.6 Fatty acid 
composition of neem  
seeds oil

Composition %

C16:0 Palmitic acid 15.59±0.27

C16:1 Palmitoleic acid 0.12±0.00

C18:0 Stearic acid 18.71±0.46

C18:1 Oleic acid 41.91±0.69

C18:2 Linoleic acid 19.59±0.44

C20:0 Arachidic acid 1.33±0.01

C18:3 Linolenic acid 0.44±0.01

C20:1 Gadoleic acid 0.08±0.00

C22:0 Behenic acid 0.86±0.38

Saturated fatty acids 37.00

Unsaturated fatty acids 63.00

Djibril et al. (2015), Kaura et al. (1998), 
Hashmat et al. (2012)
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yield (93–95%) was observed after passing of 90 min of reaction. These results 
were similar to those researchers who used Jatropha oil with KOH catalysis, on the 
Thumba oil with NaOH and KOH catalysis and on the palm oil in alkali catalysis.

After the investigation of above study, it is evident that Azadirachta (neem) seeds 
oil could be considered as a renewable source of fuel. The physical and thermal 
properties of the ethyl esters (NSOB) acquired by transesterification of NSO with 
NaOH catalysis are very close to those of diesel. The NSO–diesel mixture (NSODB) 
provides even closer properties. Thus, the utilization of the NSOB and the NSODB 
as biofuel in the diesel engines can be envisaged.

Furthermore, the analysis and comparative study of Azadirachta biodiesel (ABD) 
with petroleum diesel (PD) indicates the results as (Djibril et al. 2015):

Properties Result (ABD) PD ASTM

Density at 15 °C kg/m3 874 838 890

Viscosity at 40 °C (mm2/s) 4.4 5 6.0

Specific gravity at 20° (0 °C) 0.876 0.816 0.862 0.862

Calorific value (MJ/kg) 39.25 44.21 –

Flashpoint (0 °C) 138 53 130–173

Fire point (0 °C) 145 59 –

Cetane number 59 40–55 51

Cloud point (0 °C) 11 7 –1

Pour point –20 –20 –

Acid value (mg KOH/g) 0.88 0.22 0.50

Carbon residue (%) 0.3 0.17 0.30

Water content 0.04 < 0.03 < 0.03

Sulphur content (%) 0.36 0.39 –

Sediment Nil – –

Note: ABD Azadirachta biodiesel, PD petroleum diesel, ASTM American Society for Testing and 
Material

100

80

60

40

20E
th

yl
 e

st
er

s 
yi

el
d

 (
%

)
0
0 50 100 150 200 250

Reaction time (min)

Fig. 8.7 Impact of 
reaction time on ethyl ester 
yield at 75 °C, molar ratio 
6:1 and catalyst 1% (w/w) 
(Djibril et al. 2015; Kaura 
et al. 1998; Hashmat et al. 
2012)

8 Phytoremediation Potential of Industrially Important and Biofuel Plants…



240

8.6.1.2.9 Study of Engine to Justify the Biodiesel Efficiency
This work was done to analyse the efficiency of diesel engine utilizing Azadirachta 
biodiesel mix (10–50%) in a single cylinder diesel engine and compared to petro-
leum diesel. The engine specification was given below in Table 8.7.

8.6.1.2.10 Engine Performance
The mixes of ABD and PD were utilized to test a single cylinder, four stroke and 
water-cooled motor at 1500 rpm. The motor was linked with electrical dynamome-
ter and DC generator. The efficiency [specific fuel utilization (SFC) and brake warm 
productivity (BTE)] of the motor was examined at various motor loads utilizing 
different ABD mixes at steady speed which were contrasted with PD. Figures 8.8 
and 8.9 demonstrated the summary of the trials attempted and their outcomes (Balat 
and Balat 2010).

Table 8.7 Engine efficiency 
for experimental analysis 
Djibril et al. (2015), Kaura 
et al. (1998), and Hashmat 
et al. (2012)

Name Kirloskar

BHP 5 HP at 1500 rpm

Speed 1500 rpm

Bore 80 mm

Stroke 110 mm

Fuel High-speed diesel

Loading EDDY current dynamometer

Cooling Water cooling system

Lubrication Forced type

No load (amps)

Variation of SFC (kg/kWh) of ABD blends with PD

0.48
0.43 0.44 0.44 0.46 0.45

0.330.310.290.30.30.29

0

PD 10% 20% 30% 40% 50%

0 0 0 0 0

Partial load (amps) Full load (amps)

Fig. 8.8 Variation of SFC of ABD blends with PD (Balat and Balat 2010; Mathiyazhagan et al. 
2013)
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8.6.1.2.11 Specific Fuel Consumption
Variation of SFC utilizing various ABD mixes at different motor loads was illus-
trated in Fig. 8.8. Information extracted from this figure that the SFC diminishes 
with increasing engine load. Usually SFC utilization of biodiesel increases with 
increase in the concentration of biodiesel, but the study demonstrated lower SFC 
utilization; this is because of more oxygen content and cetane number. The presence 
of this higher oxygen content leads to efficient ignition of ABD fuel ended with 
formation of lower SFC.

8.6.1.2.12 Brake Thermal Efficiency
The variations of BTE utilizing PD and ABD mixtures at various loads were shown 
in Fig. 8.9. In all the mixtures (10–50%), the BTE efficiency was enhanced when 
the load increases. This is attributed to increase in power output with the increase of 
load. The maximum BTE efficiency (28.74%) was achieved from 10% ABD which 
was higher than the PD (27.80%). The lowest BTE performance was noticed from 
50% ABD (27.26%). This is because of reduction in calorific value of ABD when 
increasing the concentration of BD with PD. However, the BTE of ABD blended up 
to 50% did not show significant difference. But further increase of BD level (above 
50%) showed reduction of BTE. Hence, this study recommended ABD mixture up 
to 50% as an alternative fuel to diesel engines (Balat and Balat. 2010; Mathiyazhagan 
et al. 2013).

27.8 28.74

No load (amps)

Variation of BTE (%) of ABD blends with PD

Partial load (amps) Full load (amps)

24.88
28.43

23.43
27.63 27.26

24.0923.4224.02
28.12

17.37

0 0

PD 10% 20% 30% 40% 50%

0 0 0 0

Fig. 8.9 Variation of BTE of ABD blends with PD (Balat and Balat 2010; Mathiyazhagan et al. 
2013).Hence, the above investigation and analysis recommend the application of ABD as an alter-
native fuel to diesel engines
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8.6.2  Biofuel Efficiency of A. nilotica

The pods of A. nilotica (family Leguminosae) are generally 7–15 cm long, green 
and covered with densely matted woolly hairs which are called as tomentose when 
young and greenish black when fully developed. The pods are indehiscent and 
tightly constricted between the seeds giving a neck jewellery appearance 8–12. 
Seeds are available per pod. The seeds are tightly packed, ovoid, dark brown shin-
ning with hard testa (Fig. 8.10c) (Adhikesavan et al. 2015).

8.6.2.1  Case I: Biodiesel from A. nilotica (Karuvel) Seed Oil
For study analysis a plant seed named Karuvel is considered which belongs to fam-
ily of A. nilotica. The Karuvel oil contains high content of free fatty acid (FFA); 
hence, a two-step stage process (first esterification of FFA and subsequently trans-
esterification) was carried out for the production of biodiesel (Adhikesavan et al. 
2015). Sulphuric acid and KOH were used as catalyst for esterification and trans-
esterification, respectively. The biodiesel produced was characterized by physio-
chemical properties and using gas chromatography, and high amount of unsaturated 
fatty acid methyl esters was found.

Fig. 8.10 (a–c) Karuvel tree and seeds (Adhikesavan et al. 2015)
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8.6.2.1.1 Materials
The Karuvel pods were collected from the Karuvel trees in and around Government 
College of Engineering, Tirunelveli, Tamil Nadu. The seeds were then removed 
from the pods for further processing. AR grade of methanol, n-hexane, potassium 
hydroxide and sodium sulphate were used. The fatty acid composition of Karuvel 
seed oil taken from the literature is given in Table 8.8 (Adhikesavan et al. 2015).

In CXX:Y, XX indicates the length of the carbon chain, and Y indicates the num-
ber of double bonds.

8.6.2.1.2 Oil Production by Solvent Extraction
Solvent extraction process was adopted to extract the oil from Karuvel seeds. 0.5 kg 
of seed powder was used for the extraction each time. The seeds were finely pow-
dered by a dry grinder and added to the extraction chamber. Anhydrous n-hexane 
(organic solvent) was added to the flask, and the temperature of the flask was main-
tained at 50 °C by using a thermostat. At this temperature, the hexane gets vaporized 
and reaches the condenser where it gets condensed and trickles in to the extraction 
chamber. The powdered seeds percolate in n-hexane solvent; thereby, the oil content 
from the seeds gets dissolved in to the solvent. This process was repeated till most 
of the oil from the seeds was extracted by the solvent. Then, distillation has been 
carried out to separate oil from n-hexane. The oil thus produced was filtered using 
Whatman No. 1 filter paper. Subsequently degumming process was carried out in a 
centrifuge with water to remove water-soluble phospholipids. The degummed oil 
was then treated with sodium sulphate to remove any traces of moisture. The oil 
yield was about 20% by weight (Hoekman et al. 2012).

8.6.2.1.3 Biodiesel Production by Transesterification
The Karuvel oil produced had a high acid number of about 18.2 mg KOH/g, respec-
tively (Adhikesavan et al. 2015).Therefore esterification of free fatty acids was done 
first. Methanol to oil molar ratio used for esterification was 9:1. Sulphuric acid was 
used as catalyst at 1 % w/w of oil. The esterification was carried out for about 2 h. 
The reactant mixture was allowed to stand in a separating funnel for 24 h. The oil 
layer that got settled at the bottom has been separated and used for transesterification. 
Transesterification process was done in a same experimental setup. The transesteri-
fication variables such as methanol to oil ratio, reaction temperature and speed of 

Table 8.8 Fatty acid 
composition of Karuvel oil

Fatty acids Percentage

Myristic acid (C14:0) 0.4

Palmitic acid (C16:0) 15.7

Stearic acid (C18:0) 9.0

Arachidic acid (C20:0) 1.2

Vaccenic acid (C18:1) 29.0

Linoleic acid (C18:2) 44.5

Adhikesavan et al. (2015)
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the stirrer were maintained as constant for all experiments at 6:1, 60 °C and 600 
rpm, respectively (Adhikesavan et al. 2015).

8.6.2.1.4 Quantification of Biodiesel
The quantification of methyl esters in Karuvel biodiesel was done using gas chro-
matography (GC). Fatty acid profile is given in Table 8.9. The percentage of satu-
rated and unsaturated fatty acid methyl esters in the biodiesel is 19.83% and 79.55%, 
respectively (Adhikesavan et al. 2015).

8.6.2.1.5 Estimation of Properties of Biodiesel
The estimated values of density, viscosity and ultrasonic speed were ±2.8×10−3  
g/cm−3, ±1.9×10−3 mm2/s−1 and 0.03%, respectively (Adhikesavan et al. 2015). The 
flashpoint of the biodiesel was measured using the Cleveland open cup apparatus. 
The cetane number of the biodiesel was estimated using equation. The measured 
physiochemical properties of biodiesel were given in Table 8.10 and compared with 
the biodiesel standards. The biodiesel produced from Karuvel oil had density, vis-
cosity, acid number, flashpoint and cetane number values well within the limits 
specified by ASTM D6751 and EN 14214 standards.

Table 8.9 Composition  
of fatty acid methyl ester  
in biodiesel

Fatty acids Percentage

Palmitic acid methyl ester 13.8

Behenic acid methyl ester 0.26

Arachidic acid methyl ester 0.74

Isostearic acid methyl ester 4.88

Lignoceric acid methyl ester 0.15

Elaidic acid methyl ester 11.22

Linoleic acid methyl ester 68.33

Adhikesavan et al. (2015)

Table 8.10 Physical and chemical properties of biodiesel

Properties Karuvel biodiesel

Standards

EN14214 ASTM D6751

Densitya (kg/m3) 890.1 860–900 –

Kinematic viscosityb (mm2/s) 4.2045 3.5–5 1.9–6

Acid number (mg KOH/g) 0.1923 0.5 max 0.80 max

Flashpoint (°C) 160 >101 130 min

Cetane number 51 51 min 47 min

Adhikesavan et al. (2015)
a measured at 288.15 K
b measured at 313.15 K 
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8.6.2.1.6 Impact of Catalyst Concentration on Biodiesel Yield
The influence of catalyst concentration on the methyl ester conversion of the vege-
table oil has been studied. From Fig. 8.11 it was observed that methyl ester yield 
was less when the catalyst concentration was lower at 0.5% w/w (Adhikesavan et al. 
2015). The optimal yield was achieved with 1% w/w catalytic concentration. Any 
further increase in the catalytic concentration had adversely affected the methyl 
ester yield that may be probably due to saponification process.

8.6.2.1.7 Influence of Reaction Time on Biodiesel Yield
It was observed (Fig. 8.12) that the conversion of methyl ester was lower at 30 min 
reaction time. However when the reaction time was increased to 1 h, the yield was 
found to be maximum. Any further increase in reaction time has not drastically yielded 
more methyl ester. Adhikesavan et al. (2015) have reported the similar observations.
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Hence, from the experiments conducted, it can be concluded that biodiesel has 
been successfully produced from nonedible Karuvel seeds. From GC analysis, it 
was found that the amount of unsaturated fatty acids was high (79.55 %). The physi-
cochemical properties of the biodiesel were found well within the limits specified 
by international standards, thereby indicating that this biodiesel may be used in 
diesel engine with proper blending with petrodiesel (Adhikesavan et al. 2015).

8.7  Challenges and Opportunities

A review of several pilot-scale applications reveals that phytoremediation is at least 
50% less costly than excavation and it is also cheaper than bioremediation, in accor-
dance with other data (Adhikesavan et al. 2015; Hoekman et al. 2012). Some tradi-
tional remediation methods usually have several demerits such as generation of 
atmospheric emissions and huge quantity of additional wastes that need to be dis-
posed of and not being suited for the treatment of soils that are to be reused for 
agricultural or similar purposes of plant/biomass production (Hashmat et al. 2012).

A number of authors have argued that the accomplishment of phytoremediation 
at commercial level relies on the generation of profitable or valuable biomass on 
contaminated land rather than as a pure remediation technique that may not com-
pare positively with the costs of inaction or alternative technologies (Balat and Balat 
2010; Mathiyazhagan et al. 2013). Valuable biomass includes timber, biofuel, feed-
stock for pyrolysis and biofortified products (enriched in Fe, Zn or Se) for food 
nutrients or ecologically important species.

The main challenge regarding the use of biomass for bioenergy is the issue of 
pollutant emission and heavy metal present in the biomass. Pollutants in the crops 
may cause problems in later phases of biofuel production, and the decision on 
whether crop uptake should be encouraged or not varies from case to case. There 
must be a risk management of the crops or crop choices, and clones can be made 
that prevent take-up of contaminants using excluders instead of hyperaccumulators 
(Basavaraja et al. 2011). There is insufficient knowledge regarding the emissions 
that may be generated in the use of plants and wood material for bioenergy. More 
research is needed about the uptake mechanism of different crops, rate of combus-
tion and emissions, ingredients present in biofuel under different conditions and 
different techniques in order to confident in using end products of phytoremediation 
for bioenergy with minimum ecological impacts.

Another important challenge is that current legislation and practice in soil reme-
diation are based on the total concentrations of the contaminants present in the soil 
and not on functionality of soil or risk-associated land management, which can be a 
barrier to the use of phytoremediation which is a slow remediation process (Qadir 
et al. 2006). Regarding the opportunities, there are various lands in the world where 
growing of food and feedstock crops is not possible because as a result of non-point 
source contaminations, excessive amounts of pollutants are present, and repeated 
applications of chemical fertilizers and pesticides, along with atmospheric deposi-
tion, cause economic losses and adverse impacts on the human food chain and 
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health. In Germany 1999, approximately 10,000 ha of cultivable field have been 
taken out of food production due to heavy metal contamination (Abbas et al. 2016). 
In Sweden 2009, it was found that 75,000 ha of contaminated land could be suitable 
for phytoremediation with bioenergy crops (Trapp and Karlson 2001). In England 
1993, there are some 39,000 ha of ‘derelict land’, defined as ‘Irreparable damage of 
land by industrial or other developmental activities, which cannot be used without 
treatment’ (Pierzynski et al. 1994).

Now much attention is paid to the ideas of the disposal of agricultural and munic-
ipal solid wastes (to remove nitrates and other nutrients from municipal wastewater 
‘polishing’, farmland drainage water and sewage sludge) on energy crops 
(Adhikesavan et al. 2015). This practice will meet the requirement of organic matter 
and nutrients needed for plant growth at a low cost, whilst enabling controlled dis-
posal of wastes on a nonedible crop (Pierzynski et al. 1994). Other authors have 
argued that the irrigation with leachate from municipal solid waste would have 
negative impacts on soil micro- and mesofauna, which are known to be essential in 
healthy ecosystem functioning (Hoekman et al. 2012).

The profound and vast root systems of short rotation coppice (SRC) are used as 
a purifier during the process of wastewater treatment with an excessive biological 
oxygen demand (BOD) and eutrophication condition. An extensive distribution of 
SCR in the landscape (particularly along watercourses) could minimize non-point 
source pollution of water with plant nutrients (Reeves and Baker 2000). A plant 
habitat and the community along the river banks are the key filter that moderates 
and slows down runoff flow, accumulating sediments, manures, plant waste and 
humic substances that would be otherwise deposited in the stream flow (Reeves and 
Baker 2000; Hoekman et al. 2012).

Other authors have suggested that phytoremediation is the ideal technology for 
mitigating landfill environmental problems including soil and groundwater pollu-
tion, leachate formation and release of various greenhouse gases (especially if post- 
closure treatment of landfills is not proper or the conventional clay landfill capping 
is deteriorated) (Adhikesavan et al. 2015; Hoekman et al. 2012).

It could also be presumed that the growing of short rotation coppice (SRC) and 
perennial energy grasses (PEG) for heat and power production would become more 
significant when new technologies introduced in market and bio-heat options, even 
for domestic use, are further developed (Hoekman et al. 2012).

Other benefit of phytoremediation is that crops with high concentration of metal 
pollutants could be regenerated for further use (Hoekman et al. 2012).The technique 
used for the recovery of these metal pollutants is electrokinetics, which takes out 
pollutants from the media by electric current and transfers them to electrolyte solu-
tions, where they are collected and treated (Djibril et al. 2015; Adhikesavan et al. 
2015). Several workers have successfully removed heavy metal from fly ash 
obtained from the combustion of municipal solid waste and waste wood (Adhikesavan 
et al. 2015; Hoekman et al. 2012).

Recent development of transgenic plants and bacteria that enhance phytodegra-
dation of contaminants could also be an exciting opportunity for bioenergy produc-
tion through phytoremediation (Hoekman et al. 2012). Phytoremediation may 
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provide the solution, given the low costs involved. Bioenergy crop cultivation on 
contaminated land could be a cost-effective alternative of phytoremediation of these 
sites, simultaneously providing soil that does not compete for food production, 
reducing the combustion of fossil fuel, generating employment options and provid-
ing efficient treatment of contaminated sites (Djibril et al. 2015; Adhikesavan et al. 
2015; Hoekman et al. 2012). However, the use of bioenergy resulting from phytore-
mediation is constrained due to paucity of knowledge regarding the emissions that 
may be generated and the issues associated with pollution transfer, especially for 
heavy metals. There is certainly an opportunity for soils contaminated with organics 
and nutrients (N and P) where that problem does not exist.

8.8  Conclusion

The above study clearly showed that A. indica and A. nilotica are two tree species 
which not only possess immense industrial, commercial and therapeutic properties, 
but their various parts (seeds, leaves, root, stems, barks, etc.) can also be used in 
phytoremediation to remove various contaminants (heavy metals, dye, radionu-
clides, pesticides, etc.) from the soil. Both these nonedible tree species can effec-
tively amend the sodic/alkaline soil. Anticlastogenic and chemopreventive activity 
of both the plants have also been reported in various studies. Application of phytore-
mediation technique on some wasteland can be converted into a success story if we 
use such plants which possess above said quality and whose biomass can be used as 
biofuel. The above study revealed that A. indica and A. nilotica are two tree species 
which can produce biodiesels. Their density, viscosity, specific gravity, calorific 
values, cetane number, flashpoint, etc. meet the requirement specified by American 
Society for Testing and Material (ASTM) with slight variation from each other. 
Their comparative study revealed that A. indica-based biodiesel (ABD) showed 
density at 15 °C kg/m3 = 874, viscosity at 40 °C (mm2/s) = 4.4, specific gravity at 20 
°C = 0.876 and calorific value (MJ/kg) = 39.25), cetane no. = 59 and flashpoint  
(0 °C) 138, whereas A. nilotica (Karuvel) biodiesel showed density at 150 C kg/m3= 
890.1, viscosity at 40 °C (mm2/s) = 4.2, flashpoint (0 °C) =160 and cetane no. = 51. 
Thus by growing these tree species, we can maintain good health of various compo-
nents of environment (soil, water, air, etc.) and solve the problem of energy crisis by 
increasing the efficiency of biodiesels derived from both the trees.
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9Efficiency of an Industrially Important 
Crop Hibiscus cannabinus 
for Phytoremediation and Bioenergy 
Production
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Abstract
The present chapter discusses the geographical distribution of Hibiscus cannabi-
nus and its versat ile applications. It is an annual, short-day, low input require-
ment, high biomass-yielding non-food crop which is cultivated since 4000 BC in 
Africa. It belongs to family Malvaceae and section Furcaria. It is an important 
fibre crop which has numerous industrial applications. It is mainly cultivated for 
bast and core fibres which are used in making of ropes, twine, composites, bed-
ding materials, absorbents, highly efficient paper, fabrics and building materials. 
It is also considered as a potent candidate for phytoremediation of heavy metals 
and oils. Seed oil can be used for treatment of various health disorders like cho-
lesterol level, blood pressure, etc. Numerous studies have been conducted on H. 
cannabinus (kenaf) which proved that it is also a green alternative for the produc-
tion of eco-friendly and reliable bioenergy. It also sequesters carbon dioxide 
which is considered as a greenhouse gas and thus contributes in reducing the 
consequences of global warming.
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9.1  Introduction

Kenaf (Hibiscus cannabinus) is an annual, spring, herbaceous, dicotyledonous 
non- food crop belonging to family Malvaceae section Furcaria (Dempsey 1975; 
Saba et al. 2015). It is found in tropical and temperate climates and distributed 
between 45°N and 30°S (Muchow and Wood 1983; Duke 1983). It is a fibre, non-
food crop originated in Africa about 6000 years ago (Dempsey 1975). Its cultiva-
tion for the production of fibre came into light from the beginning of the twentieth 
century in countries like India, Sri Lanka, Thailand, Malaysia and Java (FAO 
2003). Kenaf has wide industrial applications as its bast, and core fibres of stem are 
used as a raw material in the production of ropes, twines, composites, absorbents, 
paper, building materials, etc. (Hamid 2008; Lips et al. 2009). Workers like Le 
Roux (2007); Zwane and Masarirambi (2009) suggested that the natural, low-cost, 
high-quality and low- density fibres of Kenaf have been used as an eco-friendly 
alternative to plastics and thus contributes to environmental sustainability. The 
industrial product such as paper made from kenaf can be recycled and thus pro-
vides an alternative to overcome the economic, social and environmental chal-
lenges of the coming future. It also acts as a suitable phytoremediator for removal 
of heavy metals like copper, chromium, cadmium, lead, zinc, etc. and hydrocar-
bons from the environment as it produces high biomass (Arthur et al. 2003; Nabulo 
et al. 2011; Wong et al. 2013). Many medicinal properties are exhibited by the oil 
extracted from the seed of this plant (Agbor et al. 2005; James et al. 2013). The oil 
contains antioxidants and polyunsaturated fatty acids which cure many health dis-
orders like cholesterol level, blood pressure, etc. Nutritional value of oil is high due 
to presence of lipid-soluble bioactives and linoleic, oleic and palmitic acid (Coetzee 
et al. 2008). This plant also sequesters CO2 gas and thus reduces the level of this 
greenhouse gas in the environment which ultimately contributes to global warming 
which is considered as a global environmental issue (Mazumder et al. 2005; 
Bakhtiari et al. 2011; Hossain et al. 2016). Energy crisis is one of the other major 
problems faced by the population due to continuous consumption of non-renew-
able energy resources (Langan et al. 2011). Kenaf biomass has been proved to be a 
cost-effective and renewable resource for the production of bioenergy (Conde-
Mejía et al. 2012; Azadi et al. 2013; Muhammad et al. 2013; Kojima et al. 2014; 
Saba et al. 2015). Heat and electricity are being produced by the solid fuel, solid 
residue produced by the pretreatment and hydrolysis of kenaf biomass (Demirbas 
2004). Kenaf has proven to be an economically important plant as it produces eco-
friendly biofuels which are important for sustainable development of ecosystem. 
This chapter lays emphasis on the geographical distribution and economical impor-
tance of kenaf.
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9.2  Geographical Distribution of Hibiscus cannabinus

Hibiscus cannabinus is commonly known with several names like kenaf, Bimli jute, 
teel, mesta, palungi, stokroos, Java jute, dah, gambo, rama, papoula de São Francisco, 
Deccan hemp, vegetable kenaf, Guinea hemp, etc. More than 400 species of Hibiscus 
have been reported. Kenaf resembles closely with cotton, okra and hollyhock. Lateral 
root system of this plant makes it drought tolerant. Kenaf stem consists of a core region 
and the outer bark, both containing fibres. The main components of fibres are alpha 
cellulose (58–63%), hemicelluloses (21–24%) and lignin (12–14%). Under appropri-
ate conditions, kenaf can grow up to 4–5.6 m height with stem diameter 24–52 mm in 
about 4–6 months. Kenaf is a fibre plant originated in Africa about 6000 years ago 
(Kaldor et al. 1990; LeMahieu et al. 2003; Cheng et al. 2004). It is found in tropical and 
temperate climates and distributed between 45°N and 30°S (Duke 1983; Muchow and 
Wood 1983). It is found mainly in the savanna region of West and Central Africa. 
Dempsey (1975) reported the existence of kenaf in Southern Asia in the beginning of 
the eighteenth century and was cultivated in India for the first time. From India, it was 
then disseminated in other Asian countries. Literature about cultural relationship 
between the Indus Valley and Egypt has given the evidence of kenaf distribution from 
Africa to other Asian countries. Kenaf got expanded in mainland China from Taiwan in 
the beginning of 1900 (Charles 2002; Li 2002). Russia started to produce kenaf in the 
year 1902, and its cultivation at commercial level started in USSR and Asia in the 
1930s. During the Second World War, it was introduced in the USA. Its cultivation for 
the production of fibre came into light from the beginning of the twentieth century in 
countries like India, Sri Lanka, Thailand, Malaysia and Java. It is cultivated as a com-
mercial fibre crop in India, Indo-China, Togo, Benin, Niger, Kenya, Tanzania, Malawi, 
Taiwan, Indonesia and North and South America. Kenaf is being cultivated in more 
than 20 countries as evident from the reports of FAO (2003). Countries like India, 
China and Thailand are the major kenaf producers at commercial level.

 

Hibiscus cannabinus (kenaf ) (Source: Google Images)
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9.3   Industrial Importance of H. cannabinus

9.3.1  Medicinal Importance

Various parts of H. cannabinus, viz. stem, leaves and seed, exhibit medicinal prop-
erties. The presence of carotenoids, flavonoids, alkaloids, vitamins and phenolics in 
kenaf confers it with numerous antioxidative properties (Thaiponga et al. 2006; 
Makari et al. 2008; Mukherjee et al. 2010). It has been reported from the study of 
Mishra et al. (2007) that intake of these antioxidants recovers disorders in lipid 
metabolism, prevents erythrocyte haemolysis, improves dyslipidaemia and also pre-
vents the body from various diseases like cataract, cancer, nerve disorders, high 
blood pressure and cholesterol level, arthritis, cold and cough (Anila and 
Vijayalakshmi 2002). The oil extract of this plant also shows anti-inflammatory and 
antibacterial effect (Russo et al. 2001; Pawar et al. 2008). The seeds are used as a 
food additive due to the presence of protein, fibre and calcium (Webber and Bledsoe 
1991; Mosquera et al. 2007; Alexopoulou et al. 2015). Various workers reported that 
kenaf stem parts serve as therapy for anaemia, fever, bruises, fatigue puerperium, 
aperitif, stomachic, etc. and as antitoxic agent against numerous toxicants like acids, 
alkali and pesticides (Mohamed et al. 1995; Russo et al. 2001; Coetzee et al. 2008; 
Nyam et al. 2009). An investigation was carried out by Agbor et al. (2005) and 
James et al. (2013) in which they found that the plant leaf extract contains some 
natural products which act as antioxidants.

Oil is an important dietary component as it reflects many nutritional benefits. Oil 
is mainly produced as a by-product from seeds of the plant such as legumes, cotton, 
kenaf, etc. Hibiscus cannabinus produces high yields of edible seed oil as cotton-
seed oil. Seeds also contain fatty acids, sterols and phospholipids. Presence of high 
amount of monounsaturated and polyunsaturated fatty acids in kenaf seed oil con-
tributes to many health benefits such as lowering of cholesterol level in the blood 
and preventing coronary and heart diseases (Yusri et al. 2012). Tocopherols, sterols 
and phenolics present in seed oil behave as antioxidants and thus play a significant 
role in defence mechanism.

Some acids like caffeic, feluric and vanillic behave as antioxidants and thus alter 
the taste of the oil. Different types of phenols and tocopherols are important biologi-
cal antioxidants present in seed oil of kenaf. Phytosterols lower the cholesterol level 
in the blood. Tocopherol reduces the chances of occurrence of Alzheimer’s disease, 
cancer and heart diseases. They have wide applications in food, pharmaceuticals 
and cosmetics. Alpha-tocopherols/vitamin E prevents oxidation of fatty acids and 
lipid components of cells. Nutritional value of oil is high due to presence of lipid- 
soluble bioactives and linoleic, oleic and palmitic acid. A study was conducted by 
Coetzee et al. (2008) in which it was found that among the tested eight cultivars of 
kenaf (El Salvador, Endora, Dowling, Gregg, Cuba, SF 459, Tainung, Everglades 
41, Endora), mainly linoleic, oleic and palmitic acid were the dominant fatty acids. 
Phospholipid content in oil extracted from seed of kenaf is high in comparison to 
soya bean and cottonseed oil. Phospholipid and oil quality varies among different 
genotypes, and the yield could be increased by genetic improvement (Mohamed 
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et al. 1995). Thus, kenaf seeds serve as a by-product for the production of oil which 
is an important component of food (Coetzee et al. 2008).

9.3.2  H. cannabinus as a Fibre Crop

Kenaf is a fast-growing, industrially important biomass crop and thus used globally 
due to its applications. It is mainly cultivated for fibres in countries like India, 
Bangladesh, the USA, Indonesia, Malaysia, South Africa, Vietnam and Thailand 
and Europe. One of the major uses of this crop is that it contains high fibre or ligno-
cellulosic material and thus used as a good source of fibre for paper and textile 
industries (Neto et al. 1996; Ardente et al. 2008). Kenaf pulping is accepted world-
wide due to consumption of less amount of energy, minimal uses of chemicals and 
higher rate of production over wood pulping (Nelson et al. 1962). Since 1962, the 
USA was using writing and printing paper made from kenaf fibres. The industrial 
product such as paper made from kenaf can be recycled. This provides an alternative 
to overcome the economic, social and environmental challenges of the coming 
future. The stem of this plant yields two kinds of fibres: the core and bast fibres. The 
former is derived from the core of the stem and latter from the bark of stem. The bast 
fibres are more efficient and longer than core fibres (Marisol et al. 2013). Various 
industrial applications have been observed by core fibres as they can be used as a 
good absorbent agent. This fibre-yielding plant is also used as a bioremediator in the 
remediation of oil contamination, wastewater treatment and soil contamination 
(Benson and George 2005; Borazjani and Diehl 2010; Hernández et al. 2012). 
Results from the findings of Neto et al. (1996) suggested that the core of kenaf con-
tains higher amount of lignin (14.5–16.1%) than bark (9.4–10.1%) but less than as 
compared to wood. The fibres can be used in the production of various fabrics, 
adsorbents, nanofibres, ropes, twine, canvas, cordage and building materials such as 
particle board, wallpaper backing, low-density panels, synthetic fibres for thermal 
resistance and sound absorption, automotive components and bedding material for 
poultry (Kugler 1988; Sellers et al. 1993; Kaldor et al. 1990; Kulger 1996; Hamid 
2008; Lips et al. 2009). Le Roux (2007) suggested that the natural, low-cost, high- 
quality and low-density fibres of kenaf have been used as an eco-friendly alternative 
to plastics and thus contribute to environmental sustainability.

9.3.3  Efficacy of H. cannabinus in Carbon Sequestration

Global warming is an environmental consequence caused by the emission of green-
house gases in the atmosphere due to rapid industrialization and some natural activi-
ties. It is an important global problem which has received more attention in the 
present scenario because it alters the composition of ecosystem. Carbon dioxide is 
one of the major greenhouse gases and is present in amount more than 60% in the 
atmosphere (Zaini and Kamarudin 2014). Kenaf can sequester carbon dioxide from 
the atmosphere and thus plays a crucial role in reducing the carbon dioxide 
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concentration from the atmosphere through the process of photosynthesis (Hossain 
et al. 2016). Kenaf is a C3 plant and accumulates carbon dioxide more than a tree 
(Mazumder et al. 2005; Bakhtiari et al. 2011). Reports suggested that one acre of 
kenaf can sequester about 10–20 tons of carbon dioxide from the air (Cosentino and 
Copani 2003).

9.4  H. cannabinus as an Important Phytoremediator

Soil and water pollution is increasing at an alarming rate due to various natural and 
anthropogenic activities. Toxic contaminants enter the soil, water and air mainly 
through many industrial processes like burning of coal, discharge of untreated 
industrial effluents, mining process, etc. These contaminants which are mainly inor-
ganic or organic in nature enter the food chain and through biomagnification and 
cause toxicity in human beings. Various physical and chemical methods have been 
employed to decontaminate the environment but have not become successful over 
biological methods (Cunningham et al. 1995; Kumar et al. 1995; Barcelo and 
Poschenrieder 2003). These physical and chemical methods are not cost-effective 
and disturb the ecology of soil. So there is an urgent need to use some cheaper 
alternatives to clean the ecosystem. Various biological methods have been employed 
to remediate the problem of environmental pollution. In biological methods, 
biological agents like plants, bacteria, fungi, algae, etc. are used to minimize the 
toxicity caused by different contaminants. Industrial discharge mainly contains 
heavy metals like cadmium, chromium, copper, lead, zinc, nickel, mercury, etc. and 
some organic compounds like pesticides, dye, oil, etc. Some of the metals like zinc, 
copper, nickel, iron, etc. did not show toxicity symptoms in plants at their low 
concentration. They generally appeared to be toxic when usually present in high 
concentration. Heavy metals interfere with the metabolism process and thus disturb 
the normal functioning of biological systems. They also cause alterations in the 
natural biota of the ecosystem.

Several studies have been conducted which showed the removal of inorganic and 
organic pollutants from soil and water by the use of green plants through extraction, 
sequestration and detoxification (Raskin et al. 1997; Meagher 2000; Arthur et al. 
2003; Duggan 2005; Jankaite and Vasarevisius 2007). Since heavy metals are 
nondegradable, they can be remediated by using plants through stabilization or 
extraction in harvestable plant parts (Ho et al. 2008; Meera and Agamuthu 2011).

Phytoremediation is the process by which plants remove the pollutants from 
environment via different mechanisms like phytoextraction, phytostabilization, 
phytovolatilization, rhizofiltration and phytodegradation (Burken and Schnoor 
1997; Raskin et al. 1997; Maestri et al. 2010; Wu et al. 2010). Accumulation and 
distribution of metals in plant organs are the two important factors that determine 
the potential of the plant to remediate contaminated sites. Phytoremediation has 
gained more attention in the current scenario due to several reasons such as:
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 1. Minimal site destruction thus maintaining the aesthetic value of the site
 2. Controls soil erosion and causes carbon sequestration
 3. Cost-effective process
 4. Production of recyclable metal-rich residue from plant

Plants producing high biomass are considered good remediators of heavy metals. 
One of the best examples of plants producing high biomass is Hibiscus cannabinus 
which accumulates metals in their roots, shoot and leaves from soil and water. 
Several studies have been conducted that proved Hibiscus cannabinus to be a 
suitable candidate for removal of chromium, zinc, cadmium, lead, arsenic, iron, oil, 
etc. (Ho et al. 2008). Arsenic, a carcinogen in soil and water, is geogenic in origin. 
It also occurs in the environment through mining operations, use of pesticides, 
wood preservatives, etc. and causes many abnormalities in animals and human 
beings (Dudka and Miller 1999). Iron, a non-biodegradable metal, enters the water 
mainly through discharge of untreated wastewater and causes toxicity to aquatic 
fauna (Wittbrodt and Palmer 1995). Kenaf roots have proved to be a good bioavail-
able sink for heavy metals like arsenic and iron from soil contaminated with landfill 
leachate. These results were confirmed by the studies of Meera and Agamuthu 
(2011)which showed that kenaf can sequester 0.06–0.58 mg arsenic and 66.82–
461.71 mg iron per gram plant dry weight from landfill leachates. Results from the 
findings of Schmoger et al. (2000), Ho et al. (2008) and Meera and Agamuthu 
(2011) suggested that translocation factor < 1 in case of kenaf which indicates that 
fibrous roots translocate the major amount of toxic metal by phytoextraction. Thus, 
it minimizes the metal mobilization to aerial parts of the plants.

Kenaf roots showed high metal uptake ability and could be used for phytoreme-
diation of lead-, chromium-, cadmium-, zinc-, copper-, nickel- and zinc- contaminated 
sites (Ho et al. 2008; Arbaoui et al. 2013). Maximum absorption of lead was 
observed up to 20 mg/plant in roots of kenaf, and aerial parts showed only a maxi-
mum of 1 mg Pb plant accumulation as evident from the studies of Ho et al. (2008).

Since cadmium is also a toxicant, its removal from the soil and water is necessary 
by some cost-effective process. Zinc is considered to be an essential metal required 
by the plants at low levels, but it causes toxicity at high levels. Some plants like 
brassica, corn, kenaf, etc. have proven to be good remediators of cadmium and zinc. 
Kenaf also accumulates high concentration of metals like cadmium and zinc in their 
stem (Cartoga et al. 2005; Nabulo et al. 2011). An investigation was carried out by 
Arbaoui et al. (2013) in which they concluded that kenaf shoots accumulate 2.49 
mg/kg zinc and 82.5 mg/kg cadmium, respectively, from dredging sludge. Since 
kenaf cultivation requires least field management practices, it can also be grown in 
sites which are less fertile and contaminated with trace metals. Accumulation poten-
tial of toxicant also varied among different varieties of same cultivars (Santos et al. 
2010; Wuana and Okieimen 2010). This was demonstrated by Cartoga et al. (2005) 
who reported that Tainung 2 variety of H. cannabinus accumulated high levels of 
cadmium in shoots among the tested five varieties of the same cultivar when 
cultivated in site contaminated with trace metals. Nabulo et al. (2011) tested metal 
accumulation capacity of 20 tropical species when cultivated in metal-polluted soil 
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with respect to five trace metals and concluded that kenaf ranked second in accumu-
lating cadmium and zinc next to Gynandropsis gynandra. Phytoaccumulation of 
metals also depends on several physical and chemical factors of the soil like amount 
of metal present in soil, pH, soil composition, etc. This was confirmed by the studies 
of Arthur et al. (2003) and Guo et al. (2011) who reported that higher amount of 
cadmium was absorbed and phytoextracted by kenaf when grown in soil containing 
high levels of cadmium. Bioavailability index determines the absorption potential of 
plants (Rotkittikhun et al. 2006). Bada and Raji (2010) reported maximum cad-
mium absorption of 2.84 mg/kg soil at 6 mg/kg cadmium concentration in soil, 
while the absorption decreases further when the concentration of cadmium in soil 
decreases.

The core fibres of kenaf in powdered form have proved to be a better absorbent 
of waxes. These results were confirmed by the experiments of Wong et al. (2013) 
who reported that kenaf core fibres absorb waxes released from textile industry 
wastewater. This plant also showed removal of hydrocarbons from the amended soil 
(Abioye et al. 2010).

Phytovolatilization is the
extraction and subsequent out-
gassing of compounds from soil

through the foliage.

Phytodegradation is the use of plants
and associated microorganisms to

degrade organic pollutants. It can take
place inside the plant or within the

rhizosphere of the plant.

Phytostabilization is the 
immobilization of compounds
in soil, or the stabilizing of soil

itself to prevent erosion.

Rhizofiltration is the sorption of 
contaminants to roots or other

plant parts,or the precipitation in
the root zone.

phytoextraction is the uptake,
translocation and accumulation

of pollutants in plants.

 

Mehanism involved in Phytoremediation. Source: Google
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9.5  Bioenergy Production Efficacy of H. cannabinus

Overexploitation of the population causes an increase in energy requirements. 
Conventional fossil fuels are used to produce energy in order to meet the energy 
demands of current population. Burning of fossil fuels causes emission of green-
house gases which ultimately give rise to an alarming environmental problem, i.e. 
‘global warming’ (Langan et al. 2011). It causes a disturbance in ecosystem. Fossil 
fuels are not considered as sustainable and reliable source for the production of 
energy due to continuous emission of greenhouse gases (Muhammad et al. 2013). 
So, alternative eco-friendly and cost-effective bioresources have been developed by 
the researchers for the energy production (Cetin et al. 2005; Umeki et al. 2012).

Biomass of certain plants like soya bean, rice, jatropha, ricinus, etc. are used to 
produce biofuels which are considered as an alternative green source of energy. 
Biofuels like biogas, bioethanol, biohydrogen and biodiesel can be extracted from 
numerous plant parts like stem, grain, seed, etc. (Bhutto et al. 2011). Lignocellulosic 
biomass is considered as the potent resource for bioenergy production with an 
annual growth of 170–200 billion tons per hectare (Gonzalez-Garcia et al. 2010).

Kenaf is considered as one of the best candidate for the annual source of bioen-
ergy production due to presence of lignocellulosic biomass. The biomass is used as 
the feedstock to produce biofuels like biodiesel, biogas, biohydrogen and bioetha-
nol. Due to its high yield and more ecological adaptations, it is considered as an 
alternative source of energy. Current research unfolds the maximum utilization of 
this plant for the production of biofuels. A pilot study was conducted, and it was 
estimated that 1 kg of kenaf can produce 18,000 kJ of energy (Saba et al. 2015).

Kenaf core undergoes carbonization and formed wood gas which can be used as a 
fuel. After the carbonization process of kenaf core, it gets converted into char that 
further undergoes gasification and forms water gas (Kojima et al. 2014). Production 
of bioethanol from lignocellulosic material involves several steps like pretreatment, 
enzymatic hydrolysis, separation and concentrating (Conde-Mejía et al. 2012). Kenaf 
biomass undergoes gasification and forms syngas which finally produces electricity, 
heat and methanol (Azadi et al. 2013). Anaerobic digestion of kenaf biomass con-
verts biohydrogen, biogas into biofertilizer and bioelectricity (Muhammad et al. 
2013). Kenaf oil undergoes transesterification and produces biodiesel (Rathana et al. 
2010). Heat and electricity are being produced by the solid fuel, solid residue pro-
duced by the pretreatment and hydrolysis of kenaf biomass (Demirbas 2004). It has 
been estimated that 1 kg of lignin with steam yields 62 mol hydrogen and 53 mol CO 
(Azadi et al. 2013). Hence, based on the above reports, it can be concluded that kenaf 
is an economically important plant as it produces highly efficient and eco-friendly 
biofuels which are necessary for sustainable development of ecosystem.

9.6  Conclusion

It can be concluded that H. cannabinus is an economically and industrially impor-
tant non-food crop. It is considered as an alternative, eco-friendly, sustainable and 
cost-effective green feedstock for the production of numerous commercial-based 
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products like fibres and bioenergy. Kenaf is utilized in the paper and textile industry 
and production of building materials, composites, bedding materials, etc. It is also 
used in the remediation of toxic metals and oil spills from the environment and thus 
acts as a potent phytoremediator. It sequesters carbon dioxide gas which is consid-
ered as a major greenhouse gas and thus reduces global warming. Kenaf oil from 
seeds possesses nutritional and medicinal value due to the presence of antioxidants, 
sterols, polyunsaturated fatty acids, etc. and helps in the treatment of various disor-
ders of the body. Many economic and environmental benefits are shown by this 
plant as it produces recycled and efficient quality of paper, reduces use of synthetic 
fibres, reduces soil erosion and consumes less chemicals and energy in paper pro-
duction and thus plays a crucial role in the sustainable development of ecosystem.
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for Phytoremediation and Bioenergy 
Production
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Abstract
Phytoremediation has been gaining interest as a sustainable approach for man-
agement of the sites contaminated with toxic/hazardous substances. Several 
plants have been reported in the literature that have the potential for simultane-
ous execution of phytoremediation and production of useful products like biogas, 
bioethanol, biodiesel, charcoals, fibres, etc. during the process. Among several 
plant species, the present chapter has been focused on Cannabis sativa L., a 
multipurpose annual herbaceous plant species which has wide range of applica-
tion as seed oil, industrial fibre, food, livestock feed, medicine as well as signifi-
cant place in recreation, religious and spiritual practices. Cannabis sativa L. has 
the potential to serve as phytoremedial agent for removal of toxic metals from 
contaminated sites as well as yields high biomass which could be used for pro-
duction of bioenergy. The energy yield of Cannabis sativa L. for biofuel and 
biogas production has been reported comparable to most of the energy crops. 
The present chapter provides an overview of the phytoremediation capacity of 
Cannabis sativa L. for resolving environmental issues of contaminated soil along 
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with its potential abilities to generate bioenergy to meet energy demand of future 
generations.

Keywords
Bioenergy • Cannabis sativa L. • Phytoremediation • Biogas • Biomethanol • 
Bioethanol • Biodiesel

10.1  Introduction

Soil, as the most basic natural resource of our planet, plays an important role in the 
maintenance of the ecological balance of the communities. Soil functions as a vital 
living system that contains several biological elements that are key to ecosystem 
functions. It is by virtue of these functions the nature sustains the biological produc-
tivity of soil, maintains air and water quality and upholds plant, animal and human 
health (Nathan 2009). Owing to the rapid growth of industrialization and urbaniza-
tion, the soil is being contaminated increasingly by various kinds of toxic, hazard-
ous pollutants affecting large areas of agricultural land. The persistent and 
recalcitrant nature of these pollutants is a serious threat to everyone’s health and the 
environment. Consequently, the management of contaminated soil has become a 
great priority in developed and developing countries for sustainable development 
(Enell et al. 2016). Table 10.1 represents different causes of contamination in the 
environment. To get rid of the burden of toxic wastes, several remediation technolo-
gies have been proposed for removal, elimination or sequestration of toxic/hazard-
ous pollutants from contaminated sites such as stabilization/solidification, 
incineration, solvent extraction, soil washing, thermal treatment, chemical treat-
ment, air sparging, verification, etc. However, high cost, requirement of skilled 
manpower, labour-intensiveness, toxic by-products, technical difficulties, etc. are 
proven setbacks to these technologies. Moreover, in case of ex situ methods, risks 
of secondary contamination pose further problems (Surriya et al. 2015).

In recent years, phytoremediation has gained interest as a sustainable approach 
to the management of the contaminated sites. Basically, phytoremediation refers to 
the use of living plants to mitigate the concentrations of both inorganic and organic 
pollutants present in soil. It represents a simple, economic, environmentally friendly 
technology for eradicating toxic heavy metals and other soil contaminants. 
Worldwide, more than 400 plant species have been recognized that have the poten-
tial to clean up the contaminated sites (Surriya et al. 2015). This method encom-
passes the use of plant to extract, sequester and detoxify the pollutants (Jiang et al. 
2015). It employs methodologies like phytoextraction, phytostabilization, phyto-
stimulation, phytofiltration, phytodegradation and phytovolatilization (Koptsik 
2014). Being an in situ method, phytoremediation provides low cost, environmen-
tally benign and aesthetically pleasing alternative with minimal disruption to the 
environment. The level of cleanup achieved by phytoremediation is dependent on 
the plant species, contaminants and the land conditions.
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Table 10.1 Source of environmental contamination

Contaminant
Source of contamination in soil 
and water reservoir References

Heavy metals
Pb Batteries, paints, e-waste, 

smelting operations, ceramics, 
coal-based thermal power 
plants, bangle industry

Cai et al. (2015), Cheng et al. 
(2015), George et al. (2015), 
Goix et al. (2015), Ono et al. 
(2015) and Quan et al. (2015)

Cr Mining, coolants, chromium 
salts manufacturing, leather 
tanning

Liu et al. (2011), Foldi et al. 
(2013), Kumar et al. (2014a), 
Ma et al. (2014) and Candeias 
et al. (2015)

Hg Chlor-alkali plants, thermal 
power plants, fluorescent 
lamps, hospital waste, electrical 
appliances, etc.

Raposo and Roeser (2001), 
Dufault et al. (2009), Hu and 
Cheng (2012), Wei-Hua et al. 
(2012) and George et al. 
(2015)

As Geogenic, natural processes, 
smelting operations, thermal 
power plants, fuel burning

Reilly et al. (2010), George 
et al. (2015) and Rodriguez- 
Iruretagoiena et al. (2015)

Cu Mining, electroplating, 
smelting operations

Liu et al. (2011), Konecny 
et al. (2014), Kumar et al. 
(2014b, 2015)

Ni Smelting operations, thermal 
power plants, battery industry

George et al. (2015) and 
Rodriguez-Iruretagoiena et al. 
(2015)

Cd Zinc smelting, waste batteries, 
e-waste, paint sludge, 
incinerations and fuel 
combustion

Zhang et al. (2012), Hong et al. 
(2009), Kumar et al. (2012, 
2014b; 2015), Ono et al. 
(2015) and Quan et al. (2015)

Mo Spent catalyst Marafi and Stanislaus (2008)

Zn Smelting, electroplating Kumar et al. (2009), Liu et al. 
(2011) and Kumar et al. 
(2014b, 2015)

Pesticides
Organochlorine, 
polybrominated diphenyl 
ethers, phthalate esters

Pesticides manufacture factory, 
pesticide runoff to agricultural 
soil and water

Zhang et al. (2009), Chen et al. 
(2012), Jennings and Li 
(2014), Niu et al. (2014), Sun 
et al. (2015) and Sun et al. 
(2016)

Polycyclic aromatic 
hydrocarbons

Combustion of fuels in 
vehicular engines, coke 
production, incineration of 
industrial and domestic waste, 
oil refinery

Ahel and Tepic (2000), Wang 
et al. (2004), Cachada et al. 
(2016) and Jiang et al. (2016)
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10.2  Phytoremediation Coupling to Bioenergy Production

In recent years, research has been focused on investigating synergism possibilities 
between phytoremediation to remove contaminants from contaminated sites and 
bioenergy production. This integrated approach could simultaneously provide envi-
ronmental benefits such as contaminant cleanup, improved soil quality, erosion con-
trol, improved habitat, etc. and a good alternative to conventional energy resources 
(Helena 2012). The biomass produced during phytoremediation could be used for 
gaining economic benefits such as production of bioenergy (biogas, biohydrogen, 
biofuels, bioethanol, biomethanol, combustion for energy production and heating), 
charcoal, alkaloids, fibres, etc. In present time, bioenergy is the sustainable source 
of renewable energy. Bioenergy primarily refers to energy derived from living mate-
rial such as crops, wood or animal waste. Bioenergy crops refer to any plant mate-
rial which is used to generate bioenergy. These energy crops have large capacity to 
produce high volume of biomass. They can be grown in marginal soils. The pro-
duced biomass could be used as solid material, i.e. biomass for combustion or as 
liquid products, i.e. biofuels. Both the biomass and biofuels can be derived from 
energy crops, agricultural coproducts or waste materials. Switchgrass (Panicum vir-
gatum L.), elephant grass (Pennisetum purpureum Schum.), poplar (Populus spp.), 
willow (Salix spp.), mesquite (Prosopis spp.), etc. have been touted as crops with 
the most widespread promise. Cultivation of energy crops on arable land can 
decrease our dependency on depleting reservoirs of fossil fuels and can also miti-
gate climate change. Table 10.2 represents list of plant species which have been 
used for phytoremediation as well as bioenergy production.

10.3  Cannabis sativa

Cannabis sativa (genus, Cannabis; family, Cannabaceae) is an annual dioecious 
herb with an erect stem (1–5 m height), palmate leaves and long tap roots. It is also 
known as hemp in different regions of the world. It has been grown since ancient 
times for deriving different products like seeds, wooden core, fibres, cannabinoids, 
etc. Cannabis sativa is considered as an ancient non-food crop, used for manufac-
turing rope, fabric, oil, varnish, insulating board and paper, etc. worldwide. In the 
start of the ninetieth century, hemp seed oil is used for human nutrition, cosmetic, 
paints and most importantly in biodiesel production. Figure 10.1 shows multiple 
uses of C. sativa.

10.3.1  Ecology and Geographical Distribution of Cannabis sativa

C. sativa is adaptive to various climatic conditions and wide ranges of soil. It 
requires mild temperate (14–21 °C) climate with minimum of 67 cm annual rainfall; 
abundant rainfall is required when the seeds are germinating till young plantlets are 
established. It can tolerate annual temperature of 6–27 °C, precipitation of 3–40 dm 
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Table 10.2 Plant species used in phytoremediation process and bioenergy process

Plant Contaminants Process of removal

Sustainable 
bioenergy 
approach References

Jatropha curcas Cd Phytoremediation Bioenergy 
production

Marques and 
Nascimento 
(2013)

Canola, oat, 
wheat

Cd Phytoremediation Biogas 
production

Zhang et al. 
(2013)

King grass 
(Pennisetum 
americanum, 
Pennisetum 
purpureum)

Cd Phytoremediation Bioenergy 
(biomass) 
production

Zhang et al. 
(2014)

Water hyacinth Inorganic nutrients Phytoremediation Biogas 
production

Wang and 
Calderon 
(2012)

Sweet potatoes Pb Phytoremediation Bioenergy 
(bioethanol) 
production

Cheng et al. 
(2015)

Willow Contaminants area Phytoremediation Bioenergy 
(willow- 
based ethanol 
and willow 
chips in an 
industrial 
furnace

Gonzalez- 
Garcia et al. 
(2013)

Poplars (Populus 
spp.) and 
willows (Salix 
spp.)

Pollutants 
including 
fertilizers, 
inorganic metals 
and metalloids, 
petrochemical 
compounds and 
soluble 
radionuclides

Phytoremediation Bioenergy 
(biomass) 
production

Licht and 
Isebrands 
(2005)

Peanut (Arachis 
hypogaea L.)

Cd phytoextraction Phytoremediation Bioenergy 
(biofuel) 
production

Su et al. 
(2013)

Miscanthus spp. 
and giant reed 
(Arundo donax 
L.)

Zn, Cr and PB 
contamination

Phytoremediation Bioenergy 
(biomass) 
production

Barbosa et al. 
(2015)

Energy grasses 
(Arundo donax 
and Miscanthus 
sacchariflorus)

Zn, Cr Phytoremediation Bioenergy 
(biomass) 
production

Li et al. 
(2014)

(continued)
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and pH ranging from 4.5 to 8.2. It grows well on nitrogen-rich, fertile, neutral to 
slightly alkaline, well-drained silt or clay loam soil. It has around 1 m-deep roots 
that grow fast and easily form dense stands.

10.3.2  Phytoremediation Potential of Cannabis sativa

The basic requirement of phytoremediation is the ability of the plant to store heavy 
metal in its body parts, but selecting those plants which store large quantities of 
metal and are much resistant to the contaminated soil and other environmental pol-
lution gives ecological as well as economic benefits (Angelova et al. 2004). Hemp 
is considered as a good candidate for soil phytoremediation as it has high metal 
tolerance and yields high biomass (Table 10.3). The high biomass production, the 

Table 10.2 (continued)

Plant Contaminants Process of removal

Sustainable 
bioenergy 
approach References

Poplar clones Zn Phytoremediation Bioenergy 
(biomass) 
production

Romeo et al. 
(2014)

Castor bean 
(Ricinus 
communis L.)

Cu, Zn, Mn, Pb 
and Cd

Phytoremediation Bioenergy 
(oil 
production)

Olivares et al. 
(2013), 
Bauddh and 
Singh (2012, 
2015) and 
Bauddh et al. 
(2016a, b)

Zea mays Cu Phytoremediation Bioenergy 
(biomass) 
production

Sheng et al. 
(2012)

Willow (Salix 
klara and Salix 
inger)

Cr, Cu, Ni, Pb, Zn Phytoremediation Bioenergy 
(biomass) 
production

Enell et al. 
(2016)

Elephant grass 
(Pennisetum 
purpureum 
Schum.) and 
sugarcane 
(Saccharum 
spp.)

Soil P Phytoremediation Bioenergy 
(biomass) 
production

Silveira et al. 
(2013)

Ricinus 
communis L.

DDT and Cd Phytoremediation Bioenergy 
(biomass and 
oil) 
production

Huang et al. 
(2011)

Sunflowers 
(Helianthus 
annuus)

Pb, Zn and Cd Phytoremediation Oil yielding Angelova 
et al. (2012)
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large plasticity that allows hemp to be grown under a varied range of agro- ecological 
conditions and the possibility to use its biomass in non-food industries make this 
species attractive for phytoremediation (Linger et al. 2002; Citterio et al. 2003; Arru 
et al. 2004).

Shi and Cai (2009) studied cadmium accumulation and tolerance in eight energy 
plants (glycine, Arachis, Brassica, Cannabis, Ricinus, Carthamus, Helianthus, 
Linum). Cd accumulation and growth parameter in all the plants were studied for 
28 days in substrates containing 0, 50, 100 and 200 mg Cd/kg. Among all, Cannabis, 
Linum, Ricinus and Arachis were found more tolerant for Cd. In comparison to 
shoot, the roots of Cannabis showed high accumulation with bioconcentration fac-
tor ranging from 2026 to 3099%. Such a high BCF showed that hemp has higher 
capacities for Cd phytostabilization. The translocation factor was reported in the 
range of 2.5–3.7%. As the capacity for metal accumulation highly differs between 
different species and varieties, Shi et al. in 2012 investigated cadmium tolerance 
and its accumulation capacity, both, in 18 cultivars of hemp. They also screened 
cultivars that can be planted in Cd-contaminated sites for bioenergy production as 
well as phytoremediation. The hemp cultivars were found to cope with 25 mg Cd/
kg−1 soil stress with approximately 50 % reduction of biomass. They reported most 
of the Cd adsorbed by the plants was retained in the roots of the plants. As the 

Fig. 10.1 Cannabis sativa: a multipurpose plant species
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translocation factor (TF) for cultivars were found in the range of 3.15–12.7 %, the 
authors suggested that hemp could be considered as an excluder for Cd-contaminated 
sites (Shi and Cai 2009; Shi et al. 2009, 2012). Metal exclusion is defined as the 
capacity of plant to avoid absorption and restrict its translocation to the shoots. 
Besides Cd, hemp was also studied for removal of Cr and Ni from contaminated 
sites (Citterio et al. 2003). For Cr, hemp did not show any significant result, but for 
Ni, accumulation was much higher in roots with accumulation factor ranging from 
0.1 to 0.4. Here the accumulation factor was calculated using equation:

 
AF =

mean plant metal conc

mean total metal conc

.

.  

In comparison to other species, C. sativa has been reported to have a high trans-
location rate for Zn. Thus, C. sativa could be used as a potential hyperaccumulator 
for Zn. Experimental findings showed TF values higher than 1, which indicate that 
the accumulation of Zn in shoots is more in comparison to other heavy metals 
(Malik et al. 2010). The influence of metal accumulation on hemp fibre quality was 
explored by Linger et al. (2002). Their study revealed that accumulation of heavy 
metals in all the parts of C. sativa restricts its use as a raw material in clothes, but 
the quality of fibres remains unaffected which allows them to be used in special 
products like combined material. As per the results observed by Arru et al. (2004), 
primary bast fibres are not involved in Cu accumulation. In contrast, Linger et al. 

Table 10.3 Hemp plant used in phytoremediation process and bioenergy process

Plants

Removal of 
environmental 
contamination by 
phytoremediation Bioenergy approach References

Flax, cotton and 
hemp

Pb, Cu, Zn, Cd Biomass used in textile 
industry, paper industry, 
chemical factories, 
building and furniture 
industry

Angelova 
et al. (2004)

Cannabis sativa L. Cd, Cr, Ni Used biomass in non-food 
industries and other 
economic activities

Citterio et al. 
(2003)

Cannabis sativa L. Cu High biomass Arru et al. 
(2004)

Cannabis sativa L. Ni, Pb, Cd Used fibre as bioenergy 
and other economic 
activities

Linger et al. 
(2002)

Brassica rapa, 
Cannabis sativa, 
Helianthus annuus, 
Zea mays

Zn, Cu, Cd, Pb, Ni Used biomass for 
bioenergy production

Meers et al. 
(2005)

Cannabis sativa L. Cd, Zn, Fe Used both fibre and oil Mihoc et al. 
(2012)
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(2002) observed heavy metal (Cd, Ni and Pb) accumulation in almost all parts of 
hemp, with maximum accumulation in the leaves part of the plant. These results 
indicate that different mechanisms exist for uptake and accumulation of different 
species of metal. Similar kind of research was done by Angelova et al. (2004) dis-
playing metal concentration in roots, stems, leaves, seeds and flowers of hemp plant 
using dry mineralization process. The metal distribution in the plant axis of hemp 
was found to decrease in the following pattern: root > stems > leaves > seeds while 
the pattern in cotton followed leaves > seeds > root > stems. This suggests that the 
heavy metal distribution in the plant axis is highly selective.

The potential of C. sativa for phytoextraction of heavy metals from calcareous 
dredged sediment-derived surface soil in presence of amendments, viz. ethylenedi-
amine tetraacetate (EDTA) and ethylenediamine disuccinate (EDDS), was demon-
strated by Meers et al. (2005). The application of amendments showed significant 
effect on heavy metal accumulation. EDTA treatment displayed more accumulation 
of lead and cadmium, while EDDS induced higher concentrations of Cu and Ni in 
shoot. No significant difference was noticed in case of Zn. The authors supported 
the fact that preharvest application of amendments gives better extraction results.

As the hemp seed varieties could form the base of a diet containing lots of oil and 
non-fatty acid, Mihoc et al. (2012) determined the nutritional value of hemp seed in 
terms of their oil content and metal concentration (Zn, Cd, Mn, Fe, Ca, Mg) for five 
varieties of hemp seeds in Romanian soils. Significant amount of Fe, Mn, Zn and Cd 
was noticed in seeds of all varieties, restricting their use for food purposes.

Vandenhove and Hees (2005) tested feasibility of the production of C. sativa on 
radionuclide-contaminated areas. The experiments were performed over a well- 
known radionuclide radiocaesium in sandy soil under greenhouse and lysimeter 
conditions for studying the transfer of radiocaesium from contaminated soil to the 
hemp. The distribution of radiocaesium during crop conversion was also studied. 
The translocation factor (TF) to the hemp was found to be 0.6 × 10−3 m2/kg in stem, 
0.5 × 10−3 m2/kg in straw and 1.0 × 10−3 m2/kg in fibres, respectively. Low transloca-
tion factor permits hemp for production of clean end products such as biofuel, fibre 
and seed oil even on degraded lands. The use of hemp stem as biofuel is restricted 
to areas with contamination levels <1050 k Bq/m2.

Industrial hemp (Cannabis sativa) has been used efficiently for remediation of 
two polycyclic aromatic hydrocarbons, namely, benzo[α]pyrene and chrysene 
(Campbell et al. 2006). Experiments were conducted with the plant grown for 
45 days in soil spiked with PAHs as concentration of 25, 50 and 75 μg/g. The con-
centration of PAHs was found reduced in all the experiments. The weight growth 
rate obtained for the above-mentioned concentration of PAHs was found above 
150%, and the height growth rate was found above 130% for all the three concentra-
tions. The authors suggested that metabolites of benzo[α]pyrene and chrysene stim-
ulate the growth of hemp.
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10.3.3  Bioenergy Production Efficiency of Cannabis sativa

C. sativa also known as industrial hemp is a real promising source of bioenergy 
production in present scenario. It is an economic option which also has low environ-
mental impacts (Li et al. 2010). In comparison to agricultural lignocellulosic mate-
rials like corn stover and wheat straw, which have around 37% (dry mass) cellulose, 
cellulose content of hemp is relatively high (~44%) (Ohgren et al. 2005; Linde et al. 
2008). The presence of high cellulosic content as well as high biomass yield makes 
hemp a very potential crop for bioethanol production. Hemp stem mainly consists 
of two major constituents: (1) bast fibres which have high cellulose and low lignin 
and (2) a woody core which contains significantly higher lignin content (Garcia- 
Jaldon et al. 1998). Postponing of hemp harvesting by 1–2 months could help in 
achieving high biomass yield per hectare months (Keller et al. 2001).

The physico-chemical properties of fuel obtained from energy crop affect its 
suitability and applicability as solid biofuel. The physical properties of the fuel such 
as its bulk density, the size of the particle, the tendency of bridging and angle of 
repose can be adjusted by various physical treatments such as milling, grinding and 
compaction (Mattsson and Briere 1984). The chemical fuel properties include con-
tent of sodium, potassium, magnesium, calcium, silicon chlorine, aluminium, sul-
phur and phosphorus which are of significant importance in the combustion of hemp 
fuel (Baxter et al. 1998). The oil content in seeds of hemp, which ranges from 26 to 
38%, contains a larger amount of polyunsaturated fatty acids (Oomah et al. 2002; 
Kriese et al. 2004; Matthäus and Brühl 2008; Latif and Anwar 2009). Hemp also 
serves as a source of fuel as it yields high biomass that can be transformed effi-
ciently into low-carbon fuels like bioethanol and biobutanol (Moxley et al. 2008). 
Li et al. (2010) investigated hemp’s seed oil potential and efficacy as a biodiesel 
source. By using a base-catalysed transesterification method, they produced bio-
diesel from hemp seed oil. The product recovery yield (PRY, actual biodiesel recov-
ered/theoretical amount of biodiesel) of 97% indicated that the biodiesel loss is not 
much significant. The author further studied certain other fuel properties such as 
free glycerine content, total glycerine, kinematic viscosity, flash point, cloud point, 
density, acid number (mg KOH/g oil) and its sulphur content. The hemp biodiesel 
meets all the standards required for biodiesel fuels as given by ASTM 6751-09. The 
authors concluded that various properties of hemp biodiesel such as cold flow make 
it a good competitor to petroleum-based diesel fuel. Another study reported that 
96% of the glucose could be recovered from the cellulosic hurds of hemps, which 
enables further recycling of the fibre wastage (Moxley et al. 2008).

Steam pretreatment of hemp fibres has been done by many researchers for sepa-
rating the fibres from other components (Garcia-Jaldon et al. 1998). To obtain high-
est glucose content in enzymatic hydrolysis during ethanol conversion, Sipos et al. 
(2010) optimized steam pretreatment parameters for hemp. The dry hemp stems and 
its silage were subjected to steam pretreatment under various conditions. The exper-
iments were also carried with and without sulphur dioxide impregnation. The steam 
pretreatment efficiency was assessed with the help of sugar recovery and polysac-
charide conversion in slurry hydrolysis. The overall glucose yield, hemicellulose 
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solubilization efficiency and sugar degradation, all of these, were calculated on the 
basis of slurry enzymatic hydrolysis and the mass balance of the pretreatment. Apart 
from this, simultaneous saccharification and fermentation (SSF) of both, i.e. the 
whole pretreatment slurry and separated solid fraction of pretreated material, at 
optimized conditions was also investigated. It was noticed that steam pretreatment 
with a catalyst such as SO2 is a competent method for production of ethanol from 
both materials, dry hemp and silage. For both of these materials, i.e. dry hemp and 
its silage, impregnation with SO2 (2%) followed by 5 min steam pretreatment at 
210 °C showed highest overall yield of glucose. The effect of the ensiling process 
remains insignificant to the conversion to ethanol at its optimized environment. SSF 
experiments under optimized conditions yielded ethanol 163 g/kg ensiled hemp and 
171 g/kg dry hemp, which corresponds to 206–216 lMg−1 ethanol based on initial 
dry material. In order to increase the energy recovery, further investigation is 
required to utilize the liquid fraction and the residues of SSF for production of 
biogas.

The esterification process parameters (molar ratio, catalyst concentration, reac-
tion time) for generation of methyl ester of raw hemp oil were standardized by Ragit 
et al. (2012). For obtaining lowest kinematic viscosity, hemp oil (6:1 M ratio) was 
treated with methanol for 45 min at 60 °C in presence of potassium hydroxide (0.01 
w/w). Afterwards, it was kept undisturbed for 24 h. The ester recovery with this 
method was reported to be 90.62 %. The authors also tested different fuel properties 
such as pour point, density, flash point, fire point, free fatty acid content, cloud 
point, kinematic viscosity and calorific value of the hemp methyl ester and hemp 
oil. The calorific value, flash point and fire point of hemp oil were found higher in 
comparison to diesel oil. For hemp methyl ester, the pour point was reported to be 
greater than that of diesel fuel, whereas cloud point, flash point, fire point and the 
viscosity were found lesser than diesel. Since, the properties of biodiesel derived 
from hemp were found closer to diesel fuel; thus, hemp oil could serve as a substi-
tute for diesel oil. The authors recommended methyl esters of hemp seed oil as a 
prospective fuel and a performance-improving additive in compression-ignition 
engines.

The high biomass of hemp is utilized for biogas production also, as an alternative 
source of bioenergy. Several studies have been carried out over commercial use of 
hemp biomass for energy production (Castleman 2006; Burczyk et al. 2008; Rice 
2008). The growth stage of the plants influences the biomass yield, hence the energy 
production. As the plant ages, the amount of structural carbohydrates and lignin 
increases, but the carbohydrates (cellulose and hemicellulose) start degradation 
(Jones 1970). Pakarinen et al. (2011) evaluated the suitability of biomass crop hemp 
along with maize and faba bean under boreal conditions for biogas production. 
They also tested their potential efficacy to serve as a source for sugar raw material 
for bioethanol production. The methane yield was found to be 379 Ndm3/kg/VS 
from maize, 387 Ndm3/kg/VS from faba bean and 239 Ndm3/kg/VS from hemp. For 
methane production, maize was reported to be the most potential raw material on 
the basis of yield per hectare. Maize was also observed as the most efficient raw 
material which has a conversion yield of about 80% of the theoretical sugars. As far 
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as the total amount of carbohydrates was concerned, the highest theoretical yield 
per hectare was displayed by hemp. On the basis of result obtained, which includes 
both the requirement for weeding and fertilizers, it was concluded that all the three 
crops (maize, faba bean and hemp) may serve as an attractive option for cultivation 
and energy production in boreal conditions.

A comprehensive life cycle assessment was done for ethanol produced from 
hemp hurds (a by-product of fibre crops) in an enzymatic hydrolysis process 
(González-Garcıá et al. 2012). This process converts lignocellulosic biomass into 
ethanol. The authors analysed and compared the environmental performance of two 
ethanol fuel blends, viz. E10 and E85, in a flexi-fuel vehicle. They selected two 
allocation approaches for checking environmental performance. These are mass 
allocation and economic allocation. They also carried out a sensitivity analysis 
which involved different allocation coefficients. For this, the market price and pro-
duction volume of each agricultural product were taken into account. It was revealed 
that ethanol-based fuels offer improved environmental performance and a decrease 
in fossil fuel-based energy resources. The authors suggested that petrol is the best 
choice if impact categories like acidification, eutrophication, photochemical oxi-
dants formation, etc. are concerned. They concluded that the selection of the alloca-
tion approach considerably influences the environmental performance, thus the 
question: Which one, E10 or E85, has smaller environmental impacts?

The fuel chain greenhouse gas (GHG) balance along with farm economics of 
hemp which was grown for the purpose of bioenergy was examined and compared 
with bioenergy plants. They selected Miscanthus and willow as perennial and oilseed 
rape and sugar beet as traditional annual bioenergy crops (Finnan and Styles 2013). 
The greenhouse gases load of hemp cultivation was found in between perennial and 
annual energy crop GHG loads. The net fuel chain GHG abatement potential of 11  
t/CO2 eq/ha/year in the mid-yield estimate was found comparable to perennial crops 
and 140–540% greater than for annual crop fuel chains. As far as gross margins were 
concerned, it was considerably lower for hemp than that of oilseed rape and sugar 
beet, but for Miscanthus it exceeded when organic fertilizers were used. The authors 
suggested that replacement of 25% of oilseed rape or sugar beet with hemp could 
increase greenhouse gases abatement by 21 Mt./CO2eq/year. They further suggested 
that integration of hemp into food crop rotations could become a good alternate for 
developing more sustainable non-transport bioenergy supply chains.

Prade et al. (2012) assessed the net energy yields and energy output to input 
ratios (RO/I) for production of power, heat and vehicle fuel from industrial hemp. 
They compared four scenarios for hemp biomass which are as follows: (a) com-
bined heat and power (CHP) from spring-harvested baled hemp, (b) heat from 
spring-harvested briquetted hemp, (c) CHP and (d) vehicle fuel from autumn- 
harvested ensiled hemp processed to biogas. The authors recorded above average 
net energy yields for combined heat and power and heat production from hemp 
biomass. Further, the hemp combustion showed high conversion efficiency and 
RO/I. In terms of biogas production, hemp competes with sugar beets and maize, 
whereas it gives competition to perennial crops like reed canary grass, Miscanthus 
and willow if production of solid biofuel is concerned.
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10.4  Conclusion

Phytoremediation is a eco-friendly process to remediate heavy metal and other 
forms of contamination in the contaminated land. The feasibility of this approach 
must be supported by those crops which have the potential to produce economic 
benefits. In current scenario, the fastest growing source of renewable energy is bio-
energy. The cultivation of energy crops on arable land can decrease our dependency 
on continuously depleting fossil resources. Further, it could also mitigate climate 
change. Hemp is an annual herbaceous crop that has been used by human civiliza-
tion for several years for its seeds and fibres. Hemp (C. sativa) has also been proved 
as an efficient phytoremediator for heavy metal-contaminated sites. Apart from 
phytoremediation, hemp produces high biomass which have been used for produc-
tion of bioenergy such as bioethanol, biodiesel, biogas, biomethanol, etc. Using 
hemp as a remediation agent, the sustainability and applicability of the phytoreme-
diation approach could be managed well by the profitable income generated through 
the production of bioenergy.
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11Phytoremediation and Bioenergy 
Production Efficiency of Medicinal 
and Aromatic Plants

C.K. Jisha, Kuldeep Bauddh, and Sushil Kumar Shukla

Abstract
The cultivation of aromatic and medicinal plants for their direct as well as indi-
rect uses is a common practice from ancient time. There are several medicinal 
plants which have not only the tolerance ability against the environmental con-
taminants but also may extract them from the polluted sites. Essential oil-bearing 
crops like peppermint (Mentha sps.), tulsi (Ocimum basilicum L.), industrial 
hemp (Cannabis sativa L.), Cymbopogon citratus etc., have been found to bear 
substantial efficiency to accumulate toxic metals e.g., Cd, As, Ni, Cu, Fe, etc. 
Generally the process used to extract the essential oil is steam distillation which 
has the least chance to allow the contaminants to move in oil. After harvesting 
the oil, residual biomass may be utilized for energy production. This energy may 
be produced by direct burning of biomass or production of biogas through the 
gasification of biomass. This integrated approach will not only reduce the cost of 
petroleum oil but also will help to develop a sustainable model which will help 
in mitigation of many environmental issues like reduction of greenhouse gases, 
pollution alleviation etc.
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11.1  Introduction

Generally, the aromatic plants have several unique features like social and envi-
ronmental benefits, industrial/commercial crops, multiple harvests within a year, 
tolerance against both biotic and abiotic stress conditions, unpalatable nature etc. 
(Verma et al. 2014). Aromatic and medicinal plants are cultivated from ancient time 
for extracting the essential oils. The oil of these plants is commonly used as 
an important ingredient in detergents, biological pesticides, soaps, cosmetic etc. 
The biomass (as by-product) may be utilized for energy production or manufactur-
ing of biomanure/green fertilizer which may reduce the over extraction of crude oil 
and excessive utilization of synthetic fertilizers, respectively. Utilization of biomass 
for bioenergy is an old practice which is a cheap alternative and renewable energy 
source (Mckendry 2002). The biomass of nonedible plants, grasses (both terrestrial 
and aquatic), etc., may be utilized for the purpose of energy generation. The basic 
features of interest of material of biomass for processing as energy source are 
described in Fig. 11.1 (McKendry 2002).

The waste/by-products of some industrial plants may also be used for the pur-
pose of energy production. The biomass derived from medicinal plants after extrac-
tion of essential oils or other important component may become a good alternative 
(Gupta et al. 2013; Tamari et al. 2014). Numerous medicinal plants have been 
reported that have the ability to accumulate the environmental contaminants (both 
organic and inorganic) (Gupta et al. 2013). These plants may be applied for the 
remediation of environmental contaminants simultaneously can fulfill several 
objectives like production of pharmaceutical component, energy production, carbon 
sequestration, and pollution remediation (Fig. 11.2).

Aromatic and medicinal plants may be used to remediate the contaminated sites 
because they have least chances of metal transfer from soil to essential oil or altera-
tions in its composition (Zheljazkov et al. 2006) which is due to the process used for 
oil extraction (Scora and Chang 1997; Bernstein et al. 2009; Pandey and Singh 
2015). Further, it is confirmed that metals linger in residues of plants (at bottom of 
pot) during oil extraction by steam distillation (Zheljazkov and Nielsen 1996a, b; 
Scora and Chang 1997; Zheljazkov et al. 2006). In the present chapter, efforts have 
been made to gather and interpret the available information which shall extend the 
knowledge of this area one step ahead. The medicinal plants that have phytoreme-
diation ability and may also be utilized for energy production have been discussed.

Fig. 11.1 The properties of interest of material of biomass during subsequent processing as 
energy source (McKendry 2002)
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11.2  Important Medicinal Plants and Their Uses

Humans have a close relation with nature which started along with them on earth. 
Without nature it does not have any existence. They were used to collect their food 
from nature and gradually they realized medicinal values of the plants too. These 
realizations lead to the origin of medicine from nature and commonly popularized 
as folk medicinal practices. Generally, folk medicinal practices can be divided into 
preventive and therapeutic medicine. All human beings are practicing the preventive 
medicinal practices in their daily life. The traditional foods, dress, and the hygiene 
systems are part and partial of the preventive medicinal practices. Human beings are 
conscious and aware about their dress and food by considering the weather condi-
tion. The vegetables and fruits which they are having have a prominent role in pre-
ventive medicinal practice. Our daily practices are protecting our body and health 
from diseases. Therapeutic medicinal practice is for curing the diseases directly. It 
needs proper care along with medicines. Therapeutic medicine can be classified in 
two categories as home medicinal practices and traditional medicinal practices. 
Home medicinal practice is related with the family. It is done in the premises of 
home by using the available medicinal plants. Traditional medicinal practices are 
done by some particular communities. Medicinal plants have a prominent role in 
folk medicinal practices. There are plenty of medicinal plants in the world with 
multipurpose uses that simultaneously protect the human beings and nature. Several 
medicinal plants which are commonly used by traditional medicinal practitioners 
are listed in Table 11.1 This is a field-based report done by the author (Jisha CK) at 
Kerala state of India.

Fig. 11.2 An integrated approach and multi-aspects of medicinal plants which may also be uti-
lized for the remediation of contaminated sites and the by-product (biomass) may be utilized for 
biofuel production (Image source: Google)
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11.3  Phytoremediation Potential of Medicinal Plants

The utilization of plants or plant products for the removal of environmental con-
taminants is known as phytoremediation. Albeit this technique is almost 2–3 decades 
old, the recent developments made it more attractive and efficient. At the beginning 
when the technique emerged, more emphasis was given to search plants that have 
the ability to accumulate contaminants especially toxic metals. Numerous plants 
have been investigated as phytoremediator and many of them are listed as hyperac-
cumulators (plants which can accumulate high amount of metals in ground parts 
and transfer them into their aerial parts). The selection of plant for the removal of 
contaminants is an important step of phytoremediation. At present the researchers 
are looking to find plants which have the contaminant-accumulating efficiency and 
simultaneously could provide some value-added products (either at the same time or 
after harvesting the crop). Several medicinal and aromatic plants (herb, shrub, as 
well as tree Fig. 11.3) are found to be tolerant to both biotic and abiotic stresses and 
have the ability to accumulate contaminants that may be used as phytoremediator 
plant (Table 11.2).

Chrysopogon zizanioides commonly known as vetiver grass has been found suit-
able for the removal of organic (e.g., 2, 4, 6-trinitrotoluene, phenol, and petroleum 
hydrocarbon) as well as inorganic (specially toxic metals like lead, cadmium, 

Fig. 11.3 Selection of medicinal plants for phytoremediation
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Table. 11.2 Medicinal plants studied for their phytoremediation potential of different heavy 
metals

Plant Family Metal Tissue Reference

Bacopa 
monnieri

Plantaginaceae Hg, Cd, Cu, Cr, 
Mn, Pb

Roots and 
shoots

Sinha and Chandra 
(1990); Sinha et al. 
(1996); Sinha 
(1999); and Hussain 
et al. (2011)

Ocimum 
basilicum

Lamiaceae Cd Roots, 
shoots, and 
leaves

Putwattana et al. 
(2010)

Catharanthus 
roseus

Apocynaceae Cd, Pb, Ni, Cr Leaves, 
stem, and 
roots

Pandey et al. (2007); 
Subhashini and 
Swamy (2013); and 
Ahmad and Misra 
(2014)

Mentha sps. Lamiaceae Cr, Ni, Cd, Pb Roots and 
shoots

Zurayk et al. (2001, 
2002) and Sa et al. 
(2014)

Aloe vera Xanthorrhoeaceae Cr Sharma and 
Adholeya (2011)

Cannabis 
sativa

Cannabaceae Ni, Pb, Cr, Cd Seeds, 
leaves, 
fibers, and 
hurds

Linger et al. (2002); 
Citterio et al. 
(2003); Shi and Cai 
(2009)

Cymbopogon 
citratus

Poaceae Cr, Ni, Pb, Cd Roots and 
shoots

Pandey et al. (2015)

Ricinus 
communis

Euphorbiaceae Cd, Ni Root and 
shoots

Shi and Cai (2009); 
Bauddh and Singh 
(2012a, b, 2015a, 
b); Bauddh et al. 
(2016a, b)

Azadirachta 
indica

Meliaceae Tannery 
effluent- 
contaminated 
soils (Cd, Cu, 
Zn, Cr, Pb)

Root and 
shoot

Thangaswamy et al. 
(2015)

Withania 
somnifera

Solanaceae Cu Root and 
shoot

Varun et al. (2012)

Euphorbia 
hirta

Cd Root and 
shoot

Hamzah et al. 
(2016)

Vetiver grass 
(Chrysopogon 
zizanioides)

As 45–450 mg 
As/kg soil

Root and 
shoot

Datta et al. (2011)

copper, zinc, and arsenic) contaminants (Chen et al. 2004; Brandt et al. 2006; 
Makris et al. 2007; Singh et al. 2008; Singhakant et al. 2009; Datta et al. 2011; 
Balasankar et al. 2013; Ho et al. 2013). Due to high root biomass and ability to 
penetrate deep layers of the soil, the plant vetiver may be used for the remediation 

C.K. Jisha et al.
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of deep contaminated soil (Truong 2000; Pichai et al. 2001). Truong (2000) reported 
that this plant has the ability to restore the soil loaded with mining waste. In an 
experiment conducted by Datta et al. (2011), vetiver grass was found to be a poten-
tial phytoremediator of As when cultivated in different types of soils. The plant was 
found to have significant As removal efficiency, i.e., up to 10.6% when grown in 
45 mg As/kg of soil (Millhopper soil) (Fig. 11.4).

Hamzah et al. (2016) have conducted an experiment to assess the cadmium accu-
mulation efficiency of some indigenous plants. They found that Euphorbia hirta, an 
industrially important plant (especially in medical and petro industries), has signifi-
cant Cd bioaccumulation efficacy. Euphorbia hirta has been also found suitable for 
the remediation of radioactive waste (Hu et al. 2014). Hypericum perforatum L. is 
an important medicinal plant commonly used as an antidepressive agent and has 
excellent ability to accumulate substantial amount of Cd (Schneider and Marquard 
1996; Kim et al. 1999; Müller et al. 1999; Malko 2002; Verotta 2003). Workers have 
suggested that Hypericum sp. can accumulate good content of Cd in their aerial 
parts without significant negative effects on the growth and dry biomass. Hypericin, 
an important component of essential oil, was not found adversely affected with Cr 
when cultivated in Cr-contaminated media (Tirillini et al. 2006).

Ricinus communis commonly known as castor is used as a medicinal plant from 
very ancient times as anti-implantation activity, anti-inflammatory activity, antitu-
mor activity, antiasthmatic activity, etc., and has been recently popularized as a 
vigorous phytoremediator for the cleanup of numerous pollutants both organic and 
inorganic types (Adhikari and Kumar 2012; Abreu et al. 2012; Bauddh and Singh 
2012a, b, 2015a, b; Bauddh et al. 2015a, b, 2016a, b). According to Zahir et al. 
(2010), the extracts of castor have acaricidal and insecticide properties which work 
against Haemaphysalis bispinosa and hematophagous fly, Hippobosca maculata. 
The plant has excellent ability to grow easily up to 150 mg/kg Cd and also accumu-
late substantial amount of the metal in its roots and shoots (Bauddh and Singh 
2012a; Fig. 11.5). The plant has good resistance capacity toward biotic and abiotic 
stresses. Moreover, R. communis is an annual herb that produces high biomass 
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Fig. 11.4 Arsenic removal efficiency of vetiver grass when cultivated in different types and differ-
ent level of As contamination (Datta et al. 2011)
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which can be utilized for energy production as biomass. The husk and cake pro-
duced during oil extraction may also be applied as manure because it has significant 
amount of nutrients (Zahir et al. 2010). The plant has been found to accumulate 
higher amount of heavy metals like Cd, Ni, Pb, Cu, As, Cr, Zn, Ba, etc. (Romeiro 
et al. 2006; Zhi-Xin et al. 2007; Mahmud et al. 2008; Bauddh and Singh 2012a, b, 
2015a, b; Bauddh et al. 2015a, b, 2016a, b; Adhikari and Kumar 2012; Abreu et al. 
2012). The plantation of R. communis has also been reported to improve the soil 
physicochemical properties when cultivated in wasteland soils (Wu et al. 2012).

Hypericum perforatum L., a medicinally important plant especially used in 
depression (Verotta 2003), has been found to be effective for remediation of Cd 
from soil (Malko 2002; Schneider and Marquard 1996). The plant did not express 
adverse effects on growth as well as dry biomass production. Bishehkolaei et al. 
(2011) found that Ocimum basilicum L. has good efficiency to accumulate chro-
mium (Cr) in its tissues. The plant developed defense mechanism by restricting the 
metal in their roots. In a recent study, Ocimum basilicum has expressed its suitabil-
ity for the phytoremediation of Cd-contaminated soil which was further improved 
when the plants were supplied with different types of fertilizers (Zahedifara et al. 
2016). Rai et al. (2004) reported that Ocimum tenuiflorum L. has the ability to bear 
up phytotoxicity of Cr by changing different metabolic processes.

Six wild plants, viz., Malva parviflora, Datura stramonium, Citrullus colocyn-
this, Rhazya stricta, Phragmites australis, and Lycium shawii, were assessed for 
their phytoremediation potential of Cd, Zn, Cu, Ni, and Pb by Ibrahim et al. (2013). 
They found Datura stramonium, a medicinal plant, suitable for phytostabilization 
of soil contaminated with Ni and Cu (Fig. 11.6).

Phytoremediation potential of Cymbopogon martinii, Cymbopogon flexuosus, 
and Vetiveria zizanoides was assessed for Cd by Lal et al. (2008). Vetiveria zizanoi-
des was found to have high Cd tolerance. Metal (viz., Ni, Cr, Cd, Al, etc.) tolerance 
and bioaccumulation potential of several Mentha species have been reported by 
many authors (Zurayk et al. 2001, 2002; Ali et al. 2002; Manikandan et al. 2015). 
Zurayk et al. (2001) cultivated 12 different hydrophyte species along with four 
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Mentha species, viz., Mentha longifolia, Mentha aquatica, Mentha pulegium, and 
Mentha sylvestris, in 1.0 ppm Cr, Ni, and Cd contamination. They found that all 
Mentha species accumulated a substantial amount of all studied metals (Fig. 11.7). 
M. longifolia was found to accumulate Cr (1076.8 μg Cr plant−1), whereas M. syl-
vestris accumulated Ni (1822 μg Cr plant−1) which was the highest level of the met-
als accumulated among all (12) studied plants.

Two species of Mentha, i.e., Mentha aquatica L. and Mentha sylvestris L., were 
cultivated in the solutions having 1.0, 2.0, 4.0, and 8.0 mg Ni L−1 for 14 days 
(Zurayk et al. 2002). Both the species accumulated high amount of Ni in their roots 
(8327 mg Ni kg−1 dry weight in M. aquatica and 6762 mg/kg dry weight in M. syl-
vestris) which indicated this plant as a vigorous phytoremediator. Two medicinally 
important plants (Centella asiatica and Orthosiphon stamineus) have been analyzed 
for their phytoremediation potential of heavy metals by several researchers (Abdu 
et al. 2011; Salim et al. 2013; Manan et al. 2015). In a study conducted by Manan et al. 
(2015), the comparison was made between these two medicinal plants (C. asiatica 
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and O. stamineus) for their Zn, Cu, and Pb accumulation and translocation and 
found that C. asiatica has translocation factor of more than one for all the studied 
metals (Fig. 11.8; Zn = 1.34, Cu = 2.77, and Pb = 1.42). Translocation factor more 
than one for all the metals indicates that C. asiatica may be used for phytoextrac-
tion. However, another plant O. stamineus has translocation factor of less than one 
but was found to accumulate substantial amount of metals and may be suitable for 
phytostabilization.

Allium sativum (garlic) was found to have good efficiency to accumulate cad-
mium in its roots which was 1826 times higher than the control (Jiang et al. 2001). 
The plant showed enough tolerance toward Cd and did not show toxic effects at 
lower concentrations. Cannabis sativa L. (hemp), an industrial (for fiber) and 
medicinal important plant cultivated in Ni-, Pb-, and Cd-contaminated soil to assess 
their phytoremediation potential and effects of these metals on quality of fiber, was 
investigated by Linger et al. (2002). They found that the highest amount of all stud-
ied metals was estimated in the leaves of the plant. Moreover, they found that none 
of the studied metal affects the quality of fiber. Citterio et al. (2003) grew Cannabis 
sativa in Cd-, Ni-, and Cr-contaminated soil and after 2 months of seed sowing 
found no substantial changes in plant growth (morphology). Metals caused enhanced 
production of phytochelatins which showed a strong defense mechanism against 
metal toxicity.

Cymbopogon martinii commonly known as palmarosa was found as a suitable 
candidate for phytostabilization of metals when cultivated in tannery sludge mixed 
soil (Pandey et al. 2015). The amendment of sludge was found to enhance the 
growth and productivity of C. martini. The translocation factor for all the studied 
metals, viz., Cr, Ni, Pb, and Cd, was found <1; however, bioconcentration factor 
was assessed >1 which indicates the suitability of this plant as an excellent 
phytostabilizer.
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(Manan et al. 2015)
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11.4  Bioenergy Production Efficiency of Medicinal Plants

Due to rocketing price of crude/petroleum oil and concern of environmental pollu-
tion, the entire world is searching new alternatives of energy. In the last few decades, 
bioenergy emerged as a potential solution which also found economically feasible 
and environmentally safe alternative of energy. Concerns of food versus fuel draw a 
boundary line to use the edible crops/plants, e.g., maize, sugarcane, soybeans, etc., 
as energy source (Sagar and Kartha 2007). Many other options have been investi-
gated in the last few decades; many have been adopted commercially like blends of 
oil extracted from seeds of petro crops (Jatropha curcas, Ricinus communis, 
Millettia pinnata, etc.), solar energy, biogas, etc. Production of bioethanol, biobuta-
nol, lipids, lignin, starch, etc., from the plants is a very common practice these days.

Proper utilization of waste material derived from the plants as biomass after har-
vesting the desired part may also become an integrated approach for many indus-
tries. Different sources of biomass residues are described in Fig. 11.9 (Easterly and 
Burnham 1996). The direct use of plant and plant parts (biomass) is one of the 
processes by which the consumption of petroleum oil may be reduced. It has been 
reported by several researchers (Karekezi and Kithyoma 2006; Hashiramoto 2007) 
that the biomass is a potential source of bioenergy. However, this practice will 
require a huge agricultural area to cultivate these plants which indirectly affect the 
agricultural productivity. Generally, woody crops, grasses, or herbaceous plants are 
considered potential energy crops. These crops may require low input, low water for 
irrigation, and low nutrients and provide high yield of biomass (McKendry 2002). 
The biomass of industrial crops/plants as a by-product may be directly or indirectly 
utilized for the energy production (Boyle 1996; Wereko-Broddy and Hagen 1996).

The biomass of medicinal crops (as a by-product) may also be used as an 
efficient energy source. This practice may initiate an innovative and sustainable 
business especially in pharmaceutical industries. Numerous medicinal plants like 
Ricinus communis, Azadirachta indica, Syzygium cumini, Phyllanthus emblica, 
Cannabis sativa, Moringa oleifera, Madhuca longifolia, etc., are high biomass- 
producing plants, and their biomass may be directly used for energy purposes. The 
oil of Ricinus communis has numerous components (e.g., ricinoleic acid, linoleic 
acid, oleic acid, stearic acid, palmitic acid, dihydroxystearic acid, linolenic acid, 
and eicosanoic acid) which make it a robust biodiesel plant (Maleki et al. 2013; 
Mejia et al. 2013; Ustra et al. 2013).

Fig. 11.9 Different sources of biomass residues (Easterly and Burnham 1996)
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11.5  Conclusions

Due to high cost and unavailability of chemical drugs in outlying areas in ancient 
time, the total dependency for medicines was on the natural plants. Cultivation of 
aromatic and medicinal plants provides not only medicines but also helps in other 
ways like reduction in level of carbon dioxide, pollution remediation, biofuel pro-
duction, etc. Many medicinal plants like vetiver, neem, peepal, and others produce 
huge amount of biomass and can be used for energy generation. The medicinal 
plants like Bacopa monnieri, Ocimum basilicum, Catharanthus roseus, Mentha 
sps., Ricinus communis, Cannabis sativa, Chrysopogon zizanioides, etc., have sub-
stantial potential to extract the contaminants when cultivated in polluted sites and 
may be adopted for pollution remediation.

Acknowledgment Dr. Kuldeep Bauddh is thankful to UGC for the award of UGC Start-Up Grant 
(3(B):2202.03.789.03.01.31).
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12A Sustainable Approach to Clean 
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Abstract
After the industrial revolution, due to various activities like mining, sewage dis-
posal, pesticides, etc., an enormous increase in pollution load in the soil environ-
ment has been observed. Mitigation of soil pollution in a sustainable manner can 
be achieved by the help of grasses. Grasses are fast-growing plants that hold the 
soil surface and check the soil degradation. It increases soil microbial population 
and helps in the removal of various contaminants like heavy metals, pesticides, 
polyaromatic hydrocarbon, and various other pollutants from the soil. Grasses 
also help in carbon sequestration and prevent desertification of land. Grasses are 
tolerant to several abiotic stresses because of their strong antioxidant defense 
system. Various grasses like vetiver, Miscanthus, switchgrass, lemongrass, etc. 
have been used as an ideal phytoextractant as they produce high biomass in less 
time and accumulate high concentration of metals mostly in root. These grasses 
can also be utilized for the production of biofuels. Thus, grasses help in meeting 
the needs of increasing energy demands without affecting food crop prices.
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12.1  Introduction

Owing to staggering rise in human and animal population and expanding agricul-
tural, mining, and industrial activities, heavy metal pollution of soil and water has 
become a global issue all around the world. Colossal disposal of industrial effluents, 
mainly in the developing countries, is causing soil pollution. The use of contami-
nated grounds for the agricultural and urban development needs a secure and profi-
cient purification system. With the enhancement of the use of agrochemicals, 
unwanted elements such as heavy metals and many other compounds find their way 
in agricultural soils, which pose a potential threat to the human and livestock 
(Chaney et al. 1998). Restoration of contaminated lands by forming a grass/plant 
cover is crucial before the contaminants can cause major health hazard by relocating 
the metals into the neighboring areas. Grasses have shown to be most effective in 
phytoextraction of many toxic substances and degradation of organic contaminants 
present in the soils (Anderson et al. 1993). Their fibrous root system offers an 
increased root surface for microbial growth and activity. Furthermore, grasses can 
effectively stabilize surface soils by improving physical and chemical properties of 
the soil and retarding the degradation of soils (Aprill and Sims 1990).

12.2  Geographical Distributions of Grasses

The grass family is one of the most widely distributed and abundant groups of plants 
on Earth. Grasses belong to the family Poaceae. The cereal grasses, bamboos, natu-
ral grasslands, and pastures come under Poaceae family. Grasslands such as savan-
nah and prairie where grasses are dominant are estimated to constitute 20% of the 
vegetation cover of the Earth. Grasses are also an important part of the vegetation in 
many other habitats, including wetlands, forests, and tundra. Various grass species 
are found around the world. There are some essential oil-bearing aromatic grasses, 
viz., lemongrass (Cymbopogon flexuosus), palmarosa (Cymbopogon martinii), cit-
ronella (Cymbopogon winterianus), and vetiver (Vetiveria zizanioides). Out of these 
four, high-value essential oil of C. martinii, C. winterianus, and C. flexuosus is 
extracted from shoot portion, while that of vetiver is extracted from the root.

Vetiver grass is native to South and Southeast Asia where it has been grown for 
centuries for roof thatching, fodder for livestock, and perfumery and cosmetic 
industries. Vetiver grass (Vetiveria zizanioides or Chrysopogon zizanioides) is a tall 
(2–3 m), fast-growing, perennial tussock grass. It has a deep elongated (3–4 m), 
extensive, and complex root system that usually diffuses in the deeper layers of the 
soil (Dalton et al. 1996; Truong 2000; Pichai et al. 2001). Vetiver was first used for 
soil conservation and land stabilization purposes in Fiji in the early 1950s and pro-
moted by the World Bank for soil and water conservation in India in the 1980s 
(Dalton et al. 1996).

Switchgrass (Panicum virgatum) is a warm-season perennial grass and has been 
native to North America. Switchgrass has broad adaptability, high growth rates, and 
tolerance to a wide variety of climatic and edaphic conditions. It has earned 
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attention because it has a great demand in biofuel industry. Timothy grass (Phleum 
pratense) is also perennial grass native to Central Europe which has been intro-
duced to New England in the early eighteenth century. It is tolerant to cold as well 
as drought conditions (Balsamo et al. 2015).

Miscanthus sinensis is of tetraploid origin consisting of two subgenomes. Several 
species occur naturally in Eastern and Southeastern Asia (Clifton-Brown et al. 
2008), Africa, and the Himalayas (Hodkinson et al. 2002). Miscanthus, a C4 grass 
similar to sugarcane, develops well in moderately polluted soil and also on degraded 
land where soil quality is poor, specifically in nitrogen. Being a high-biomass- 
producing grass, it has gained a high interest among researchers as it can be used as 
a phytoremediator as well as energy crop.

Cymbopogon citratus is a tall perennial grass that grows in warm temperate and 
tropical regions of the world. Its common names are lemongrass, barbed wire grass, 
and silky heads (Kazembe and Chauruka 2012). The insecticidal (Arias et al. 1992), 
antimicrobial (Syed et al. 1995), and therapeutic properties (Akendengue 1992) of 
its oil and extracts have been reported. Lemongrass is one of the uttermost exten-
sively cultivated essential oil-bearing grasses of the tropics and subtropics of India, 
Indonesia, and Madagascar and also in Africa and South America (Anaruma et al. 
2010; Ganjewala and Luthra 2010; Weiss 1997). Lemongrass is usually found in 
wild habitats like in dense/mixed forest and also along the banks of rivers and canals 
(Singh and Sharma 2001; Weiss 1997). Lately, its agrotechnology is now available, 
and it is commercially cultivated in several parts of the world.

The C3 grass species are mainly found at high latitude and high elevation and 
grow in low-temperature season. C4 grasses mainly occur in warm seasons. The 
mechanism interpreting the poor performance of C4 plant species in colder climates 
is not known. C4 grasses and C3 grasses differ immensely in their capability to stim-
ulate rhizodegradation and metabolize contaminants (Ehleringer 1978; Sage and 
Kubien 2007). Phylogenetic literature showed that all C4 lineages originated from 
C3 ancestors adapted to warm climates. Various C4 species have independently 
evolved cold tolerance, and these C4 species survive well without showing compli-
cations from chilling injury. Cold-adapted C4 species show a high level of antioxi-
dant and carotenoid pigments and also have amplified photoprotective ability at low 
temperature. Rubisco capacity is similar to gross CO2 assimilation rate below 20 °C 
in cold-adapted C4 species, indicating that it is an important limitation on C4 photo-
synthesis at cool temperature (Raghavendra and Sage 2010).

12.3  Utilization of Grasses for Different Purposes

12.3.1  Effectiveness of Grasses in Remediation 
of Contaminated Soil

Procedures of phytoremediation are common to many genera of plants. Foremost 
rules in selecting grass species for phytoremediation of a contaminated land are 
resistance to contaminant; degree of agglomeration, translocation, and uptake 
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potential of various contaminants; climatic acclimatization to abiotic stress like 
heat, wind, cold, waterlogging, and drought; tolerance against extreme pH or salin-
ity; and economic value for marketable product (Dickinson et al. 2009; Hemen 
2011).

Grasses usually accumulate metals in intensified amount inside their tissues 
(hyperaccumulators) and showing low biomass (Chaudhry et al. 1998) possesses 
restricted root system (Ernst 1996), although some grasses which are tolerant and 
show high biomass production have some adaptation mechanisms that concede 
them to survive in contaminated land better than others (Palazzo and Lee 1997). 
Keller et al. (2003) reported that resistance of grass species and its suitability for 
particular contaminants at the root level must be considered while choosing plants 
for phytoremediation. Root system morphology empowered some plants to be more 
proficient than others in nutrient uptake from stressed soil (Fitter and Stickland 
1991).

Cynodon dactylon played an essential role in phytoremediation of chromite–
asbestos mine waste and agriculturally contaminated sites when compared with 
Sorghastrum nutans, A. concinna, and Cajanus cajan. Cr content in grasses is high 
and more than the critical plant total metal content (5–30 mg kg−1) (Kabata-Pendias 
2011). However, the soil contains very high amount of Cr, but its accumulation 
inside the cereals is low (<10 mg kg−1). This may be because of immobile nature of 
Cr and grass–legumes are acting as a potential barrier for metal uptake by cereals 
(Alloway 2013). Addition of organic matter (OM) in terms of farmyard manure 
retards the Cr mobility in soil, resulting in lower Cr accumulation in crops (Singh 
et al. 2007a, b). The translocation factor (TF) of C. dactylon, S. nutans, and C. cajan 
is found to be greater than 1, which means a high agglomeration of Cr in the leaves 
as compared to the roots (Brunetti et al. 2009).

Grass cover has the potential to agglomerate metals and facilitates phytoreme-
diation of chromite–asbestos mine waste (Hoflich et al. 1994; Zong et al. 2015). 
When grasses (Cymbopogon sp., Chrysopogon sp.) are added with biochar, farm-
yard manure, and chicken manure along with Pseudomonas sp. and Bacillus sp., 
this not only enhances the growth of plant but also enhances the remediation of Cr 
from polluted site (Masarovicova et al. 2009). The use of various grasses for removal 
of different contaminants is presented in Table 12.1.

12.3.2  Phytoremediation of Various Metals by Vetiver

Vetiver can sustain in soil environment that contains various heavy metals, and it 
agglomerates these heavy metals inside the roots and shoots. Numerous studies 
revealed the ability of Chrysopogon zizanioides (CZ) to extract metals such as arse-
nic, chromium, lead, zinc, cadmium, aluminum, copper, mercury, and so on from 
contaminated land (Truong 1999).

CZ is tolerant against high levels of arsenic (As5+) in the soil. However, arsenic 
mainly agglomerates in the root region (Srisatit et al. 2003). When CZ was culti-
vated from the arsenic-contaminated soil (125 mg As kg−1), roots contained about 
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9.78 mg kg−1 dry weight (DW) of arsenic as compared to 0.53 mg kg−1 DW in 
shoots after 45 days of experiment (Truong and Baker 1998a, b). However, arsenic 
concentration decreases with the growth of the grass (Srisatit et al. 2003). Chiu et al. 
(2005) reported that when CZ was grown in soils containing 100 mg kg−1 of arsenic 
for 3 months, around 3 mg kg−1 of arsenic got agglomerated in shoots, while roots 
enclosed around 13 mg kg−1 of arsenic. Arsenic uptake by CZ can be enhanced by 
using chelating agents like organic matter, chelates enhance the uptake capacity of 
grass to accumulate more metal in less time. Singh et al. (2007a) observed that CZ 
grows well in soil contaminated with dairy waste and about 500 mg kg−1 of 
NaH2AsO4. After 6 months, CZ contained about 185.4 mg kg−1 of arsenic in root 
and about 100.6 mg kg−1 in leaves. Summing up, CZ can absorb 62% of arsenic 
from the contaminated land. However, CZ cannot be considered as a hyper- 
accumulator of arsenic; it can extract heavy metals from contaminated sites and thus 
cuts down the contaminant level present in the soil (Truong 1999).

Angin et al. (2008) revealed that CZ can be used to remove boron from contami-
nated soil. CZ has been successfully established on boron-contaminated soils, and 

Table 12.1 Removal of contaminant by various grasses

Grasses Contaminants References

Cynodon dactylon Pb Wong and Lau (1985)

Fe, Cu, and Pb Maric et al. (2013)

Festuca rubra Cu, Pb, and Zn Wong (1982)

Phragmites australis Fly ash, Pb/Zn mine soils Ye et al. (1998)

Vetiver zizanioides Pb/Zn mine tailings, Pb, Cd, 
Zn, and Pb

Shu et al. (2000), Chen et al. 
(2004), and Lai and Chen 
(2004)

Panicum virgatum Polyaromatic hydrocarbon 
(PAH)

Pradhan et al. (1998)

Lolium perenne Gulf war-contaminated soils Yateem et al. (1999)

p,p′-DDE White (2000)

Saccharum officinarum Cd, Cu, Pb, and Zn (mixture of 
wastewater and sewage sludge)

Muchuweti et al. (2006)

Miscanthus sp. Arsenic Hartley et al. (2009)

Forage grass (Bromus 
inermis, Elymus dauricus)

2-Chlorobenzoic acid Siciliano and Germida 
(1997)

Reed canary grass 4-Chlorophenol, naphthalic 
anhydride

Urbanek et al. (2005)

Grass rhizosphere Parathion and diazinon; 2,4-D 
and 2,4,5-T

Hsu and Bartha (1979) and 
Shann and Boyle (1994)

Dactylis glomerata Fe, Cu, and Pb Maric et al. (2013)

Anthoxanthum odoratum

Agrostis gigantea

Abbreviation: 2,4-D 2,4-Dichlorophenoxyacetic acid, 2,4,5-T 2,4,5 Trichlorophenoxyacetic acid, 
DDE Dichlorodiphenyldichloroethylene
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the agglomeration of boron is higher in shoots (about 28 mg kg−1 DW) than in roots 
(about 17 mg kg−1 DW) (Angin et al. 2008).

Cadmium is extremely harmful to plant growth (Baker and Eldershaw 1993). 
Truong (1999) revealed that CZ has tolerance to 60 mg kg−1 of Cd. CZ also sustains 
in mine tailing soils which contained about 32 mg kg−1 of Cd in the soil (Yang et al. 
2003). Vo (2007) found that when CZ was grown in 10, 20, and 40 mg kg−1 of 
Cd-incorporated soils, it showed acceptable growth and development. Cd concen-
tration in CZ grasses enhanced with the increasing dose of Cd in the soil. Overall, 
Cd concentration inside root got increased from 0.14 to 0.23 mg kg−1, and in shoot 
it increased from 0.11 to 0.15 mg kg−1 after 70 days of exposure (Vo 2007). Zhuang 
et al. (2005) found that CZ grown on shale oil tailings (Xia 2004) and contaminated 
farm lands has the Cd content ratio in root and shoot varied between 2 and 3, respec-
tively. Major amount of Cd got accumulated in CZ shoots, which is approximately 
25 mg kg−1 (Lai and Chen 2004). Various studies (Zhuang et al. 2005; Lai and Chen 
2004) revealed that no enhancement in Cd uptake has been observed after the addi-
tion of chelating agent like EDTA by the root and shoot of CZ.

Chiu et al. (2006) reported that CZ also sustains well on Cu mine tailing soils 
that contained 1084 mg kg−1 of Cu (Antiochia et al. 2007). Castillo et al. (2007) also 
revealed that CZ successfully established in Cu tailings (La Africana mine, Chile) 
which contained about 3921 mg kg−1of Cu. The agglomeration of Cu by CZ is low. 
Yang et al. (2003) revealed that CZ also survived well in Pb/Zn mine soils which 
contained 35 mg kg−1 of Cu. The root accumulated more Cu than the shoot. The 
accumulation was 58.7 and 3.7 mg kg−1 of Cu in root and shoot, respectively, after 
20 weeks of establishment of CZ grass. Another study (Chiu et al. 2006) reported 
that CZ accumulated 330 mg kg−1of Cu in roots and around 10 mg kg−1 in shoots 
when grown in Cu mine soils. Various studies (Chiu et al. 2006; Wilde et al. 2005) 
revealed that the translocation ratio (TR), i.e., transfer from root to shoot of Cu in 
CZ, is generally less than 10%. Cu uptake by CZ roots and shoots can enhance by 
the addition of chelating agents, although the effect of different chelating agents 
(cyclohexane-1,2-diaminetetraacetic acid, ethylenediaminetetraacetic acid, citric 
acid, and malic acid) has different results on Cu uptake by CZ (Lou et al. 2007; Chiu 
et al. 2005). Organic matter, viz., sewage sludge and manure compost amended in 
the Pb/Zn-contaminated soil, retards the uptake of Cu by roots and shoots of CZ 
(Chiu et al. 2006).

CZ is also tolerant against high amount of Cr (about 600 mg kg−1) in contami-
nated soils (Truong 1999). Hoang et al. (2007) revealed that CZ can sustain on the 
canal sludge that contained about 2290 mg kg−1 of Cr. Antiochia et al.(2007) also 
reported that CZ has grown well in Cr-contaminated water that contained about 
623 mg kg−1 of Cr. Chromium is mainly absorbed by the roots of CZ. CZ has easily 
grown in soils containing 50, 200, and 600 mg kg−1 of Cr and agglomerates about 
404, 1170, and 1750 mg kg−1 in roots, respectively, while shoot accumulated low 
amount of Cr which is 4, 5, and 18 mg kg−1, respectively (Truong 1999). The accu-
mulation of Cr inside root and shoot is also dependent on exposure time. Cr accu-
mulation by the CZ roots enhanced as the Cr exposure time increased, while Cr 
accumulation by the leaves remained constant (Antiochia et al. 2007).
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CZ showed its tolerance against high range of lead (Pb) in the soil. CZ showed 
100% survival rate when grown in high levels of Pb-contaminated soils (9020–
10,750 mg kg−1 of Pb) (Rotkittikhun et al. 2007). Chen et al. (2004) revealed that 
CZ displayed visible growth in Pb-contaminated soils (about 5000 mg kg−1 of Pb) 
(Wilde et al. 2005). CZ growth has been enhanced with the use of organic matter 
and arbuscular mycorrhizal fungi (Rotkittikhun et al. 2007) in Pb-contaminated 
soil. The application of organic matter (OM) into the polluted soils lowered the 
extractable metal from the soil. Thus, CZ exhibits reduced Pb uptake when the pol-
luted soils are incorporated with organic matter, such as pig manure, sewage sludge, 
and domestic refuse (Chiu et al. 2006; Yang et al. 2003). Majority of Pb is absorbed 
by the roots only, and a small portion is translocated to the shoots (Cunningham and 
Berti 2000).

CZ is also useful in remediating soil contaminated with 2,4,6-trinitrotoluene 
(TNT). TNT is a potent mutagen and classified as a group C human carcinogen 
(USEPA, 1991; Cenas et al. 2001). It is mainly used in the production of munitions 
and explosives. Makrisa et al. (2007a) observed that CZ sustained well in 40 mg L−1 
of TNT in hydroponic system, whereas it does not show any toxic effects after 8 
days of exposure. However, Makrisa et al. (2007b) reported that CZ accumulated 
1026 mg of TNT. Although the absorption kinetics was slow, CZ also demonstrates 
the ability to clean radionuclide from soils as well as water (Shaw and Bell 1991). 
Singh et al. (2008a) showed the potential of CZ to extract 61% of 137Cs and 94% 
of 90Sr from the Cs and Sr solution after 168 h of exposure (Singh et al. 2008b).

12.3.3  Miscanthus sp. Role in Remediation of Metals

Miscanthus usually takes small amounts of the toxic heavy metals (Pogrzeba et al. 
2010), whereas M. sacchariflorus contains remarkable concentrations of toxic 
heavy metals, viz., Zn, Cd, and Pb. The role of Miscanthus on heavy metal uptake 
behavior when grown in contaminated soil has been studied by Iqbal et al. (2013). 
Ollivier et al. (2012) and Wanat et al. (2013) reported that Miscanthus was tolerant 
to long-term contaminated soil near a gold mine.

Studies (Kao et al. 1998; Sun et al. 2006) revealed that M. floridulus showed a 
high potential for remediation in nonferrous mining sites, which contained about 
760 mg kg−1 of Pb, Cd (> 4 mg kg−1), Zn (approximately 370 mg kg−1), and Cu 
(>95 mg kg−1). The agglomeration of metals was higher in stems and leaves than in 
the roots. Li et al. (2011) demonstrated that M. floridulus is uranium tolerant when 
cultivated on shale of uranium mill tailings (in South China). In Cd- and Pb-polluted 
soils, M. x giganteus agglomerated about 35–55 g/ha/year of heavy metals (Barbu 
et al. 2009; Iordache et al. 2010; Barbu 2010). Iordache et al. (2010) reported that 
more than 680 mg kg−1 of Pb and more than 13 mg kg of Cd got accumulated by the 
Miscanthus. M. x giganteus displayed good adaptation against acidic soil. 
Miscanthus has been evaluated for its potential to grow on heavy metal-polluted 
land due to tin mining (Visser et al. 2001). Kerr et al. (1998) revealed that Miscanthus 
sustain easily in soils incorporated with sewage sludge, regardless of high amount 
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of phytotoxic metals present in the growing medium. Though metal accumulation 
was low, it sustained well in contaminated soil.

12.3.4  Remediation of Polyaromatic Hydrocarbon and Pesticides

Polycyclic aromatic hydrocarbons (PAHs) are the major organic pollutants, and 
most of PAHs show mutagenic and carcinogenic characteristics. Li et al. (2006) 
found that CZ has a good adaptation potential when grown in soil contaminated 
with benzo[a]pyrene (B[a]P). The CZ grass tolerated up to 100 mg kg−1 of B[a]
P. The removal of B[a]P from the soils is accompanied by an enhancement in soil 
microbial biomass.

Aprill and Sims (1990) revealed that for phytoremediation of PAH, the species of 
grasses are most suitable. Grasses like fescue (Festuca sp.), ryegrass (Lolium sp.), 
Panicum sp., and prairie grasses (e.g., Buchloe dactyloides, Bouteloua sp.) are pop-
ular because they possess very dense and deep root system which in turn gives a 
large root surface area (Aprill and Sims 1990). Mulberry trees were very useful in 
degradation of PCB and PAH in the soil by triggering the expression of microbial 
genes involved in PCB and PAH degradation (Cajthaml et al. 2002; Renoldi et al. 
2003; Mueller and Shann 2006).

Brandt et al. (2006) observed that CZ has grown well in land contained about 5% 
(w/w) of crude oil. Crude oil inhibits the growth and biomass of CZ grass, and after 
6 months of CZ cultivation in crude oil, no further uptake enhancement has been 
observed in the field trials. Hence, CZ can be successfully established on slightly 
polluted sites with PAH. Merkl et al. (2005) established that Brachiaria brizantha 
can remediate the crude oil-contaminated soil and also enhances the microbial oil 
degradation. Although this grass is native to tropical Africa, it has been introduced 
into many countries of the world. Organic fertilizer catalyzes the process of reme-
diation. Physicochemical and structural properties of contaminants determine the 
uptake by grasses from the soil. Moderately hydrophobic organic compounds (char-
acterized with the octanol–water partition coefficient, log Kow, with values between 
1 and 3) available in diesel fuel have been quickly taken up by roots. Hydrophilic 
(log Kow < 1) and strongly hydrophobic compounds (log Kow > 3) are unavailable for 
uptake because of their strong bonding to soil particles or to plant roots (Kamath 
et al. 2004). The growth of B. brizantha is not restricted by the diesel-contaminated 
grass in the soil. This grass species is notably tolerant to the diesel concentrations 
and is effective in remediating the contaminated soil surface of diesel spills (Mezzari 
et al. 2011).

CZ can also control the agrochemical pollutions like atrazine, and this grass 
sustains about 1000–2000 μg L−1 of atrazine (Winters 1999; Cull et al. 2000). 
Truong et al. (2000) also found that CZ has effectively removed agrochemicals like 
carbofuran, atrazine, and monocrotophos from cotton and sugarcane farms 
(Pinthong et al. 1998; Sripen et al. 1996). Vetiver enhanced the biodegradation of 
organic contaminants such as phenol, benzo[a]pyrene, organophosphate 
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pesticides, and atrazine (Truong et al. 2000; Boonsaner et al. 2002; Li et al. 2006; 
Singh et al. 2008a).

Studies (Techer et al. 2011, 2012c) showed that M. x giganteus removed various 
PAH from contaminated soils. Biodegradation of pyrene, pyrene + phenanthrene, 
pyrene + salicylate, and pyrene + diesel fuel was accelerated by root exudates. 
Another study by Maliszewska-Kordybach (2005) revealed that quercetin (as a root 
exudate) is responsible for biodegradation of PAH when grown in long-term PAH- 
contaminated soils (Techer et al. 2012a, b).

Xia (2004) showed that various grasses like vetiver grass (Vetiveria zizanioides), 
bahia grass (Paspalum notatum), St. Augustine grass (Stenotaphrum secundatum), 
and bana grass (Pennisetum glaucum and P. purpureum) have the potential to reme-
diate the oil shale mined land in the Southwest of Guangdong Province, China (Xia 
2004). Considering all above grasses, vetiver has the highest survival rate, i.e., 99%, 
followed by bahia and St. Augustine, and their survival rates are 96% and 91%, 
respectively, although bana grass has the lowest survival rate of 62%.

A study by Truong (1999), Xia, and Shu (2000) revealed that vetiver grass has a 
strong resistance against despicable environment and sustains high concentrations 
of heavy metals. In Australia, C. zizanioides has been used successfully to stabilize 
in saline, alkaline (pH 9.5) coal mined land, and highly acidic (pH 2.7) gold mined 
land (Truong and Baker 1998a, b; Truong 1999). C. zizanioides repeated a similar 
pattern in China (Xia and Shu 2000). Other studies (Kalmbacher and Martin 1998; 
Reynolds et al. 1999; Xia and Shu 2000) suggest that bahia grass (Paspalum nota-
tum) is also an excellent grass that helps in ecological restoration and turf and for-
age application. Stenotaphrum secundatum, a lesser known grass, is generally used 
as turfgrass in Guangdong and as forage in few countries. This grass possesses tol-
erance against drought and salinity (Marcum and Murdoch 1994; Carrow 1996; 
Qian and Engelke 1999). Bana grass is similar to elephant grass (Pennisetum purpu-
reum), and they are tolerant to high metal concentration (Koester et al. 1992a, b; Van 
De et al. 1999).

12.3.5  Other Useful Aspects of Grasses

Saline area is expanding in both dry and irrigated lands in low rainfall and semiarid 
regions of the world. This is the supreme concern because salinity has been increased 
in agricultural soil. Truong and Baker (1997) revealed that vetiver grass not only 
redeems the saline soil but also prevents soil erosion. Many tropical countries in 
Asia (viz., Thailand and Vietnam) and Africa face the problem of acid sulfate soils. 
The leachates from these soils cause various diseases in fish and finally cause their 
death (Truong and Baker 1998a). Vetiver has been easily cultivated on these areas 
and it rehabilitates the acidic soil.

Kilpatrick (2012) reported that Miscanthus can be cultivated on contaminated 
soils as well as on marginal land. Its productivity can be enhanced by wastewater 
treatment and by organic amendments coming from distillery effluents (Galballey 
et al. 2012).
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Seashore paspalum and Bermuda grass are mainly used as a vegetative cap for a 
brine landfarm, whereas weeping love grass does not sustain in contaminated soil. 
Seashore paspalum agglomerate large concentration of Cl than the other turf spe-
cies. This result showed that Seashore paspalum act as a phytoremediator of Cl in 
brine-impacted soils and also sustain in contaminated soils (Fontenot et al. 2015).

Some grasses are rich in essential oil content, and they were widely used in food 
or drinks, mosquito repellents, perfumery, and health and care products (Jantan 
et al. 1999). Citronella (Cymbopogon nardus) essential oil has been utilized for 
insect-repellent purpose; however, combined dose of citronella, lemon (Citrus 
limon), rose (Rosa damascena), lavender, and basil essential oils with 1 liter of dis-
tilled water is very efficient to prevent indoor pests (Koul et al. 2008). But, these 
natural oils do not last as long as synthetic repellents (Debboun et al. 2000; Barnard 
and Xue 2004). Biomass of another aromatic grass, namely, lemongrass, has a wide 
application. Its essential oil has a great demand in cosmetic and pharmaceutical 
industries and also in production of eco-friendly pesticides (Ganjewala and Luthra 
2010; Weiss 1997). Lemongrass oil possesses refreshing aroma and also has anti-
fungal and antibacterial properties (Anaruma et al. 2010; Guynot et al. 2003; Pandey 
et al. 2003; Kumar et al. 2007, 2009; Inouye et al. 2001; Pattnaik et al. 1996). 
Cultivation of lemongrass is usually found in the tropics and subtropics, and major 
importers of lemongrass oil are the United States and European countries.

Grasses protect the soil from soil erosion because of its extensive root system, 
which grow very fast unlike trees which develop deep root system after several 
years. Soil erosion occurs due to various reasons like high rainfall, high wind, or 
flood. Vetiver grass technology (VGT) gives a very efficient protection against high 
wind and floods. Civil construction like roads, dams, etc. as well as farmlands 
remained stable if they were protected by VGT. Miller (1999) revealed that many 
countries like Central and South America and speakers from El Salvador, Mexico, 
Venezuela, and Costa Rica found vetiver grass technology effective in protecting 
and stabilizing the infrastructure of a region. Similarly this technology protects us 
from landslides as well as deforestation. The deep roots of grasses holds the soil 
efficiently from being washed away; on the other hand, its thick top growth retards 
the flow velocity and its erosive power (Truong 1999).

12.3.6  Carbon Sequestration by Grasses

Miscanthus can be easily grown in nutrient-poor marginal lands. However over the 
time, Miscanthus sequestered the C; as a result of this, soil C increased (Clifton- 
Brown et al. 2007). The C capture differs during summer and winter. Studies 
revealed that M. x giganteus grown for 15 years in Ireland captured around 0.6 t/ha/
year; however, M. sinensis showed 2 t/ha/year soil C (Stewart et al. 2009).

A comparative study in Poland by Borzecka-Walker et al. (2008) revealed that 
Miscanthus captured about 0.6 t/ha−1/year−1 of C, whereas willow sequestered 
around 0.3 t/ha−1/year−1 of C. Thus, Miscanthus perform better in terms of C seques-
tration. Zimmermann et al. (2012) established that captured C amounts by 
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Miscanthus varied and it depends on the soil type. Captured carbon range varied 
between 0.2 and 1 t/ha−1/year−1. Schneckenberger and Kuzyanov (2007) studied the 
long-term carbon sequestration by the Miscanthus in the field condition. They 
reported that Miscanthus grown in a loamy soil for 9 years showed inclusion of 
around 0.23 t/ha−1/year−1 soil organic C in the top 1 m of soil, whereas cultivation in 
a sandy soil for 12 years showed the half of incorporation as above. Hence, the soil 
texture also contributes much in carbon fixation by the plant in the soil. Singh et al. 
(2011) reported that carbon sequestered is found to be the highest by vetiver in 
comparison to two other aromatic grasses, viz., lemongrass (Cymbopogon flexuo-
sus) and palmarosa (Cymbopogon martinii var. motia). Figure 12.1 depicts the vari-
ous uses of grasses.

12.4  Mechanism Adopted by the Grasses Against Metal/
Xenobiotic Toxicity

Mainly, all the plants/grasses usually show similar response against environmental 
stress like drought, chilling, metal toxicity, and UV radiation as well as pathogen 
attack which causes the generation of ROS in plants due to disturbance in cellular 
homeostasis (Mittler 2002; Hu et al. 2008; Han et al. 2009). ROS are highly harmful 
to organisms at high concentrations. When the amount of ROS exceeds the defense 
mechanisms, a cell is said to be in a state of “oxidative stress.” The elevated level of 
ROS during environmental stresses causes threat to cells by causing peroxidation of 

Fig. 12.1 Various uses of grasses
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lipids, oxidation of proteins, and damage to nucleic acids ultimately leading to cell 
death (Verma and Dubey 2003; Meriga et al. 2004; Sharma and Dubey 2005; 
Maheshwari and Dubey 2009; Tanou et al. 2009). Scavenging or detoxification of 
excess ROS is achieved by an efficient antioxidative system comprising of the non-
enzymic as well as enzymic antioxidants (Noctor and Foyer 1998). The enzymic 
antioxidants include superoxide dismutase (SOD), catalase (CAT), guaiacol peroxi-
dase (GPX), and enzymes of ascorbate–glutathione (AsA-GSH) cycle such as 
ascorbate peroxidase (APX), monodehydroascorbate reductase (MDHAR), dehy-
droascorbate reductase (DHAR), and glutathione reductase (GR) (Noctor and Foyer 
1998). Ascorbate (AsA), glutathione (GSH), carotenoids, tocopherols, and pheno-
lics serve as potent nonenzymic antioxidants within the cell. Maintenance of a high 
antioxidant capacity to scavenge the toxic ROS has been linked to increased toler-
ance of grasses to these environmental stresses (Urbanek et al. 2005; Zaefyzadeh 
et al. 2009; Chen et al. 2010; Patel et al. 2016). Figure 12.2 shows the coping mech-
anism of the grasses against abiotic stress.

Dawes and Bowler (1959) found that the root systems of grasses also supply 
organic matter (OM) all through the soil environment. Roots secrete a gel-like mate-
rial which has been a notable source of OM. The extent of gel formation by root 
depends on various factors like soil type, type of plant species, and age of root 
(Foster 1982). Mainly, gel is secreted by the epidermal root cells and comprises 
carbohydrates having low molecular weight (Floyd and Ohirogge 1970). Generally, 
gel is colonized and availed by bacteria of soil (Foster and Rovira 1976, 1978). 
Studies revealed that bacterial populations are higher in the rhizosphere than outside 
the rhizospheric soil environment. Furthermore, growth of actinomycetes and fungi 
is also improved with enhancement in root growth (Bowen and Rovira 1976).

Fig. 12.2 Mechanism adopted by grass against abiotic stress
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The most intense fibrous root arrangement belongs to the grass family. Based on 
their growth tendency, grasses can be differentiated into two main groups, (1) bunch 
grasses which are recognized by erect growth of all stems and (2) sod-forming 
grasses which produce horizontal stems that may grow above (stolons) or below 
(rhizomes) the surface of the soil. Sod-forming grasses are known for their immense 
capacity to stabilize soil surfaces against erosive forces (Aprill and Sims 1990). Due 
to their fibrous root arrangement, they form vegetative cover on the polluted soil 
surface thus provide in situ removal of contaminants. Sod-forming grasses are 
perennials. Because of having well-developed root system, grasses provide appro-
priate environment for the growth of microorganism. These microorganisms in turn 
speed up the nitrogen uptake and metal binding and degrade the hydrocarbon as 
well as organic pollutants (Das and Adholeya 2012). There are three suggested 
mechanisms for the stimulation of soil contaminant disappearance by plants: (1) 
nonspecific enhancement of microbial communities by the plant (Haby and Crowley 
1996), (2) enhancement of microbial activity in the rhizosphere that protects the 
plant from contaminants and results in disappearance (Walton et al. 1994), or (3) the 
development of specific degradative microbial communities in the rhizosphere 
(Ferro et al. 1994; Siciliano and Germida 1997).

12.5  Applications of Grasses for Bioenergy Production

Biofuel production with the help of grasses comes under second-generation biofuel 
crops. The second generation chiefly comprises nonfood crops, and they are pre-
ferred over food crops because these nonfood crops are not in an immediate compe-
tition with the food crops. Thus, food crop prices have not been directly affected by 
the second-generation crop (Lewandowski et al. 2000; Fowler et al. 2003; Rosillo- 
Calle et al. 2006). Biofuels are derived from cellulose, hemicellulose, or lignin, i.e., 
biomass obtained from the forests, grassland, or aquatic ecosystems, or by cultiva-
tion of bioenergy crops (Corma et al. 2007; Pu et al. 2008; Naik et al. 2010). 
Furthermore, lignocellulosic waste could also be used for the biofuel purpose 
(Rosillo-Calle et al. 2006; Clifton-Brown et al. 2007). Many biofuel perennial 
grasses belong to family Poaceae and are represented by Miscanthus (M. sinensis, 
M. sacchariflorus, M. hybrida x giganteus), switchgrass (Panicum virgatum L.), 
reed canary grass (Phalaris arundinacea L.), common reеd (Phragmites australis), 
Johnson grass (Sorghum halepense Сav.), and sugarcane (Saccharum spp.) 
(Hoogwijk et al. 2003; Pidlisnyuk et al. 2014).

Collura et al.(2006) found that Miscanthus annual harvestable energy production 
is about 17 MJ/kg dry matter and more than 10,000 kg/ha−1/yield (total 170,000 MJ/
ha/year) (Dahl and Obernberger 2004; Dorge et al. 2011). Studies revealed that 
Miscanthus generates high biomass which in turn provides more energy per hectare 
(Heaton et al. 2010). This may be due to higher photosynthetic rates at low tempera-
tures (Dohleman et al. 2009). However, Miscanthus is a C4 grass and very effec-
tively uses water at high temperatures and light intensity. It is adapted in a C4 mode 
even at relatively low temperature, compared to switchgrass.
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Zheljazkov et al. (2011) found that lemongrass biomass promptly converted to 
ethanol in comparison to the biomass obtained from other species which has not 
received pretreatment with steam. Biomass obtained from lemongrass is invariable 
because it has long leaves and did not form a stem. Thus, it facilitates more bioetha-
nol production from the biomass. Tilman et al. (2006) proposed that approximately 
235 million hectares of grassland can be converted into cellulosic ethanol. They 
predicted that about 1032 liters of ethanol can be produced through the conversion 
of the 4 t/ha/year of grasses. However, this disturbs the natural ecosystem as grasses 
play a crucial role in maintaining the natural ecosystem. Pimentel and Patzek (2008) 
revealed that switchgrass can also produce good amount of ethanol and the cost of 
producing a liter of ethanol using switchgrass was 93¢ (Ghana Cedi).

Various research has been carried out on diverse grass species for biofuel produc-
tion and also determining impacts on nutrient cycle (Masarovicova et al. 2009; 
Rakhmetov 2007; Stefanovska et al. 2011; Gubisova et al. 2011; Pidlisnyuk 2012; 
Behnke et al. 2012).

12.6  Effectiveness of Grasses in Soil Microbial Growth

Soil enzymes mainly originate from plant, animal, and microbial sources. There is 
a prevalent postulation that soil enzymes are derived predominantly from soil 
microorganisms (Ladd 1978; Marinari et al. 2014). Enzyme activities are higher in 
rhizosphere soils than those of the bulk soil. The higher enzyme activity of the rhi-
zosphere mainly lies on the stimulation of root-associated microbial activity by 
rhizo-deposition and also on the release of enzymes by roots or by lysis of root cells 
(Gramss et al. 1999; Chroma et al. 2002; Harvey et al. 2002). Dick (1994, 1997) 
established that soil enzyme activities (including rhizosphere ones) can be useful 
indexes of changes occurring in the microbial functioning in soil, as affected by 
various and different factors like input of excretory waste by herbivores (Ruess and 
McNaughton 1987), changes in soil porosity due to trampling of soil by animals 
(Abdel-Magid et al. 1987), and changes in competition for N between microorgan-
isms and the defoliated sward (Busso et al. 2001). Moreover, grazing/mowing by 
animals also affects the identity of major plant species (Collins et al. 1998; Olff and 
Ritchie 1998), which can influence the structure of soil microbial communities 
(Ibekwe and Kennedy 1998; Priha et al. 1999; Briones et al. 2002; Söderberg et al. 
2002).

Microorganisms in soil are also influenced by moisture content in the soil, tem-
perature, pH, and organic matter present in the vicinity of the rhizospheres of plants 
(Lynch 1982). Phytoremediation practices also affect the microbial communities 
present in the remediated sites, and they are very crucial for revegetation as well as 
the extraction of metals from the contaminated soils (Pawlowska et al. 2000; Khan 
2003).

Various studies (Wardle and Nicholson 1996; Wardle et al. 1998, 1999; Bardgett 
and Shine 1999) revealed that the perennial grasslands are an important component 
of plant species and played a determining role in soil microbial population. They 
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help in maintaining soil ecosystem and nutrient cycling. However, the dominant 
plant species are important determinants of ecosystem function (Hopper and 
Vitousek 1997; Wardle et al. 1997; Grime 1998). Urease activity was higher in the 
soil from management system, and increased urease activity is observed in low 
levels of tannery waste (Patel and Patra 2014). Urease activity is more in rainy sea-
son as comparison to summer and winter (McGarity and Myers 1967). Dehydrogenase 
enzymes appear to be linked with microbial activity associated with initial break-
down of organic matter (Ross 1971); they are known to maintain redox potential of 
soil by transferring electrons and protons from substrate to acceptors. Ross (1970) 
stated that dehydrogenase activity appeared to be more dependent on the metabolic 
state of the soil or on the biological activity of the microbial population than on any 
free enzyme present. Enzyme activity has been enhanced in rhizospheric zone of 
grasses, when soil has amended with organic matter (Anderson et al. 1993).

The well-developed root provides an effective means of distributing and enhanc-
ing organic matter in the soil. The expansion of roots also helps in distribution of 
soil microorganism. Hence, better microbial growth is observed, and it also removes 
the toxic compound because interaction between microbes and toxic compound is 
enhanced. The fibrous root arrangement is more proficient than the tap root arrange-
ment because the former holds the high microbial population growth than the later 
due to more profuse and increased surface area in fibrous root system (Anderson 
et al. 1993). The genetic diversity and dense, fibrous rooting system of prairie 
grasses facilitates the growth of microbial population and an enhanced microbial 
biomass (Aprill and Sims 1990).

12.7  Futures of Grasses After Remediation and Conclusions

After phytoremediation, grasses can be disposed in the incinerator, where its bio-
mass turned into ash, which further can be converted in bricks. Another method is 
compositing and compaction (Kumar et al. 1995; Raskin et al. 1997; Garbisu and 
Alkorta 2001). Hetland et al. (2001) exhibit that composting remarkably reduces the 
volume of harvested biomass, although metal-contaminated biomass further 
requires treatment before disposal. The advantage of this method is that it lowers the 
transportation cost. Compaction was suggested by Blaylock and Huang (2000). The 
leachate collected will treat separately as it contains heavy metals. Overall sche-
matic representation is explained in Fig. 12.3.

After phytoremediation, plant biomass can be used to extract profitable heavy 
metal, and the remaining is converted into bio-ore (Brooks et al. 1998), an important 
use for hyper-accumulator grasses for economic gain in the mining industry (Nicks 
and Chambers 1994).

Combustion and gasification are other routes of disposal of plant after remedia-
tion. Recovery of energy from biomass by burning or gasification could help make 
phytoextraction more cost-effective. Bio-fumigation is a new concept of utilizing 
plants insecticidal properties. Bio-fumigation is usually applied to plants, which can 
stimulate synthesis of glucosinolates (GLS), which are organic compounds 
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containing sulfur. The products of their enzymatic degradation, mainly isothiocya-
nates, exhibit biocidal properties, which are used in bio-fumigation.

Pyrolysis decomposes material under anaerobic conditions. The final products 
are pyrolytic fluid oil and coke; heavy metals will remain in the coke, which could 
be used in smelter. Koppolu et al. (2003) reported that 99% of the metal recovered 
in the product stream was concentrated in the char formed by pyrolyzing the syn-
thetic hyper-accumulator biomass used in the pilot-scale reactor. The metal compo-
nent is concentrated by 3.2–6 times in the char, compared to feed. Indeed, what 
makes phytoextraction even more interesting is the fact that interest in using biofu-
els as an alternative energy source is high on the agenda of policy makers in many 
countries (Pimentel and Patzek 2007). The impact of metals on conversion effi-
ciency, as well as the energy needed to properly use or dispose the rest product after 
conversion, should be considered. This has not yet been calculated extensively.

Grasses seem to be very beneficial in extracting contaminants from the soil. They 
not only provide a vegetative cover but its fibrous root helps in the growth of soil 
microbes. Grasses capture the carbon and reduce the greenhouse load of the atmo-
sphere. Various essential oils that are obtained from aromatic grasses are used in 
cosmetic and pharmaceutical industry. After phytoremediation grasses can be used 
as biopesticides or can be utilized in producing biofuels.

Fig. 12.3 Schematic representation of plant process after phytoremediation
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Abstract
Macrophytes have excessive efficiency to remove various inorganic and organic 
contaminants including heavy metals, nutrients, pesticides, POPs, oils from 
wastewater. The removal of contaminants depends upon the concentration of 
contaminant, duration of exposure and others factors including environmental 
characteristics (pH, temperature etc.), physicochemical properties of pollutants 
(solubility, pressure etc.) and plants characteristics (species, root system etc.). To 
ascertain large scale execution of this process, management of phytoremediating 
macrophytes will be a chief concern bioenergy production is effective and low 
cost practices for the optimum utilization and eco-friendly management of these 
macrophytes. Due to high photosynthetic efficiency and higher biomass produc-
tion, macrophytes can produce useful quantities of carbohydrate and cellulose; 
raw material forbio-gas, bioethanol and lipids which are non-polluting and 
renewable sources of energy. Several aquatic macrophytes, such as Eichhornia 
crassipes, Trapa natans, Typha latifolia, Pistiastratiotes, Phragmites australis, 
Lemna gibba can easily degraded, and produce high bioenergy yield. In addition, 
macrophytes can be used for several other purposes such as recreational, house-
hold, flowers, fodder, fertilizers, mulch etc. Macrophytes are also capable for 
sequestering carbon through photosynthesis and accumulation of organic matter 
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in sediments and plant biomass. This chapter highlights the macrophytes poten-
tial for removal of inorganic and organic contaminants and their subsequent use 
for bioenergy production.

Keywords
Bioenergy • Heavy metals • Macrophytes • Phytoremediation • Wastewater

13.1  Introduction

Water is a precious natural resource that supports life on earth. Unfortunately, it has 
been continuously subjected to over-exploitation due to ever-increasing population, 
industrialization and urbanization. Huge amount of organic and inorganic pollutants 
have been added in the environment due to organic contaminants such as pesticides, 
fertilizers, detergents, petroleum hydrocarbons, food additive, human antibiotics, 
etc., and inorganic contaminants, e.g. heavy metal, nitrate, ammonium, phosphate, 
radioisotopes, etc., are known to be carcinogenic, endocrine disruptor and neurotox-
ins. In addition, they harm nervous system, cause irritation in respiratory, damage 
reproductive system and also cause immunological disorder in children. Considering 
the effects of these pollutants on human beings, animals, aquatic organisms and 
plants, appropriate treatment techniques are required (Kumar et al. 2013a). Various 
conventional treatment techniques such as ion exchange, chemical precipitation, 
adsorption, reverse osmosis, electrochemical treatment, coagulation-flocculation, 
filtration, etc., are used for the removal of these organic and inorganic contaminants. 
However, weak implementation and limited financial resource pose serious chal-
lenges to the environment.

Hence, sustainable management of aquatic ecosystem needs cost-effective and 
eco-friendly remediation technologies. Many scientists demonstrated the potential of 
aquatic macrophytes for inorganic and organic pollutant removal. Phytoremediation 
is an innovative technique to handle the surface water pollution problem because 
plants are solar-driven, their relative growth rate is high, and they are also natural 
accumulators of elements, cost-effective, less destructive and environmentally 
friendly. Phytoremediation technique is more efficient as compared with conven-
tional techniques and can be applied at low concentration of pollutants.

13.1.1  Macrophytes

Macrophytes are a diverse group of photosynthetic organism found in waterbodies. 
They include bryophytes (mosses, liverwort, etc.), pteridophytes (ferns) and sper-
matophytes (flowering plants). Chamber et al. (2008) represented macrophytes into 
seven different plant divisions: Spermatophyta, Pteridophyta, Bryophyta, 
Xanthophyta, Rhodophyta, Chlorophyta and Cyanobacteria. Arber (1920) and 
Sculthorpe (1967) classified macrophytes into four different categories (Fig. 13.1) 
depending on their growth forms:
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 1. Emergent macrophytes: Plants rooted in soil and also emerging to a significant 
height above water.

 2. Submerged macrophytes: Plants grow below the surface water including few 
ferns, numerous mosses and some angiosperm.

 3. Free-floating macrophytes: Plants that are non-rooted to the substratum and float 
on the surface of the water.

Fig. 13.1 Classification of macrophytes and their example

Fig. 13.2 Phytoremediation mechanism and its techniques (Rai 2009)
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 4. Floating leaf macrophytes: Plants occur in submerged sediment, and leaves are 
floating with long flexible petiole on the surface, which mainly include 
angiosperm.

The aquatic macrophytes are a major part of the aquatic ecosystem and show 
high efficiency in the removal of organic and inorganic contaminants. They absorb 
and concentrate the contaminants in their roots and shoots from polluted wastewater 
(Zhu et al. 1999; Rai 2009). Root exudates and pH of rhizosphere also may cause 
inorganic and organic pollutants to precipitate on root surfaces.

13.1.2  Phytoremediation

Phytoremediation chiefly refers to diverse collection of plant-based technology that 
uses plants to reduce the concentrations or toxic effects of contaminants in the envi-
ronments (Greipsson 2011). This technology can be used for the removal of inor-
ganic pollutants (heavy metals, radionuclides and nutrients) and organic pollutants 
(PAHs, POPs and pesticides). It is a simple, cost-effective, eco-friendly, novel 
remediation strategy also called as green technology (Kalve et al. 2011; Sarma 
2011; Singh and Prasad 2011; Vithanage et al. 2012). Day by day, phytoremediation 
is gaining interest because of effective and inexpensive cleanup of hazardous waste 
sites. There are several techniques by which plants can clean up or remediate con-
taminated sites (Table 13.1).

Table 13.1 Techniques of phytoremediation and their advantages

S. 
no. Techniques Mechanism Advantages

1. Rhizofiltration Utilization of roots to absorb, concentrate 
and precipitate toxic contaminants from 
water. It reduces the mobility of 
contaminant and prevents migration to 
the groundwater

In situ and ex situ 
application retains 
contaminants in the 
root

2. Phytoextraction Contaminant absorption by roots and 
subsequent translocation to shoots

Inexpensive and 
permanent contaminant 
removal

3. Phytostabilization Immobilization of heavy metals in soil 
through sorption by root, precipitation 
and complexation

Disposal of toxic waste 
is not required, reduce 
soil erosion

4. Phytovolatilization Plants uptake pollutants and convert them 
to volatile form and release them in the 
atmosphere. It is used for remediation of 
organic pollutants and some heavy metals 
like Se and Hg

Contaminants directly 
released to the 
atmosphere

5. Phytodegradation Degradation of organic pollutants by 
plants in the presence of enzyme like 
oxygenase and dehalogenase. It is 
independent of rhizospheric 
microorganisms

Reduce waste and also 
are used to produce 
bioenergy
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Rhizofiltration is a process applicable for aquatic macrophytes. The process 
involves raising plants hydroponically and then transplanting them into polluted 
waters, where macrophytes absorb and concentrate the pollutants in their roots and 
shoots (Rai 2009). Macrophytes accumulate significant amounts of pollutants in 
combination with low maintenance cost, easy handling and least secondary waste 
disposal and also produce large amounts of root biomass. Roots play an important 
role in element uptake from water (Sharma and Gaur 1995). Uptake mechanism is 
controlled by several factors such as pH, temperature, physiochemical properties of 
pollutants (solubility, pressure, etc.) and plant characteristics (species, root system, 
etc.) (Greger 1999; Blaylock and Huang 2000).

13.2  Phytoremediation Potential of Aquatic Macrophytes

Aquatic macrophytes are known for accumulating and concentrating contaminants 
from their environment. Several studies have shown that aquatic macrophytes are 
very effective in removing inorganic and organic chemicals from polluted water.

13.2.1  Remediation of Inorganic Contaminants

Aquatic macrophytes possess the ability to remediate inorganic contaminants 
including nutrients like nitrate, nitrite, ammonium, phosphorus, heavy metals and 
radioactive isotopes from wastewaters. The process efficiency varies with plant spe-
cies and is also dependent on concentration of the contaminant and duration of 
exposure.

13.2.1.1  Remediation of Heavy Metals
Heavy metals are the largest part of inorganic contaminants and their common 
sources are mining, vehicle emission, batteries, fertilizers, paints, etc. Heavy metals 
enter the human body through skin contact, respiration or ingestion and pose risk to 
human health. Many of these heavy metals are carcinogenic, endocrine disruptor 
and mutagenic, and some cause neurological and behavioural changes especially in 
children (Kumar et al. 2013b). Several aquatic macrophytes have the capacity to 
remove heavy metals from water, e.g. Eichhornia crassipes (Kay et al. 1984; Zhu 
et al. 1999), Hydrocotyle umbellata (Dierberg et al. 1987), Lemna minor L. (Mo 
et al. 1989; Rai 2007a) and Azolla pinnata (Mo et al. 1989; Rai 2007a, b). Sasmaz 
and Obek (2009) reported that L. gibba is an accumulator of As, U and B from 
effluents. Several species of Salvinia including S. herzogii, S. minima, S. natans and 
S. rotundifolia have shown potential to remove various heavy metals, viz. Pb, Cr, Ni 
and Cu from wastewaters (Nichols et al. 2000; Olguin et al. 2005; Sune et al. 2007; 
Sanchez-Galvan et al. 2008; Xu et al. 2009). Odjegba and Fasidi (2004) reported 
that Pistia is a potential candidate for the removal of Zn, Cr, Cu, Cd, Pb and Hg. It 
accumulates Zn and Cd up to high concentration. Mercury is moderately accumu-
lated by the plant and showed poor accumulation of Ni. Four aquatic plants 
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Table 13.2 Phytoremediation potential of aquatic various macrophytes for heavy metal

S. no Macrophyte species
Heavy 
metals

Accumulation in 
macrophytes References

1. Eichhornia crassipes Cu 6000–7000 mg kg−1 Molisani et al. (2006)

Cr 4000–6000 mg kg−1. Hu et al. (2007)

Ni 1200 mg kg−1 Low et al. (1994)

Cd 2200 μg kg−1 Zhu et al. (1999)

Zn 1677 mg g−1 Kamel (2013)

As 909.58 mg kg−1 Delgado et al. (1993)

Hg 119 ng g−1 Molisani et al. (2006)

Mn 300 mg kg−1 Dixit et al. (2011)

2. Azolla Pinnata Ni 16,252 l μg g−1 Arora et al. (2004)

Cd 740 μg g−1 Rai (2008)

Cr 1095 μg g−1 Rai (2010)

Hg 940 μg g−1 Rai and Tripathi (2009)

Pb 1383 mg kg−1 Iqbal et al. (2013)

3. Azolla filiculoides Cd 2608 μg g−1 Arora et al. (2004)

Cu 6013 μg g−1 Valderrama et al. (2012)

As >60 μg g−1 Zhang et al. (2008)

Cr 12,383 μg g−1 Arora et al. (2006)

Pb 1607 mg kg−1 Vesely et al. (2011)

4. Azolla caroliniana Cr 356 mg kg−1 Bennicelli et al. (2004), 
Zhang et al. (2008)Hg 578 mg kg−1

As 284 mg kg−1

5. Hydrilla verticillata As 231 mg kg_1 Srivastava et al. (2010)

Cu 771–3,0831 mg kg −1 Srivastava et al. ( 2011)

6. Typha latifolia Ni 295.6 mg kg −1 Afrous et al. (2011)

Cu 1157.7 mg kg −1 Nguyen et al. (2009)

7. Pistia stratiotes Pb 519 mg kg−1 Vesely et al. (2011)

8. Salvinia minima Pb 5469 mg kg−1 Vesely et al. (2011)

9. Salvinia natans Cr 7.40 mg g−1 Dhir et al. (2009)

10. Lemna gibba U 896.9 mg kg−1 Mkandawire et al. 
(2004)As 1021.7 mg kg−1

11. Lemna minor Pb 561 mg g−1 Leblebici and Aksoy 
2011

Cu 400 μg g−1 Boule et al. 2009

12. Typha angustifolia Mn 860mgkg−1 Sasmaz et al. (2008)

Cu 50mgkg−1

(continued)

Eichornia crassipes, Pistia stratiotes, Scirpus tabernaemontani and Colocasia 
esculenta were evaluated for their efficiency in the removal of Hg from wastewater 
and were found to be hyperaccumulator of Hg (Skinner et al. 2007; Kumar et al. 
2012, Rezania et al. 2015). Potential of various macrophytes for heavy metal accu-
mulation is presented in Table 13.2.

S. Anand et al.



339

13.2.1.2  Remediation of Nitrate, Nitrite, Ammonium and Phosphate
Nitrite, nitrate, ammonia and phosphate are the main nutrient ions present in con-
taminated water and cause threat to water quality and increase eutrophication. 
Mostly nutrients are derivative of the decomposed organic wastes (nitrogenous) and 
are easily taken up by rooted green plants or floating plants in the water. Various 
aquatic macrophytes showed potential for the proficient removal of inorganic con-
taminants such as nitrogen and phosphorus from water (Dhir et al. 2009).

Ammonia is the by-product of decomposed nitrogenous organic wastes and ordi-
nary constituent of groundwater and sometimes is also added to drinking water to 
eliminate odour and taste of free chlorine (Dhir 2009). Ismail et al. (2015) reported 
that ammonia removal efficiency of E. crassipes and P. stratiotes was 91.1 and 
95.7%, respectively. This indicated that P. stratiotes is slightly superior to E. 
crassipes in reducing ammonia from the wastewater. Tripathi and Shukla (1991) 
also found that E. crassipes had significant ability to remove ammonia from water. 
Phosphate and orthophosphate are the main form of phosphorus present in water. 
Aquatic macrophytes could store phosphorous in its tissue, and their growth rate is 
positively related to the availability of phosphorous present in water (Xie and Yu 
2003). Ismail et al. (2015) reported that there is a decrease in concentration of PO4

− 
in water treated with E. crassipes and P. stratiotes and found that the PO4

− absorp-
tion ability of both treatments was highly significant. Overall, E. crassipes performed 
slightly better than P. stratiotes. Verma and Suthar (2014) reported that Lemna 
gibba bears great efficiency for the removal of nitrate and total phosphorus from 
urban wastewater without dilution. Lotus (Nelumbo nucifera) showed the efficient 
removal of TKN (Total Kjeldahl Nitrogen); NH3–N, NO2–N and NO3–N; and TP 
(total phosphorous) from domestic wastewater (Kanabkaew and Puetpaiboon 2004) 
(Table 13.3).

Table 13.2 (continued)

S. no Macrophyte species
Heavy 
metals

Accumulation in 
macrophytes References

13. Myriophyllum spicatum Pb 8.94 mg g−1 Kamel (2013)

Zn 2.66 mg g−1

14. Ceratophyllum 
submersum

Pb 258.62 mg kg−1 Kamel (2013)

Zn 1172.8 mg kg−1

15. Wolffia globosa As > 1000 mg kg−1 Zhang et al. (2009)

16. Phragmites communis Fe 2813 μg g−1 Chandra and Yadav 
(2011)Mn 814.40 μg g−1

Zn 265.80 μg g−1

Pb 92.80 μg g−1

17. Trapa natans Cd 0.015 μg g−1 Sweta et al. (2015)
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13.2.2  Remediation of Organic Contaminants

A large number of organic pollutants are noticed in groundwater worldwide includ-
ing nanoparticles, pesticides and their metabolites, pharmaceuticals and hormones, 
personal care products, industrial additives and by-products, water treatment by- 
products, flame/fire retardants and surfactants, caffeine and nicotine and their 
metabolites. Movement of these organic contaminants in water depends on solubil-
ity, charge, size, pressure and the presence of other organic contaminants. Four 
mechanisms are involved in phytoremediation of organic pollutants (Schnoor et al. 
1995; Xia and Ma 2006):

 1. Direct accumulation of contaminants and metabolism in plant tissues
 2. Transpiration of VOCs (volatile organic compounds) through the green leaves
 3. Release of exudates that stimulate microbial activity and biochemical transfor-

mations around the root system
 4. Development of mineralization that is attributed to mycorrhizal fungi and micro-

bial consortia associated with the root surface

13.2.2.1  Remediation of Pesticides and Persistent Organic 
Pollutants (POPs)

Certain chemical pollutants have the ability to persist in the environment for long 
duration, migrate into water and concentrate to levels that could harm human health 
due to their various side effects and carcinogenic nature. These chemicals are 

Table 13.3 Aquatic macrophytes with potential for treating nitrate, nitrite, ammonium and phos-
phate contaminants from wastewater

S. no. Macrophytes Contaminants Removal References

1. Eichhornia crassipes NH3 10.25 mg/L Ismail et al. (2015)

PO4
− 2.55 mg/L

2. Pistia stratiotes NH3 11.7 mg/L Ismail et al. (2015)

PO4
− 2.2 mg/L

3. Azolla filiculoides NH3 58 mg/L Sood et al. (2011)

PO4
− 23.5 mg/L

4. Myriophyllum aquaticum TNK 21.16 mg/L Souza et al. (2013)

TP 0.62 mg/L

5. Lemna minor Total nitrogen 60,000 mg/L Mkandawire and Dudel 
(2007)TP 5000 mg/L

K 40,000 mg/L

Ca 10,000 mg/L

6. Spirodela polyrhiza N 29.8 mg/L Mishra and Tripathi 
(2008)P 7.2 mg/L

Ca 2.8 mg/L

7. Lemna gibba NO3 9.15 mg/L Verma and Suthar 
(2014)TP 6.90 mg/L
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commonly called as persistent organic pollutants (POPs) (Manahan 2000; Yang 
et al. 2011). Pesticides are common example of POPs used in the control of pests, 
insects and weeds in agricultural fields. They enter the aquatic ecosystem from a 
number of sources such as power stations, incinerating plants as well as from trans-
port, household furnaces, agricultural sprays and leaching from the landfills. 
Phytoremediation is a technique that could potentially help in the restoration of 
contaminated water. In few years, a number of research articles have reported the 
role of plants in remediating contaminated waters (Paterson et al. 1990; Shrimp 
et al. 1993; Schnoor et al. 1995; Simonich and Hites 1995; Watanabe 1997). Xia and 
Ma (2006) observed the accumulation of ethion (an organophosphorous pesticides) 
in Eichhornia crassipes and found that it decreased by 55–91% in shoots and 
74–81% in roots after 1 week of incubation in culture solutions without any visible 
morphological changes in plants. This shows the high adoptability of Eichhornia 
crassipes plant that could decontaminate wastewater polluted with ethion. 
Remediations of organic contaminants by aquatic macrophytes have been presented 
in Table 13.4.

Table 13.4 Macrophytes with potential of organic contaminants removal from wastewater

S. 
no. Plants Organic contaminants Accumulation References

1. Pistia stratiotes Chlorpyrifos 0.036 mg g−1 Prasertsup and 
Ariyakanon (2011)

2. Elodea canadensis Dimethomorph 13 ng g−1 Olette et al. (2008)

Flazasulfuron 3 ng g−1

3. Phragmites communis γ-HCH 0.97 ng g−1 Guo et al. (2014)

DDTs 0.93 ng g−1

4. Ipomoea aquatica Di-n-butyl phthalate 9.95 mg kg−1 Cai et al. (2008)
Deval et al. (2012)Polyphenols 334.89 mg g−1

5. Typha angustifolia Phenol 100 mg g−1 Chandra and Yadav 
(2010)

6. Eichhornia crassipes Ethion 215.6 μg g-1 Xia and Ma (2006)

7. Typha spp. Clofibric acid 20 μg g−1 Dordio et al. (2009)

8. Hydrilla verticillata Chlordane 1060.95 μg g−1 Chaudhry et al. 
(2002)

9. Heteranthera 
callifolia

Hexane 0.123 mg g−1 Denise et al. (2013)

10. Lemna gibba Alanine 23 g kg−1 Mkandawire and 
Dudel (2007)Glutamic acid 36.7 g kg−1

11. Lemna minor Flazasulfuron 27 μg g−1 Olette et al. (2009)

Dimethomorph 33 μg g−1

12. Ceratophyllum 
submersum

Aldrin 0.38 ng g−1 Guo et al. (2014)

Endosulfan 0.73 ng g−1

13. Azolla filiculoides Sulfadimethoxine 49 μg−1 Froni et al. (2002)

Flumequine 960 μg−1
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13.3  Bioenergy Potential of Aquatic Macrophytes

Aquatic macrophytes are the dominant plants and play an important role in aquatic 
ecosystems by providing food, shelter and substantial support for many fishes and 
crustaceans. The aquatic macrophytes including emergent, submerged and floating 
macrophytes have been grown naturally and caused various environmental prob-
lems in lakes and reservoirs (Abbasi et al. 1990; Moorhead and Nordstedt 1993). 
Various experiments have shown that these aquatic macrophytes have potential for 
organic and inorganic accumulation and would be used for remediation of contami-
nated water. With large-scale execution of this technology, subsequent management 
and disposal of the huge amount of phytoremediating macrophytes with higher 
organic and inorganic contaminants will be a chief concern. If macrophytes will not 
be disposed properly, then they may create contamination in the environment. 
Effective and low-cost management is needed for the treatment of phytoremediat-
ing macrophytes. There are some processes for the management and disposal of 
aquatic macrophytes by converting them into bioenergy which is economically and 
environmentally viable too.

13.3.1  Lipid Production

Macrophytes have received substantial interest as a potential feedstock for biofuel 
production. Owing to high photosynthetic efficiency and higher biomass produc-
tion, they can produce useful quantities of sugars and lipids, which are raw materi-
als for producing biodiesel transport fuels (Tredici 2010, Slade and Bauen 2013). 
Different methods are used for lipid extraction; some are supercritical CO2 extrac-
tion, subcritical water extraction and solvent extraction. Solvent extraction is one of 
the most widely used methods for lipid extraction, where chloroform-based extrac-
tion is effective for the laboratory and hexane based for industries because of their 
cost-effectiveness and convenience in handling (Halim et al. 2012). Lipid extraction 
by dried biomass of Spirulina platensis and Chlorella pyrenoidosa was achieved 
through Soxhlet extraction using hexane as a solvent (Nautiyal et al. 2014). Reddy 
et al. (2014) produced lipid from Nannochloropsis salina by analysing its fatty acid 
profile by direct FAME method and achieved maximum lipid extraction efficiency 
of 70% in conventional heating subcritical water at 220 °C and 100% in microwave- 
assisted subcritical water at 205 °C.

13.3.2  Bioethanol Production

Growing population and industrialization had increased energy requirement in the 
last century putting extra pressure on the limited natural resources. In view of this, 
bioethanol is considered as the most promising replacement for fossil fuels because 
of its renewability and 80% less greenhouse gas emission compared to gasoline 
(Mete et al. 2002). In recent times, research has focused on aquatic biomass to be 
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used as raw materials including lignocelluloses, celluloses, hemicelluloses and lig-
nin to produce bioethanol. Bioethanol may be produced from aquatic macrophytes 
through two different processes, i.e. hydrolysis and fermentation which require fer-
mentable sugar that may be available in less quantity in aquatic macrophytes. A 
scientist follows three steps for production of bioethanol from aquatic plants, viz. 
(1) isolation and qualitative screening of microorganism from cow dung, municipal 
waste and pig and goat excreta which produce cellulose and xylem enzyme, (2) 
production of cellulose enzyme by addition of dried aquatic macrophyte and micro-
organism and (3) ethanol production through fermentation process by hydrolysis of 
cellulose present in aquatic plant with fermenting organism (Patel and Patel 2015; 
Randive et al. 2015). E. crassipes is found to be a prominent macrophyte for bio-
ethanol production. Ethanol production of approximately 0.17 g/g dry weight was 
reported using Saccharomyces cerevisiae as a fermenting organism (Randive et al. 
2015). Mishina et al. (2006) reported that sugar content in Pistia leaves is about two 
times higher in comparison with E. crassipes. This suggests that P. stratiotes is 
more suitable for ethanol production as it produces around 0.25 g/g dry biomass. 
Rezania et al. (2015) studied the use of malt and barley extract enhancer for ethanol 
production from E. crassipes and P. stratiotes and found positive results on 
production.

13.3.3  Biogas Production

Biogas is an eco-friendly clean fuel produced by the anaerobic digestion of organic 
wastes such as vegetable wastes, cow dung, industrial waste and municipal solid 
waste (Burke 2001; Dohanyos and Zabranska 2001). It is progressively becoming 
more important in household and industry due to its low costs and cleanliness. The 
main component of the gas is methane (50–75%), carbon dioxide (25–50%), hydro-
gen (0–1%) and nitrogen (0–10%) (FAO/CMS 1996). The aquatic macrophytes 
have immense potential in biogas production due to its huge quantity, high carbon- 
nitrogen ratio and high content of fermentable matter. Several aquatic macrophytes 
such as Eichhornia, Trapa, Typha latifolia and Pistia can be degraded easily and 
produce high biogas yield (Gunnerson and Stuckey 1986; Sudhakar et al. 2013; 
Mahmoud et al. 2015). The basic method for biogas production from macrophytes 
involves two stages: In the first stage, moist biomass is converted into slurry and is 
loaded into anaerobic digestion reactor in several stages. However, uses of single- 
stage reactors can cause problem by clogging with spent biomass in comparison 
with two-stage reactors. Therefore, reactors of stage two are more flexible for man-
aging spent biomass by avoiding clogging. Few researchers suggest that multistage 
reactor increases the efficiency of digestion and production when aquatic macro-
phyte is mixed with organic manure. In the survey, Abbasi et al. (1990) studied the 
bioenergy potential of eight common aquatic macrophytes, i.e. Azolla pinnata, 
Hydrilla verticillata, Nymphaea stellata, Salvinia molesta, Ceratopteris spp., 
Cyperus spp., Scirpus spp. and Utricularia reticulata, and found that among the 
studied macrophytes, S. molesta is the highest and Cyperus spp. are the lowest 
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biogas- producing plants. Production of biogas from different aquatic macrophytes 
and even the same spp. grown in different conditions can be variable. Taheruzzaman 
and Kushari (1988) reported that Eichhornia produce higher amount of biogas in 
comparison with Hydrilla and Azolla growing in Ganga River. Kayama et al. (2014) 
investigated chemical composition of five different submerged macrophyte species 
and produced methane gas with anaerobic digestion. They reported that total meth-
ane yield collected from 161.2 to 360.8 mg g−1 depended on species (Elodea nuttal-
lii > Egeria densa > Potamogeton maackianus > Ceratophyllum demersum > 
Potamogeton malaianus). They recommended the delignification of the macro-
phytes prior to anaerobic digestion.

13.3.4  Bio-Hydrogen Production

Hydrogen is found on earth in many resources—water, hydrocarbon fuels, inor-
ganic substances, etc. Different technologies have been developed to produce 
hydrogen gas: thermochemical hydrogen production (Abbasi et al. 1990), water 
electrolysis (Afrous et al. 2011) and biological hydrogen production (Arber 1920). 
Biological hydrogen production exhibits great efficiency for producing recyclable, 
clean and efficient energy by microbial activity on organic substance and biomass- 
derived sugar under anaerobic condition. Biological hydrogen production can be 
classified into five different groups:

 1. Direct biophotolysis: It is a biological process using microalgae photosynthetic 
systems to convert solar energy into chemical energy in the form of hydrogen 
(H2O = H2 + O2) (Bridgwater 1999).

 2. Indirect biophotolysis: This involves the use of processed cyanobacteria to con-
vert glucose into hydrogen by aerobic dark fermentation process (Gaudernack 
1998).

 3. Biological water-gas shift reaction: In this process photoheterotrophic bacteria 
such as Rhodospirillum rubrum use carbon monoxide as carbon source to gener-
ate ATP by oxidation of carbon monoxide to the reduction of H+ to H (Gaudernack 
1998).

 4. Photo-fermentation involves photosynthetic microorganism to produce hydro-
gen through the action of their nitrogenase using solar energy and biomass.

 5. Dark fermentation is a process where fermentation occurs by anaerobic microor-
ganism such as green algae and cyanobacteria on glucose-rich substrates and can 
produce hydrogen at 30–80 °C chiefly in a dark condition (Lin and Jo 2003; 
Levin et al. 2004).

Mostly energy production from aquatic macrophyte focused on biogas and bio-
ethanol, but few researches showed that the aquatic biomass is also used for bio- 
hydrogen gas production.
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13.4  Industrial Application and Economic Importance 
of Aquatic Macrophytes

In addition, macrophytes have several other uses such as recreational, household, 
flowers, fodder, fertilizers, mulch, etc. (Fig. 13.3)

13.5  Carbon Sequestration and Other Environmental 
Services of Aquatic Macrophytes

Carbon sequestration refers to both natural and anthropogenic processes by which 
CO2 is either removed from the atmosphere or emitted from sources and remains 
stored in the ocean, terrestrial environments (vegetation, soils and sediments) and 
geologic formations. Controlling increasing concentration of CO2 will require miti-
gation with reducing emissions and increasing storage. Aquatic macrophytes play 
an important role in regulating exchanges of greenhouse gases, carbon dioxide, 
nitrous oxide and methane including water vapour. Macrophytes are capable for 
sequestering and storing carbon through photosynthesis and accumulation of 
organic matter in sediments and plant biomass. Water logging of wetland limits 
oxygen diffusion into sediment and creates anaerobic conditions. This condition 
slows down the decomposition rate and leads to storing large amounts of organic 
carbon in wetland sediments. Wang et al. (2011) showed carbon sequestration effi-
ciency of macrophytes in three different months, March (3450 kg), June (4554 kg) 
and September (6185 kg), and found that in September (before typhoon) macro-
phytes contain a large amount of carbon. Hence, macrophytes can play a crucial role 
in managing the problem of global warming and subsequently climate change.

Fig. 13.3 Various industrial applications and economic importance of aquatic macrophytes
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13.6  Conclusion

Phytoremediation is a cost-effective method for remediating water contaminated 
with inorganic pollutant like heavy metals, nitrate, nitrite, ammonia, phosphate and 
other organic pollutants like pesticides, POPs, oils, etc. The use of macrophytes is 
beneficial because they have tremendous capacity of absorbing nutrients (phosphate 
and nitrate) and removes heavy metals, pesticides and POPs from water and can 
easily be harvested and managed. Hence, it reduces pollution load on water. 
Plentifully available source of aquatic biomass and its excessive growth can be used 
for bioenergy production by conversion of aquatic biomass into bioenergy such as 
biogas, bioethanol, bio-hydrogen and lipid production. Macrophytes also offer vari-
ous important uses like food, recreation, fertilizer, compost, medicine, fodder, 
mulch, etc. They also play a crucial role in carbon sequestration, thereby addressing 
the problem of global warming and climate change.
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Abstract
Saline and sodic soils are distributed all over the world and are continuously 
increasing with a rapid rate and hence considered as one of the serious problems 
of land degradation. Land degradation is directly affecting the agricultural pro-
duction. Due to limited availability of agricultural land/soil and poor soil physi-
cal and chemical characteristics, there is scarcity of food supply for the increasing 
population. Hence, the sodic and saline soil can be considered as an important 
land resource and can be utilized for economic development of the country. 
Several methods have been applied to restore the saline and sodic land. Chemical 
methods, such as using gypsum cause dissolution of calcium ion by replacing 
Na+ ion through cation exchange processes. This process works efficiently but is 
cost intensive and not feasible for farmers as well as natural ecosystems. There 
is a need of sustainable and cost-effective process/technology that can help in 
reclamation of saline and sodic soil. In this respect, phytoremediation has 
emerged as a versatile technology towards the reclamation of degraded land. The 
purpose of phytoremediation using bioenergy crops is to obtain resources that 
can sustain the increasing population and simultaneously can be used for oil 
production. Adopting phytoremediation using energy crops also sequesters car-
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bon, fixes atmospheric nitrogen in the soil, and produces oil and biomass that can 
be utilized as feedstock for biofuels.

Keywords
Saline soil • Sodic soil • Microbial fuel cell • Bioenergy crops • Phytoremediation

14.1  Introduction

Soil salinity and sodicity is a serious issue of land degradation worldwide and is 
predicted to become more of a problem in the future (Wong et al. 2008). Soil salin-
ity refers to the high salt concentration in the soil, and sodicity is the presence of 
high concentration of just sodium ions (Na+) among all of the other cations present 
in the soil such as magnesium (Mg2+), calcium (Ca2+), etc. (Bernstein 1975). Saline 
soil is one of the important soil resources in the world, and coastal saline soil is one 
of the main types of saline soil. Sandy loam and silt soil are examples of soil types 
present in coastal saline region (Li et al. 2016). Salt-affected soil is distributed in 
831 million hectares of land worldwide including 397 and 434 million hectares of 
saline and sodic soil, respectively (FAO 2000). The characteristic features and prin-
ciples involved in the identification, reclamation, and management of salt-affected 
soil are similar throughout the world. Some of the factors vary regionally such as 
soil characteristics, climatic condition, water availability, farm management effi-
ciency, available resources, and economic status that lead to differences in methods 
and reclamation potential (Abrol et al. 1988). Various methods have been estab-
lished for reclamation purposes but are associated with certain limitations. In this 
regard, phytoremediation can be seen as an effective, low-cost, and environmentally 
safe technology. It is a plant-based technology which enhances soil quality and 
productivity potential, thereby reducing pollutants or contaminants responsible for 
impaired plant growth. Some plants have more capacity to remediate degraded 
sodic or saline soil. It is important that the plants that are selected possess the high-
est potential of phytoremediation. If those plants also have the potential for high 
biomass production, they can be used for bioenergy generation. Bioenergy is a 
renewable source of energy from biological materials that produces heat, electricity, 
and fuel and their coproducts (Yuan et al. 2008). Among various energy sources, 
bioenergy is the most abundant and versatile renewable energy in the world (Zhuang 
et al. 2011; Edrisi and Abhilash 2016). Bioenergy is termed as the conversion of 
biomass into energy (McKendry 2002a). Biomass is the typical form of renewable 
energy that has been widely utilized as source of energy for domestic purposes since 
quite long ago (McKendry 2002b). Biomass can be produced by growing dedicated 
energy crops such as short rotation coppice (SRC), perennial grasses, forest resi-
dues, sludge from organic industrial wastes, and organic domestic wastes (McKendry 
2002a). According to Ni et al. (2006), resources produced from biomass used to 
convert into energy have been classified into four categories:
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• Energy crops: herbaceous energy crops, woody energy crops, industrial crops, 
agricultural crops, and aquatic crops.

• Agricultural residues and end products: crops waste and animal-produced waste.
• Forests wastes and leftover: mill wood, logging residues, trees, and shrubs 

residues.
• Industrial and municipal wastes: municipal solid waste, sewage sludge, and 

industrial effluent waste.

Biomass is used for the purpose of heating, cooling, and producing electricity and 
liquid biofuels. Burning fossil fuels, deforestation, and human activities have led to 
the emission of greenhouse gases into the atmosphere. The usage of biomass for 
biofuel reduces greenhouse gas emissions, making it carbon neutral (Kraxner et al. 
2013). Energy produced from biomass has been categorized into two groups: bio-
mass produced from food crops such as corn grain, sugarcane, soybean, oil seed, 
etc.; and biomass produced from cellulosic feedstock such as starch, sugar, fatty 
acid, or cellulose (Ghosh 2016). The physical quantity of biomass has enough 
potential for worldwide bioenergy production (Altman et al. 2015). The new renew-
able energy obtained through wind, solar, and biofuel is growing fast continuously 
and contributing to global renewable energy supply. Bioenergy is one of the alterna-
tive sources for fossil fuel, particularly for those used in transportation. Presently, 
commercially available biofuels are produced from starch or sugar-rich crops for 
bioethanol and from oilseeds for biodiesel production (Popp et al. 2014).

There are numerous plant species that are capable of cleaning up the soil. These 
plants are also used to obtain useful by-products such as biofuel (biodiesel or bio-
ethanol), fiber, wood, charcoal, alkaloid, bioplastic, etc. (Tripathi et al. 2016). In 
India, the 1970 oil crisis has led to the establishment of bioenergy promotion 
(Rabindranath et al. 2010; Edrisi and Abhilash 2016).

14.1.1  Saline and Sodic Soil: Origin, Characteristics, Distribution, 
and Parameters for Salinity/Sodicity Measurement

14.1.1.1  Origin of Saline and Sodic Soil
Salinity is caused by natural weathering of parent material, deposition of sea salt 
carried by wind and rain, inundation of coastal land by tidal water, and anthropo-
genic activities such as excessive irrigation by underground water resulting in a rise 
of the water table, irrigation by salt-containing water, poor drainage, etc. (Munns 
2005; Manchanda and Garg 2008; Hasanuzzaman et al. 2013; Hasanuzzaman et al. 
2014). Salts present in the upper surface of the soil profile undergo hydration, 
hydrolysis, oxidation, solubilization, and carbonization through chemical weather-
ing. The salts solubilize and are transported away from the origin sites through soil 
surfaces or groundwater. Salts in the groundwater are gradually concentrated when 
the water moves to more arid areas (Abrol et al. 1988).
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14.1.1.2  Characteristics
Saline and sodic soil bears several features which make them unsuitable for agricul-
tural practices. Saline and sodic soil possesses poor physical properties and fertility 
problem that adversely affect the growth and yield of various crops (Sumner 1993; 
Naidu and Rengasamy 1993; Qadir and Schubert 2002; Qadir et al. 2005). It has 
been reported that saline soil has electrical conductivity with value ranging from 2 
to more than 32 dS/m (Richards 1954; Farifteh et al. 2008). Saline soil consists of 
many ions like chlorides, sulfates, nitrates and bicarbonates of sodium, calcium, 
magnesium, and potassium (Bul 2013). Most of saline soil also consists of some 
proportion of gypsum (CaSO4) (Abrol et al. 1988). Sodic soil consists of sodium 
carbonate, sodium bicarbonate, and sodium chloride as dominating components. 
The physicochemical characteristics of saline and sodic soil has been depicted in 
Table 14.1.

14.1.1.3  Distribution of Saline and Sodic Soils
According to Szabolcs (1974), salt-affected soils can be found in North America, 
Mexico, Central America, South America, Africa, Southern Asia, North and Central 
Asia, Southeast Asia, Australia, and Europe. Several states of India such as Uttar 
Pradesh, West Bengal, and Gujarat are largely salt affected (Edrisi and Abhilash 
2016).

Table 14.1 Physicochemical characteristic of saline and sodic soil

Parameter Value References

pH >8.5 Bul (2013)

Electrical conductivity (dS/m) >4.0 US Salinity Laboratory (1969) and Bul 
(2013)

Sodium absorption ratio ~13 Qadir et al. (2007)

Exchangeable sodium 
percentage

>15 Qadir et al. (2007)

Calcium carbonate (%) 0.80–1.05 Garg (2000), Tripathi and Singh (2005), and 
Singh et al. (2016)

Total soluble salts (%) 0.14–0.22 Garg (2000), Tripathi and Singh (2005), and 
Singh et al. (2016)

Sand (%) 43 Garg (2000); Tripathi and Singh (2005), and 
Singh et al. (2016)

Clay (%) 27 Garg (2000); Tripathi and Singh (2005), and 
Singh et al. (2016)

Silt (%) 30 Garg (2000); Tripathi and Singh (2005), and 
Singh et al. (2016)

Water holding capacity (%) 32–35 Garg (2000); Tripathi and Singh (2005), and 
Singh et al. (2016)

Cation exchange capacity 
(cmole(+)kg-1)

47.9 Gharaibeh et al. (2011)

Organic matter (%) <0.1 Singh et al. (2016)

P. Bharti et al.



357

14.1.1.4  Parameters for Salinity/Sodicity Measurement
Sodium absorption ratio (SAR) is the ratio of soluble sodium to the sum of the 
square root of divalent cations, usually calcium (Ca++) and magnesium (Mg++), 
divided by 2:

 

SAR
Na

Ca Mg
=

+( ) /
(

2
Harron et al. 1983)

 
(14.1)

An equivalent proportion of sodium remaining present in the cation exchange 
complex when expressed in terms of percentage is referred to as exchangeable 
sodium percentage (ESP) (Mau and Porporato 2015):

 
ESP

E

CEC
Na=

100( )
(Qadir et al. 2007)

 (14.2)

Cation exchange capacity (CEC) is the quantity of adsorbed cations on the unit 
mass of soil (Sposito 2008). Cation exchange capacity of a saturated saline soil 
paste can be analyzed by the sodium acetate method (Harron et al. 1983).

14.2  Methods for Bioenergy Generation

Biomass can be converted into bioenergy by different processes associated with 
various sources of biomass, conversion processes, their application, and infrastruc-
ture used (Mckendry 2002a). Biomass can be converted into bioenergy by means of 
producing three types of products: electrical/heat energy, transportation fuel, and 
chemical feedstock (Mckendry 2002b).

Biomass-based energy production processes are divided into two categories (Ni 
et al. 2006): thermochemical conversion and biochemical conversion. A third tech-
nology for bioenergy generation is mechanical extraction (with esterification) that 
produces biodiesel (McKendry 2002a).

There are three thermochemical processes (Ni et al. 2006):

• Combustion: Biomass burnt in air is combustion. Equipment includes stoves, 
furnaces, boilers, steam turbines, and turbogenerators used for the conversion of 
chemical energy stored in biomass into heat, mechanical power, or electricity. At 
a temperature range from 800 to 1000 °C, hot gases are produced by combustion 
of biomass. Bioenergy production efficiency by power plant is 20–40% produced 
mainly by pyrolysis (Verma et al. 2011). Temperature ranging from 650 to 800 K 
is used to convert biomass heated in the absence of air at a pressure of 0.1–0.5 Pa 
into biofuel such as liquid oil, charcoal, and gaseous compounds (Ni et al. 2006).

• Liquefaction: Biomass is converted to liquid hydrocarbon under low temperature 
and at higher hydrogen pressure (Warren Spring Laboratory 1993).

• Gasification: The gasification process is suitable for producing fuel and electric-
ity using gas engines by gasification of biomass. This is operated either by sim-
ple technology based on a fixed-bed gasifier or fluidized bed technology.
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Biochemical conversion processes are of two main types (Mckendry 2002a):

• Anaerobic digestion: This is the direct conversion of biomass into gas through 
anaerobic digestion. Biogas products are methane and carbon dioxide, along 
with a few other gases in smaller quantities such as hydrogen sulfide (EU 1999). 
Biogas is used in spark-ignition gas engines and gas turbines and can be upgraded 
to finer quality gases by removing carbon dioxide (Mckendry 2002a).

• Fermentation: In the process of fermentation, ethanol is produced from sugar 
crops such as sugarcane, sugar beet, and starch crops (maize and wheat). The 
material biomass is crushed, and starch is converted to sugar by enzymatic activi-
ties using yeast, and finally sugar is converted to ethanol (Mckendry 2002a).

Microbial fuel cell is another emerging technology where microorganisms are 
placed in an electro-biochemical chamber without air to oxidize organic matter and 
release electrons and protons, thus producing electricity (Pant et al. 2010; 
Hernandez- Fernandez et al. 2015) (Fig. 14.1).

14.3  Phytoremediation Potential of Energy Crops

Jatropha curcas has the potential to phytoremediate lindane and fly ash- contaminated 
sites by accumulating these contaminants in root followed by stem and leaf 
(Abhilash et al. 2013; Jamil et al. 2009). There are some species and their hybrids 
such as Populus and Salix known for their phytoremediation potential of contami-
nated sites (Zalesny et al. 2007). Populus is known to remediate the landfill sites, 
petroleum sludge, salts, heavy metals, pesticides, solvent, explosives, and radionu-
cleotides (Burken 2001; Erdman and Christenson 2000; Gordon et al. 1997; Neill 
and Gordon 1994; Thompson et al. 1998; Zalesny et al. 2007). Salix is known to 
phytoremediate dairy effluent, wastewater sludge, municipal wastes, and cadmium 
from the contaminated sites. Plants such as Pistacia chinensis, Sapium sebiferum, 
and Xanthoceras sorbifolium are distributed in different parts of China and consid-
ered as oil-yielding plant cultivated under different range of environmental condi-
tions (Shaoa and Chu 2008). In Greece, experimentation with Eucalyptus was done 
for wood and biomass production (Panetsos and Alizoti 1996). The result indicated 
that six species of Eucalyptus, namely, E. bicostata, E. cladocalyx, E. viminalis, E. 
saligna, E. camaldulensis, and E. dalrympleana are considered as dedicated energy 
crops (Panetsos et al. 1981). Pinus taeda has rapid growth on soil that is poorly or 
moderately drained (Coyle et al. 2008). Liquidambar styraciflua has potential to 
remediate soil contaminated with uranium (U) and thorium (Th) (Saritz 2005). 
Glycine max, Panicum virgatum, and Helianthus annuus are considered as biofuel 
crops grown on marginal soils such as brownfield sites (Smith et al. 2013). A study 
on legumes and trees for fuelwood production on sodic wasteland has been reported 
by Goel and Behl (2001). The legumes referred were Acacia auriculiformis, 
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A. nilotica, Albizia lebbeck, A. procera, Dalbergia sissoo, Leucaena leucocephala, 
Pongamia pinnata, Prosopis juliflora, and Pithecellobium dulce. The trees studied 
were Azadirachta indica, Eucalyptus tereticornis, and Terminalia arjuna. Among 
the species studied, P. juliflora ranked first as the most promising species for bio-
mass production, and Acacia nilotica ranked second most promising species for 
biomass production on degraded sodic land (Goel and Behl 2001). Table 14.2 
depicts the potential of pollution remediation and bioenergy production.

14.4  Reclamation of Saline and Sodic Soil

Reclamation of sodic and saline soils requires removal of most of the exchangeable 
cations and its replacement by Ca2+ ions and solubilized salts from the root zone, 
which can be done by various methods (Abrol et al. 1988). Before amelioration of 
a specific site, important factors should be considered such as soil depth to be ame-
liorated, presence of a dense solid layer in the subsoil, salt constituent in the soil, 

Fig. 14.1 Procedure for conversion of chemical energy of substrate into electrical energy by bac-
teria through microbial fuel cells (Hernandez-Fernandez et al. 2015)
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Table 14.2 Pollution remediation and bioenergy potential of energy crop

Species

Remediation of particular 
pollutants by the plant 
species Product(s) Reference(s)

Jatropha curcas Lindane, Fe, Al, Cr, Cu, 
and Mn

Biodiesel and 
biofertilizer

Abhilash et al. 
(2013) and Jamil 
et al. (2009)

Populus deltoids, P. 
trichocarpa, P. nigra, P. 
maximowiczii, P. tremula, 
P. tremuloides, P. 
deltoids, P. nigra

Explosive nitrate esters 
and nitro aromatics

Biomass, 
biogas, 
plywood, 
charcoal

Fortier et al. (2010) 
and Doty et al. 
(2007)

Salix alba, S. viminalis, S. 
schwerinii, S. viminalis

Zn, Cd, Cu, Hg, Pb, Cd Biomass, 
biogas, 
plywood, 
charcoal

Delplanque et al. 
(2013) and Mleczek 
et al. (2010)

Xanthoceras sorbifolium Not reported Biomass, 
biodiesel, 
charcoal

Shaoa and Chu 
(2008)

Sapium sebiferum Not reported Biomass, 
charcoal

Shaoa and Chu 
(2008)

Pistacia chinensis Not reported Biomass, 
charcoal

Shaoa and Chu 
(2008)

Eucalyptus grandis, E. 
bicostata, E. 
dalrympleana, E. 
viminalis

PO4
3− Biomass, 

biogas, 
plywood, 
charcoal

Aravanopoulos 
(2010) and Panetsos 
(1988)

Pinus taeda L. PO4
3− Biomass, 

biogas, 
plywood, 
charcoal

Kline and Coleman 
(2010) and Panetsos 
(1988)

Liquidambar styraciflua Not Reported Bioenergy, 
paper and 
pulp

Kline and Coleman 
(2010)

Glycine max Cd, Cr, Ni, As, Fe, 
poly-aromatic 
hydrocarbon, atrazine

Bioenergy, 
bioethanol, 
charcoal

Smith et al. (2013) 
and Cutright et al. 
(2010)

Panicum virgatum Cd, Cr, Ni, As, Fe, 
poly-aromatic 
hydrocarbon (PAH), 
atrazine

Bioethanol Fairley (2011) and 
Graham Rowe 
(2011)

Helianthus annuus Cd, Cr, Ni, As, Fe, 
poly-aromatic 
hydrocarbon (PAH), 
atrazine

Bioenergy, 
bioethanol, 
charcoal

Smith et al. (2013) 
and Cutright et al. 
(2010)

Miscanthus sinensis Nutrients, Zn, Cd, and Pb Bioethanol, 
biogas

St. Clair et al. 
(2008) and Zhao 
et al. (2012)

(continued)
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availability of water for leaching, nature and depth of groundwater, topography of 
land, type of crops to be grown after amelioration, and climatic condition of the 
region (Qadir et al. 2000). Chemical amelioration of sodic land for their reclamation 
can be divided into three categories: gypsum and calcium chloride as a soluble cal-
cium salt; acid-forming compounds such as sulfuric acid, iron sulfate, aluminum 
sulfate, lime sulfur, and pyrite; and less soluble calcium salts such as limestone 
(Abrol et al. 1988). Chemical amelioration using gypsum provides a source of Ca2+ 
ions directly to the soil that replaces excess Na+ ions while dissoluting calcite 
(CaCO3) in the soil (Shainberg et al. 1989; Gupta and Abrol 1990; Oster et al. 1999; 
Qadir and Oster 2002 and Qadir et al. 2002). Methods to ameliorate saline/sodic 
soils include leaching salts from the upper surface of the soil and transporting them 
to lower depths, flushing of salts from the salt crusts at the surface and also in the 
shallow water table, etc. Biological amelioration involves sequestration of salts by 

Table 14.2 (continued)

Species

Remediation of particular 
pollutants by the plant 
species Product(s) Reference(s)

Madhuca indica Dye removal from 
wastewater, fly ash

Biodiesel, 
biomass, 
charcoal

Ghadge and 
Raheman (2005)

Prosopis juliflora Fly ash Biomass, 
charcoal

Goel and Behl 
(2001)

Acacia nilotica Not reported Biomass, 
charcoal

Goel and Behl 
(2001)

Ricinus communis Cd, DDT High biomass Huang et al. (2011)

Camelina sativa Poly-aromatic 
hydrocarbon (PAH), 
atrazine

Biofuel Fairley (2011) and 
Graham Rowe 
(2011)

Phragmites australis Lindane, 
monochlorobenzene 
(MCB), dichlorobenzene 
(DCB), trichlorobenzene 
(TCB)

Bioethanol, 
charcoal

Sathitsuksanoh et al. 
(2009)

Pongamia pinnata/
Pongamia glabra

Cr, Mn, Fe, Ni, Cu, Zn, 
Pb, Rb, Sr, Ti, Co

Biomass, 
biodiesel, 
charcoal

Reddy et al. (2008) 
and Ravikumar 
et al. (2013)

Azadirachta indica Cr, Mn, Fe, Ni, Cu, Zn, 
and Pb

Biomass, 
biodiesel, 
charcoal

Reddy et al. (2008) 
and Ravikumar 
et al. (2013)

Arundo donax Nutrients, Cd, As, and Ni Bioethanol, 
charcoal

Liu et al. (2012)

Pennisetum purpureum Nutrients Bioethanol Liu et al. (2012)
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the aerial (i.e., completely exposed in air) or shallow depth parts of plants that can 
be harvested and thus removes the salts from the soil (Qadir et al. 2000). Plants can 
improve chemical properties of soils, decrease soil pH, add organic matter, and dis-
solute lime (Ilyas et al. 1997). Remediation of saline soil is a critical global issue 
that requires multidisciplinary ways to remediate salt-affected land including agri-
cultural practices, varieties of salt-tolerant crops, and phytoremediation.

14.5  Phytoremediation of Saline and Sodic Soil by Energy 
Crops

Phytoremediation is considered a cost-effective and environmentally safe technol-
ogy for saline soil remediation (Hasanuzzaman et al. 2014). Phytoremediation 
involves various processes such as phytoextraction, phytodegradation, rhizofiltra-
tion, phytostabilization, and phytovolatilization (Fletcher 2006). According to 
Qadir et al. (2005), the two main advantages of phytoremediation are: i. no financial 
outlay needed for purchase of chemicals (for chemical amendment), and ii. salt- 
resistant crops generate high-value by-products. Roots of plants maintain soil struc-
ture and enhance drainage through the formation of macropores (pores greater than 
0.08 mm in diameter) at deeper depths (Czarnes et al. 2000). Phytoremediation 
utilizing bioenergy crops/plants is one of the best technologies for remediation of 
saline and sodic soil because the harvested biomass can be used to produce biofuel 
or other commercial by-products while ameliorating the soil. The best bioenergy 
crops for soil amelioration should have high biomass production, be cost effective, 
have low contaminant content, have less nutrient and water requirements, be carbon 
neutral for the whole life cycle, and do not lead to the “food versus fuel” issue 
(Singh and Singh 2016).

Lal and Pimentel (2007) reported that several species of plant can produce abun-
dant, good quality forage during summer, including warm season grasses such as 
switchgrass (Panicum virgatum), big bluestem (Andropogon gerardii vitman), and 
Indian grass (Sorghastrum nutans). Salt-tolerant grasses include Guinea grass 
(Panicum maximum), elephant grass (Pennisetum purpureum), and Kallar (also 
called Karnal) grass (Leptochloa fusca). Some of the short rotation woody perenni-
als such as poplar (Populus spp.), willow (Salix spp.), and black locust (Robinia 
pseudoacacia L.) produce 10–20 tons of dry weight of biomass per hectare. Some 
important halophytes that grow in brackish water containing salt concentrations up 
to 30,000 ppm include pickle weed (Salicornia bigelovii), salt grass (Distichlis 
palmeri), salt brushes (Atriplex spp.), and few algae (e.g., Spirulina geitleri). Some 
non-edible oil-yielding plants include Jatropha (Jatropha curcas), Pongamia 
(Millettia pinnata), and Madhua (Madhuca longifolia). There are few energy crops 
in the world (Miscanthus, Ricinus, Jatropha, and Populus) that possess phytoreme-
diation potential and act as carbon sinks, thus contributing profit through carbon tax 
credits (Bauddh and Singh 2012a, b; Bauddh and Singh 2015a, b; Bauddh et al. 
2015a, b; 2016a, b; Pandey et al. 2016). Vetiver (Chrysopogon zizanioides) and 
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lemongrass can tolerate and grow in saline soil. Live and dry biomass of vetiver and 
lemongrass has economic importance through their oil production (Maiti and 
Kumar 2016). India is the largest producer of lemongrass oil with production of 
300–350 tons year−1, of which 80% is exported to developed countries of the world 
(Lal et al. 2013). Mesquite (Prosopis juliflora) grows in Africa, Argentina, Australia, 
Brazil, Cameroon, Caribbean, Central America, Egypt, Ethiopia, Hawaii, India, 
Kenya, Nigeria, Pakistan, Paraguay, Peru, Ecuador, Portugal, Senegal, Spain, Sri 
Lanka, Sudan, Uganda, the United States, and Yemen. Mesquite is known to reha-
bilitate degraded saline and sodic land and concomitantly increases soil fertility by 
adding soil organic carbon, nitrogen, and phosphorus and decreases exchangeable 
Na+ levels, pH, and electrical conductivity (Prasad and Tewari 2016). It can also be 
used for the production of charcoal, bioethanol, timber, fuelwood, and antibiotics 
(Prasad and Tewari 2016). It is estimated that crop residues and lignocellulosic resi-
dues from cereals can produce 4 billion Kg and 3 billion Kg of ethanol per year, 
respectively. One Mg (megagram) of corn stover can produce 280 L of ethanol, and 
1 Mg of corn grains can produce 400 L of ethanol. One Mg of biomass produces 
about 18.5 GJ of energy. Three billion Mg of residue can produce 840 billion L of 
ethanol or about 56 × 109 GJ of energy (Lal 2008). Presently, global bioenergy con-
sumption is 50 EJ yr.−1 and is expected to reach to 80–160 EJ yr.−1 (Pandey et al. 
2016). The total biofuel production in India increased from 27.3 million L in 2007 
to 46.4 million L in 2011, including 34.8 million L for bioethanol and 11.6 million 
L for biodiesel (Edrisi and Abhilash 2016). Marrison and Larson (1996) estimated 
that total bioenergy production from Africa by 2025 will be 18 EJ per year on the 
basis of planting crops on 10% of available land except forest, agricultural, and 
wilderness areas. Halophytes are being considered as potential new agricultural 
crops to reclaim salt-affected land. A species of halophyte (Salicornia bigelovii) can 
withstand high salinity and produce biomass and seeds of 2 tons hectare−1, yielding 
28% oil, 31% protein, 5% fiber, and 5% ash (Glenn et al. 1999).

Gharaibeh et al. (2011) assessed the potential of Atriplex halimus in reclamation 
of calcareous saline sodic soil. Cultivation of this plant significantly increased soil 
properties. The electrical conductivity (ECe) was reduced from 5.8 to 3.7 dSm−1 
(Fig. 14.2); however, ESP was found to be decreased. ECe value after plantation of 
Atriplex halimus in salt-contaminated areas was the indication of removal of Na+ 
ions from the soil.

Plantations of some plant species on degraded sodic land (D-SL) with rehabili-
tated Terminalia arjuna (R-TA), rehabilitated Prosopis juliflora (R-PJ), reference 
Tectona grandis (Ref-TG), rehabilitated mixed forest (R-MF), and reference 
mixed forest (Ref-MF) improved soil physicochemical characteristics and soil 
particle distribution, exchangeable sodium percentage, and microbial enzyme 
concentration (Singh et al. 2012). Bulk density for D-SL was 1.62 g cm−3. After 
rehabilitation with R-TA, the bulk density reduced to 1.24 g cm−3 (29% decrease). 
With rehabilitated Prosopis juliflora (R-PJ), it showed a 24% decrease, and with 
R-MF, a 21% decrease in bulk density has been reported. Water holding capacity 
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(WHC) percentage increased to 52.00 ± 2.75% in Ref-MF as compared to D-SL 
having WHC of 36.33±2.65%. Na+ ion concentration decreased in the following 
order: R-TA (3.45 cmol kg-1) <R-PJ (3.43 cmol kg-1) <Ref-MF (1.96 cmol kg-1) 
<R-MF (1.47 cmol kg-1) <Ref-TG (0.80 cmol kg-1). The mean values of K+, Ca2+ 
and Mg2+ ion increased to 2.48, 20.35, and 5.50 cmol kg-1 respectively in 
Ref-MF. Figure 14.3 depicts the role of afforestation in improvement of physico-
chemical characteristics of soil.
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Fig. 14.3 Effect of plantation on bulk density (BD), water holding capacity (WHC), and soil 
particle distribution of degraded sodic land, rehabilitated land uses, and reference plantation and 
forest (Singh et al. 2012)

0

1

2

3

4

5

6

7

8

9

10

Exchangeable sodim percentage (ESP) ECe (dS m−1)

Control Atrilex halimus

Fig. 14.2 Effect of plantation of Atriplex halimus in salt-contaminated areas (Gharaibeh et al. 
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14.6  Conclusion

Saline and sodic soils are distributed in around 831 million hectares of land world-
wide and possess various adverse features such as high pH, high exchangeable 
sodium percentage, high sodium adsorption ratio, and low cation exchange capac-
ity that make a soil infertile. At the same time, fuel and energy needs are increasing 
globally, leading to greater emissions of greenhouse gases which results changes in 
climate. Chemical treatment using gypsum shows rapid amelioration of saline and 
sodic soil, but is a costly and non-eco-friendly approach. The emerging technology 
of phytoremediation using specific plants that reclaim sodic and saline land may be 
used to produce energy. Some of the energy crops like Miscanthus, Ricinus, 
Jatropha, and Populus are extensively used worldwide. Reclamation of saline and 
sodic soils utilizing such plants is preferable because of its applicability and sustain-
ability. Phytoremediation using bioenergy crops could be adopted as a better 
approach for mitigation of major environmental concerns like land degradation, 
pollution, energy crisis, and climate change.

References

Abhilash PC, Singh B, Srivastava P, Schaeffer A, Singh N (2013) Remediation of lindane by 
Jatropha curcas L: utilization of multipurpose species for rhizoremediation. Biomass Bioenergy 
51:160–170

Abrol IP, Yadav JSP, Massoud FI (1988) Salt-affected soils and their management, FAO soils bul-
letin 39. Food & Agriculture Organization, Rome

Altman I, Bergtold J, Sanders D, Johnson T (2015) Willingness to supply biomass for bioenergy 
production: a random parameter truncated analysis. Energy Econ 47:1–10

Aravanopoulos F (2010) Breeding of fast growing forest tree species for biomass production in 
Greece. Biomass Bioenergy 34:1531–1537

Bauddh K, Singh RP (2012a) Cadmium tolerance and its phytoremediation by two oil yielding 
plants Ricinus communis (L) and Brassica juncea (L) from the contaminated soil. Int 
J Phytoremed 14:772–785

Bauddh K, Singh RP (2012b) Growth, tolerance efficiency and phytoremediation potential of 
Ricinus communis (L) and Brassica juncea (L) in salinity and drought affected cadmium con-
taminated soil. Ecotoxicol Environ Saf 85:13–22

Bauddh K, Singh RP (2015a) Effects of organic and inorganic amendments on bio-accumulation 
and partitioning of Cd in Brassica juncea and Ricinus communis. Ecol Eng 74:93–100

Bauddh K, Singh RP (2015b) Assessment of metal uptake capacity of castor bean and mustard for 
phytoremediation of nickel from contaminated soil. Bioremed J 19(2):124–138

Bauddh K, Singh K, Singh B, Singh RP (2015a) Ricinus communis: a robust plant for bio-energy 
and phytoremediation of toxic metals from contaminated soil. Ecol Eng 84:640–652

Bauddh K, Singh K, Singh RP (2015b) Ricinus communis L a value added crop for remediation of 
cadmium contaminated soil. Bull Environ Contam Toxicol 96:265–269. doi:10.1007/
s00128-015-1669-3

Bauddh K, Kumar A, Srivastava S, Singh RP, Tripathi RD (2016a) A study on the effect of cad-
mium on the antioxidative defense system and alteration in different functional groups in castor 
bean and Indian mustard. Arch Agron Soil Sci 62(6):877–891

Bauddh K, Singh B, Singh RP (2016b) Ricinus communis L. as a value added alternative for resto-
ration of cadmium contaminated and degraded agricultural ecosystem. Bull Environ Contam 
Toxicol 96(2):265–269

14 Efficiency of Bioenergy Plant in Phytoremediation of Saline and Sodic Soil

http://dx.doi.org/10.1007/s00128-015-1669-3
http://dx.doi.org/10.1007/s00128-015-1669-3


366

Bernstein L (1975) Effects of salinity and sodicity on plant growth. Annu Rev Phytopathol 
13(1):295–312

Bul EN (2013) Soil salinity: a neglected factor in plant ecology and biogeography. J Arid Environ 
92:14–25

Burken, Joel G. (2001) Uptake and volatilization of chlorinated solvents by poplars at field-scale. 
In: Sixth international in situ and on site bioremediation symposium

Clair SS, Hillier J, Smith P (2008) Estimating the pre-harvest greenhouse gas costs of energy crop 
production. Biomass Bioenergy 32(5):442–452

Coyle DR, Coleman MD, Aubrey D (2008) Above and below ground biomass accumulation, pro-
duction, and distribution of Sweetgum and Loblolly pine grown with irrigation and fertiliza-
tion. Can J Res 38:1335–1348

Cutright T, Gunda N, Kurt F (2010) Simultaneous hyperaccumulation of multiple heavy metals by 
Helianthus annus grown in a contaminated sandy loam soil. Int J Phytoremed 12(6):562–573

Delplanque M, Collet S, Gratta FD, Schnuriger B, Gaucher R, Robinson B, Bert V (2013) 
Combustion of Salix used for phytoextraction: the fate of metals and viability of the processes. 
Biomass Bioenerg 49:160–170

Doty SL, Shang TQ, Wilson AM, Tangen J, Westergreen AD, Newman AL, Stuart SE, Gordon MP 
(2007) Enhanced metabolism of halogenated hydrocarbons in transgenic plants contain mam-
malian P450 2E.1. Proc Natl Acad Sci 97:6287–6291

Edrisi SA, Abhilash PC (2016) Exploring marginal and degraded lands for biomass and bioenergy 
production: an Indian scenario. Renew Sust Energ Rev 54:1537–1551

Erdman JA, Christenson S (2000) Elements in cottonwood trees as an indicator of ground water 
contaminated by landfill leachate. Ground Water Monit Remediat 20:120–126

EU (1999) Biomass conversion technologies. EU 18029 EN. ISBN:92-828-5363-3
Farifteh J, Van Der Meer F, Van Der Meijde M, Atzberger C (2008) Spectral characteristics of salt- 

affected soils: a laboratory experiment. Geoderma 145:196–206
FAO (2000) Global network as integrated soil management for sustainable use of salt-affected 

soils. http://www.fao.org/ag/agl/agll/spush
Fairley P (2011) Next generation biofuels. Nature 474:S2–S5
Fletcher J (2006) Introduction. In: Mackova M, Dowling D, Macek T (eds) Phytoremediation 

Rhizoremediation. Springer, Dordrecht
Fortier J, Gagnon D, Truax B, Lambert F (2010) Biomass and volume yield after 6 years in multi-

clonal hybrid poplar riparian buffer strips. Biomass Bioenerg 34(7):1028–1040
Garg VK (2000) Bioreclamation of sodic waste land - a case study. Land Degrad Dev 

11:487–498
Ghadge SV, Raheman H (2005) Biodiesel production from mahua (Madhuca indica) oil having 

high free fatty acids. Biomass Bioenerg 28(6):601–605
Gharaibeh MA, Eltaif NI, Albalasmeh AA (2011) Reclamation of highly calcareous saline sodic 

soil using Atriplex halimus and by-product gypsum. Int J Phytoremed 13(9):873–883
Ghosh SK (2016) Biomass & biowaste supply chain sustainability for bioenergy and bio – fuel 

production. Procedia Environ Sci 3:31–39
Glenn EP, Jed Brown J, Blumwald E (1999) Salt tolerance and Crop potential of halophytes. Crit 

Rev Plant Sci 18(2):227–255
Goel VL, Behl HM (2001) Genetic selection and improvement of hard wood tree species for fuel-

wood production on sodic soil with particular reference to Prosopis juliflora. Biomass 
Bioenergy 20:9–15

Gordon M, Choe N, Duffy J, Ekuan G, Heilman P, Muiznieks I, Newman L, Ruszaj M, Shurtleff 
BB, Strand S, Wilmouth J (1997) Phytoremediation of trichloroethylene with hybrid poplars. 
In: Kruger EL, Anderson TA, Coats JR (eds) Phytoremediation of soil and water contaminants. 
American Chemical Society, Washington DC, pp 177–185

Graham Rowe D (2011) Beyond food versus fuel. Nature 474:S6–S8
Harron WRA, Webster GR, Cairns RR (1983) Relationship between exchangeable sodium and 

sodium absorbtion ratio in a solonetzic soil association. Can J Soil Sci 63(3):461–467

P. Bharti et al.

http://www.fao.org/ag/agl/agll/spush


367

Hasanuzzaman M, Nahar K, Fujita M (2013) Plant response to salt stress and role of exogenous 
protectants to mitigate salt induced damages. In: Ahmad P, Azooz MM, MNV P (eds) 
Ecophysiology and responses of plants under salt stress. Springer, New York, pp 25–87

Hasanuzzaman M, Nahar K, Bhowmik PC, Ahmad Hossain M, Rahman MM, Prasad MNV, 
Ozturk M and Fujita M (2014) Potential use of halophytes to remediate saline soils. Biomed 
Res Int. http://dx.doi.org/10.1155/2014/589341

Hernandez-Fernandez FJ, Perez de los Rios A, Salar-Garcia MJ, Ortiz-Martinez VM, Lozano- 
Blanco LJ, Godinez C, Tomas-Alonso F, Quesada-Medina J (2015) Recent progress and per-
spectives in microbial fuel cells for bioenergy generation and waste water treatment. Fuel 
Process Technol 138:284–297

Huang H, Yu N, Wang L, Gupta DK, He Z, Wang K, Zhu Z, Yan X, Li T, Yang X (2011) The phy-
toremediation potential of bioenergy crop Ricinus communis for DDTs and cadmium co- 
contaminated soil. Bioresour Technol 102:11034–11038

Ilyas M, Qureshi RH, Qadir MA (1997) Chemical changes in a saline-sodic soil after gypsum 
application and cropping. Soil Technol 10:247–260

Jamil S, Abhilash PC, Sharma PN (2009) Jatropha curcas: a potential crop for phytoremediation 
of coal fly ash. J Hazard Mater 172(1):269–275

Kline KL, Coleman MD (2010) Woody energy crops in the southeastern United States: two centu-
ries of practitioner experience. Biomass Bioenerg 34(12):1655–1666

Kraxner F, Nordstrom EM, Havlik P, Gusti M, Mosnier A, Frank S, Valin H, Fritz S, Fuss S, 
Kindermann G, McCallum I, Khabarov N, Bottcher H, See L, Aoki K, Schmid E, Mathe L, 
Obersteinner M (2013) Global bioenergy scenarios – future forest development, land – use 
implications, and trade offs. Biomass Bioenerg 57:86–96

Lal R, Pimentel D (2007) Biofuels from crop residues. Soil Tillage Res 93(2):237–238
Lal R (2008) Crop residues as soil amendments and feedstock for bioethanol production. Waste 

Manage 28:747–758
Lal K, Yadav RK, Kaur R, Bundela DS, Khan Inayat M, Chaudhary M, Meena RL, Dar SR, Singh 

G (2013) Productivity, essential oil yield, and heavy metal accumulation in lemon grass 
(Cymbopogon flexuosus) under varied wastewater – groundwater irrigation regimes. Ind Crop 
Prod 45:270–278

Li X, Kang Y, Wan S, Chen X, Liu S, Xu J (2016) Response of a salt-sensitive plant to processes 
of soil reclamation in two saline–sodic, coastal soils using drip irrigation with saline water. 
Agric Water Manag 164:223–234

Liu B, Wu X, Chang J, Gu B, Min Y, Ge Y, Shi Y, Xue H, Peng C, Wu J (2012) Constructed wetland 
as biofuel production systems. Nat Clim Chang 2:190–194

Maiti SK, Kumar A (2016) Energy plantation, medicinal and aromatic plants in contaminated soil. 
In: Bioremediation & bioeconomy. Elsevier, Amsterdam, pp 29–40

Manchanda G, Garg N (2008) Salinity and its effects on the functional biology of legumes. Acta 
Physiol Plant Manchanda G (eds) Springer 30(5):595–618

Marrison CI, Larson ED (1996) A preliminary analysis of the biomass energy production potential 
in Africa in 2025 considering projected land needs for food production. Biomass Bioenergy 
10:337–351

Mau Y, Porporato A (2015) A dynamic system approach to soil salinity and sodicity. Adv Water 
Resour 83:68–76

McKendry P (2002a) Energy production from biomass (part 2): conversion technologies. Bioresour 
Technol 83:47–54

McKendry P (2002b) Energy production from biomass (part 1): overview of biomass. Bioresour 
Technol 83:37–46

Mleczek M, Rutkowski P, Rissmann I, Kaczmarek Z, Golinski P, Szentner K, Strazynska K, 
Stachowiak A (2010) Biomass productivity and phytoremediation potential of Salix alba and 
Salix viminalis. Biomass Bioenergy 34(9):1410–1418

Munns R (2005) Genes and salt tolerance: bringing them together. New Phytol 167(3):645–663

14 Efficiency of Bioenergy Plant in Phytoremediation of Saline and Sodic Soil



368

Naidu R, Rengasamy P (1993) Ion interactions and constraints to plant nutrition in Australian 
sodic soils. Aust J Soil Res 31:801–819

Neill OGJ, Gordon AM (1994) The nitrogen filtering capability of Carolina poplar in an artificial 
riparian zone. J Environ Qual 23:1218–1223

Ni M, Leung YC, Leung MKH, Sumathy K (2006) An overview of hydrogen production from 
biomass. Fuel Process Technol 87(5):461–472

Oster JD, Shainberg I, Abrol IP (1999) Reclamation of salt affected soils. In: Skaggs RW, van 
Schilfgaarde J (eds) Agricultural drainage. ASA-CSSASSSA, Madison

Pandey VC, Bajpai O, Singh N (2016) Energy crops in sustainable phytoremediation. Renew Sust 
Energ Rev 54:58–73

Panetsos KP, Alizoti PG (1996) Biomass production from monoclonal and mixed clonal planta-
tions. In: Proceedings 5th national renewable energy conference, vol 3. National Research 
Centre Democritus, Athens, pp 201–204

Panetsos KP (1981) Biomass yield of short rotation Platanus species in Greece. In: 
Commercialization of production of Mediterranean climatic regions. W. Junk Publications, 
The Hague, pp 235–238

Panetsos KP (1988) Biomass production from fast growing forest tree species. In: Proceedings 3rd 
national conference of renewable energy, vol 2. Greek Productivity Centre, Thessaloniki, 
pp 29–36

Pant D, Van Bogaert G, Diels L, Vanbroekhoven K (2010) A review of the substrates used in micro-
bial fuel cells (MFCs) for sustainable energy production. Bioresour Technol 101:1533–1543

Popp J, Lakner Z, Rakos MH (2014) The effect of Bioenergy expansion: food, energy and environ-
ment. Renew Sust Energ Rev 32:559–578

Prasad MNV, Tewari JC (2016) Prosopis juliflora (Sw) DC: potential for bioremediation and bio-
economy. In: MNV P (ed) Bioremediation & bioeconomy. Elsevier, Amsterdam, pp 49–68

Qadir M, Ghafoor A, Murtaza G (2000) Amelioration strategies for saline soils: a review. Land 
Degrad Dev 11:501–521

Qadir M, Schubert S (2002) Degradation processes and nutrient constraints in sodic soils. Land 
Degrad Dev 13:275–294

Qadir M, Oster JD (2002) Vegetative bioremediation of calcareous sodic soils: history, mecha-
nisms, and evaluation. Irrig Sci 21:91–101

Qadir M, Qureshi RH, Ahmad N (2002) Amelioration of calcareous saline sodic soils through 
phytoremediation and chemical strategies. Soil Use Manag 18:381–385

Qadir M, Noble AD, Oster JD, Schubert S, Ghafoor A (2005) Driving forces for sodium removal 
during phytoremediation of calcareous sodic and saline–sodic. Soil Use Manag 21:173–180

Qadir M, Oster JD, Schubert S, Noble AD, Sahrawat KL (2007) Phytoremediation of sodic and 
saline sodic soil. Adv Agron 96:197–247

Ravikumar M, Sarita P, Naga Raju GJ, Bhuloka Reddy S (2013) Trace element accumulation in the 
leaves of Azadirachta indica and Pongamia glabra collected from different environmental 
sites. J Environ Res Dev 7(3):S410–S414

Rabindranath D, Shroff S, Rao N (2010) Bioenergy in India: barriers and policy options. United 
Nations Development Programme, New Delhi

Reddy BVS, Ramesh S, Kumar AA, Wani SP, Ortiz R, Ceballos H, Sreedevi TK (2008) Biofuel 
crops research for energy security and rural development in developing countries. Bioenergy 
Resour 1:248–258

Richards LA (1954) Diagnosis and improvement of saline and alkali soils. Soil Sci 78(2):154
Saritz R (2005) Phytoextraction of uranium and thorium by native trees in a contaminated wetland. 

J Radioanal Nucl Chem 264:417–422
Sathitsuksanoh N, Zhu Z, Templeton N, Rollin JA, Harvey SP, Zhang Y-H (2009) Saccharification 

of a potential bioenergy crop, Phragmites australis (Common Reed), by lignocellulose frac-
tionation followed by enzymatic activities at decreased cellulase loading. Ind Eng Chem Res 
48:6441–6447

P. Bharti et al.



369

Shainberg I, Sumner ME, Miller WP, Farina MPW, Pavan MA, Fey MV (1989) Use of gypsum on 
soils: a review. Adv Soil Sci 9:1–111

Shaoa H, Chu L (2008) Resource evaluation of typical energy plants and possible functional zone 
planning in China. Biomass Bioenergy 32:283–288

Singh K, Singh B, Singh RR (2012) Changes in physico-chemical, microbial and enzymatic activi-
ties during restoration of degraded sodic land: ecological suitability of mixed forest over mono-
culture plantation. Catena 96:57–67

Singh SP, Singh V (2016) Addressing rural decline by valuing agricultural ecosystem services and 
treating food production as a social and treating food production as a social contribution. Trop 
Ecol 57(3):381–392

Singh YP, Mishra VK, Singh S, Sharma DK, Singh D, Singh US, Singh RK, Haefele SM, Ismail 
AM (2016) Productivity of sodic soils can be enhanced through the use of salt tolerant rice vari-
ties and proper agronomic practices. Field Crop Res 190:82–90

Smith L, Thelen D, MacDonald J (2013) Yield and quality analyses of bioenergy crops grown on 
a regulatory brownfield. Biomass Bioenergy 49:123–130

Sposito G (2008) The chemistry of soils. Oxford University Press, New York
Sumner ME (1993) Sodic soils: new perspectives. Aust J Soil Res 31(6):683–750
Szabolcs I (1974) Salt affected soils in Europe. Martinus Nijhoff, The Hague, p 63
Thompson PL, Ramer LA, Schnoor JL (1998) Uptake and transformation of TNT by hybrid poplar 

trees. Environ Sci Technol 32(7):975–980
Tripathi KP, Singh B (2005) The role of revegetation for rehabilitation of sodic soils in semiarid 

subtropical forest, India. Restor Ecol 13:29–38
Tripathi V, Edrisi SA, Abhilash PC (2016) Towards the coupling of phytoremediation with bioen-

ergy production. Renew Sust Energ Rev 57:1386–1389
United States Salinity Laboratory Staff (1969) Diagnosis and improvement of saline and alkali 

soils, Agriculture handbook no 60, Revised edn. United States Department of Agriculture, 
Washington DC

Verma M, Godbout S, Brar SK, Solomatnikova O, Lemnay SP, Larouche JP (2011). Biofuels pro-
duction from biomass by thermochemical conversion technologies. Int J Chem Eng 2012:1–8 
http://dx.doi.org/10.1155/2012/542426

Warren Spring Laboratory (1993) Fundamental research on the thermal treatment of wastes and 
biomass: literature review of part research on thermal treatment of biomass and waste ETSU, 
B/T1/00208/Rep/1

Wong L, Dalal C, Greene B (2008) Salinity and sodicity effects on respiration and microbial bio-
mass of soil. Biol Fertil Soils 44:943–953

Yuan JS, Tiller KH, Ahmad HA, Stewart NR, Stewart CN Jr (2008) Plants to power: bioenergy to 
fuel the future. Trends Plant Sci 13(8):421–429

Zalesny RS, Bauer EO, Hall RB, Zalesny JA, Kunzman J, Rog CJ, Riemenschneider DE (2007) 
Clonal variation in survival and growth of hybrid poplar and willow in an IN SITU Trialon soils 
heavily contaminated with petroleum hydrocarbons. Int J Phytoremed 7(3):177–197

Zhao F, Yang W, Zeng Z, Li H, Yang X, He Z, Gu B, Rafiq MT, Peng H (2012) Nutrient removal 
efficiency and biomass production of different bioenergy plants in hypereutropic water. 
Biomass Bioenergy 42:212–218

Zhuang D, Jiang D, Liu L, Huang Y (2011) Assessment of bioenergy potential on marginal land in 
China. Renew Sust Energ Rev 15(2):1050–1056

14 Efficiency of Bioenergy Plant in Phytoremediation of Saline and Sodic Soil

http://dx.doi.org/10.1155/2012/542426


371© Springer Nature Singapore Pte Ltd. 2017
K. Bauddh et al. (eds.), Phytoremediation Potential of Bioenergy Plants, 
DOI 10.1007/978-981-10-3084-0_15

V.C. Pandey (*) 
Plant Ecology and Environmental Science Division, CSIR-National Botanical Research 
Institute, Lucknow 226001, India
e-mail: vimalcpandey@gmail.com

15Managing Waste Dumpsites Through 
Energy Plantations

Vimal Chandra Pandey

Abstract
Increase in the number and area of waste dumpsites is a major concern world-
wide due to modern urbanization, industrial revolution and overpopulation 
growth. There is a wide range of waste dumpsites such as fly ash dumps, mine 
spoils, red mud deposits, sewage sludge, etc. These waste dumps are a source of 
heavy metal pollution, the degradation of soil and water system and serious dust 
pollution to atmosphere. These are also recognized as ecological, economic and 
social challenges. Thus, the management of waste dumpsites in a safe and eco-
nomic way is still a worldwide challenge. In this direction, the phytomanage-
ment of waste dumpsites through energy plantation is a holistic approach for 
ecological, economic and social sustainability.

Keywords
Energy plantations • Waste dumpsites • Sustainable environment • Nonedible 
crops

15.1  Introduction

Continuous increase in the chain of a wide range of waste dumps, i.e. coal mine 
spoils, fly ash landfills, red mud deposits, chromite–asbestos mine waste dumps and 
other waste dumps, is a critical challenge for remediation and management at the 
global level (Pandey and Singh 2012; Fuller et al. 1982; Kumar and Maiti 2015). It 
has been proved that these abandoned man-made waste dumps affect fauna health 
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nearby areas, deteriorate the environmental quality and create severe disturbances 
of the cultural landscape (Bryan Jr. et al. 2012; Walker and Willig 1999). The key 
reason of waste dumps hazards is the presence of numerous potentially toxic metals, 
i.e. Cd, Cr, As, Pb, Hg, Ni, Se, etc. with high concentration (Scotti et al. 1999; 
Pandey et al. 2011). These waste dumps create air, soil and water pollution resulting 
in several diseases such as cancer, cardiac disease, genetic disorders, mesothelioma, 
pneumoconiosis, skin irritations and other respiratory problems in humans residing 
close to dumpsites (Pandey et al. 2009, 2011; USEPA 2007). Hence, there is a 
strong public pressure and need of present and future for remediation and manage-
ment of a wide variety of waste dumpsites in a safe and economic way.

In this direction, phytoremediation is most accepted, cost-effective, eco-friendly, 
applicable to large areas and sustainable approach, which is used to remove the 
contaminants from the soil and water systems (Pandey et al. 2015a). There are some 
limiting factors that influence phytoremediation efficiency such as the plant ability 
to uptake contaminants, survivability in polluted lands and low bioavailability of the 
contaminants (Chirakkara and Reddy 2015). Plenty of economic plant species 
(including trees, grasses, shrubs and aquatic plants) are subjected to characteriza-
tion of their potential for sustainable phytoremediation practices. A number of eco-
nomically and ecologically important plants have the ability to tolerate and 
remediate contaminants from the polluted lands and therefore are categorized for 
commercial phytoremediation (Pandey et al. 2015a). In order to fully utilize the 
waste dumpsites and to overcome the disadvantage of phytoremediation, a new 
strategy of linking phytoremediation with energy crop cultivation, with a view to 
achieving low-cost remediation of dumpsites through the biofuel production 
(Pandey et al. 2016a). Therefore, the growing energy plantations on waste dump-
sites to meet biofuel as a renewable energy without affecting agricultural lands are 
a pressing priority. Energy plantations on waste dumpsites are one of the most eco-
nomic and eco-friendly ways of harnessing solar energy through the photosynthetic 
process. In addition to making biofuel energy availability from waste dumpsites, it 
can also improve the fertility of waste dumpsites. India and other countries have 
thousands of hectares of waste dumpsites which could be effectively used to grow 
energy plantations.

Therefore, the use of energy plants to remediate hazardous waste dumpsites is 
considered as a highly promising and holistic approach for improving the environ-
mental quality of the waste dumpsites (Pandey et al. 2016a; Keene and Skousen 
2010; Prasad 2015). There is an increasing interest in searching of energy plants 
growing on a wide range of waste dumpsites. However, the use of native energy 
plants for the phytoremediation of waste dumpsites and biofuel production can be a 
useful opportunity, since native plants are genetically tolerant to high metal concen-
trations of waste dumpsites and have an excellent adaptation to the environmental 
conditions of the region than the plants introduced from other environments (Pandey 
and Singh 2011; Pandey et al. 2015a, b; 2016a). The screening and conservation of 
the genetic resource of energy plant-based phytoremediators are of vast importance 
for the future development of effective plans for the determination of phytoremedia-
tion of waste dumpsites and biofuel production.
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15.2  The Problems Associated to Waste Dumpsites

During opencast mining of coal, the overlying soil is removed, and the fragmented 
rock is heaped in the form of overburden dumps. Thus, the opencast coal mining 
generally releases a huge amount of mining wastes to the upper part of the land 
surface as overburden dump materials known as coal mine spoils (inevitable by- 
product in the mining process) (Ghosh 2002). These overburden dumps occupy a 
large amount of land, which loses its original use and generally gets soil qualities 
degraded (Barapanda et al. 2001). As these dumping sites are generally loose, its 
fine particles become highly susceptible to blowing by wind. These get spread over 
the surrounding vegetation and disturb their natural quality, growth of fresh leaves 
and plant yield. Coal mine spoil also raises a number of environmental challenges, 
including soil erosion, dust pollution, water pollution, loss of nutrient qualities and 
microbial activities of the soil system and ultimately impacts on local floral diver-
sity. Generally, coal mine spoils contain elevated concentrations of potentially 
harmful elements such as As, Cd, Cu, Pb, Zn, etc. which provide usually a hostile 
substrate for plant growth because of low organic matter, low nutrient content, high 
concentrations of trace elements, as well as physical disturbance such as reduced 
soil depth, bad soil structure and low water availability. Furthermore, the physico-
chemical properties of overburden dump materials are site specific and differ from 
one dump to another due to different geological deposits of rocks/coal (Lovesan 
et al. 1998). Thus, these are the reasons why most of the overburden dumps do not 
support plantation.

Fly ash (FA) is a coal combustion residue of thermal power plants. Generally, it 
is alkaline in nature, but its pH can vary from 4.5 to 12.0 depending mainly on the 
S content of the parent coal (Plank and Martens 1974). FA consists of many small, 
glass-like particles ranging in size from 0.01 to 100 mm (Davison et al. 1974) and 
contains a number of toxic elements like Cr, Pb, Hg, As and Cd along with many 
essential elements such as S, B, Ca, Na, Fe, Zn, Mn and P (Pandey et al. 2009). FA 
particles are very fine and light in nature and have potential to get airborne and 
contaminate the environment near the dumping sites (Pandey et al. 2009, 2011). 
Being airborne for a long period, it causes irritation to the skin, eyes, nose, throat 
and respiratory tract to local people. Repeated inhalation of FA dust containing 
crystalline silica is a main reason of bronchitis, silicosis (scarring of the lung) and 
lung cancer of local residents near thermal power plants. Furthermore, its higher 
inhalation may result in asthma-like symptoms (Davison et al. 1974; Pandey et al. 
2009). Besides being a health threat, FA corrodes exposed metallic structure in its 
vicinity (Davison et al. 1974). The leaching of toxic elements of FA may contami-
nate tube well and ground water that depends on the physicochemical characteris-
tics of ash and hydrogeologic and climatic conditions of the disposal site (Pandey 
et al. 2009). It is reported that Zn, Cu and Pb were found in high concentration in 
tube well water located in vicinity of ash pond in Orissa, whereas Cu, Mn, Pb and 
Zn were the main pollutants in groundwater (Praharaj et al. 2002). Thus, FA has 
been well recognized as an environmental hazard worldwide. Its amount is 
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increasing continuously to encroach thousands of hectare land nearby thermal 
power plants all over the world.

Red mud (RM) is one of the main waste products of the alumina industry. The 
characteristic of RM is an alkaline (pH>11), insoluble and iron-rich (usually 
10–30%) waste product (Das and Thakur 1995). It is also known by other names as 
bauxite residue, red slime and red sludge. About ninety million tons of RM/annum 
are produced worldwide (Kumar et al. 2005). Huge dumping of RM is the most 
important concern of environmental hazards adjacent to alumina industries. The 
abandoned RM deposits are damaging the environment by various ways, thus caus-
ing deleterious effect on human health and livestock. Finally, the management of 
various waste dumpsites, i.e. coal mine spoils, fly ash landfills, red mud deposits, 
chromite–asbestos mine waste dumps and other waste dumps, is an urgent need to 
mitigate air and water pollution in vicinity of waste dumping sites from the mine 
operators, coal thermal power stations, alumina industries and planners. There is 
also a need to assess and report the status on the management of pollutants and 
efficiency of current mitigation practices for improving the quality of environment 
of waste dumpsites.

15.3  Strategies for Minimizing the Harsh Conditions 
of Dumpsites to Plant Growth

The key challenges of waste dumpsites’ remediation are harsh conditions (i.e. high 
or low pH, poor nutrient status, water scarcity, higher temperature, toxic elements, 
etc.) which may not be favourable for the growth and establishment of plant com-
munities. Thus, the remediation of waste dumpsite is a most challenging task for the 
scientific society and practitioners. The challenge of waste dumps’ remediation 
could be solved by implementing “sustainable phytoremediation” technology. In 
recent years, sustainable phytoremediation is popularized (Witters et al. 2012; 
Rungwa et al. 2013; Pandey et al. 2015a) for remediation and management of envi-
ronmental hazards. Sustainable development is a strategy that meets the needs of the 
present requirements without compromising the resources of future generations and 
fulfils their own needs. The sustainable production covers the topics such as eco- 
efficiency, waste management, use of natural resources and sustainable consump-
tion by human beings (Blok et al. 2015). The scientific community from 
interdisciplinary field have made sufficient efforts for solving the problems of waste 
dumps’ remediation (Juwarkar and Jambhulkar 2008; Rau et al. 2009; Srivastava 
et al. 2014; Krzaklewski et al. 2012; Pandey et al. 2009; Pandey and Singh 2012). 
Rau et al. (2009) assessed the functional diversity of rhizobacterial taxa of a wild 
grass Saccharum ravennae colonizing abandoned fly ash dumps. Sharma et al. 
(2011) identified and characterized plant growth-promoting rhizobacteria associ-
ated with naturally grown Saccharum munja on mine spoil that can potentially 
increase its rate of colonization. Babu and Reddy (2011) studied about the dual 
inoculation of arbuscular mycorrhizal and phosphate-solubilizing fungi which con-
tributes in sustainable maintenance of plant health in FA dumps. Pandey et al. 
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(2012a) suggested that S. munja is a wild native perennial grass which naturally 
colonizes extreme habitat of FA dumps. It would be potentially useful to revegetate 
the FA dumps more efficiently if it is introduced properly on fresh dumps to convert 
barren FA deposits into ecologically and socio-economically productive habitats. It 
is used by local people for making ropes, baskets, mats, huts, etc. to support their 
livelihood. Recently, Pandey et al. (2015c) also assessed the suitability of Saccharum 
spontaneum for the restoration and stabilization of bare FA dumps. The highest 
importance value index, visual observations and analytical results revealed that S. 
spontaneum has great ability to grow and establish on bare FA dumps and can be 
used as a valuable genetic resource in restoration of vast tracts of FA dumps across 
the world. Thus, the visual observations and field results showed that S. spontaneum 
is a promising and potential tall grass for the restoration of FA dumps.

However, some important new approaches based on previous experiments, pro-
posed for the remediation of waste dumpsites, are (1) selection of the suitable 
energy plant species having capability to establish on these sites, (2) addition of 
organic manure as a soil ameliorant to enhance the soil nutrient status and (3) addi-
tion of native and viable microbial agents/inoculants to promote the plant growth 
and establishment. The selected plants for sustainable phytoremediation of waste 
dumpsite must be perennial in nature, unpalatable to livestock, high economic 
value, tolerant to adverse conditions, easy to harvest and ecologically beneficial 
(Pandey and Singh 2011; Pandey et al. 2015a). Incorporation of locally available 
blending organic amendments such as pressmud, farm yard manure, vermicompost-
ing, composted cow dung, etc. in waste dumpsites may be cost-effective which can 
provide favourable and improved soil conditions for establishment of plant com-
munities, microbes and plant–microbe interactions naturally. The native microbial 
communities well adapted to adverse conditions of waste sites can be selected and 
developed into potential inoculants that can be exploited for restoration of unused 
waste dumpsites into ecologically and socio-economically productive habitats.

15.4  Why Energy Plantation for the Restoration of Waste 
Dumpsites

Energy plantation is one that grows plant materials (e.g. biodiesel from seed or 
methanol from plant biomass) for their fuel value. The energy plantation on waste 
dumpsites is a good idea for the solution of two universal problems such as utiliza-
tion of waste dumpsites and biofuel production. In other words, the energy planta-
tion is also helpful in the restoration of waste dumpsites. The large areas that are 
needed for energy plantations may be obtain by utilization of waste dumpsites that 
are easily available in most of the countries. Thus, this type of energy plantations 
may not compete with food or other crops for land. Energy plantation on various 
waste dumpsites with different perspectives is well described in Table 15.1.

In the discussion of energy plantation on waste dumpsites, a proper goal must be 
focused with advantages and disadvantages. Technologically, energy plantation is a 
renewable and sustainable source of energy in usable forms. Ecologically, it is much 
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Table 15.1 Energy plantation on various waste dumpsites

SN Energy plants Waste dumpsites Remarks References

1 Panicum virgatum 
(switchgrass)

Coal mine spoil Biofuel production Keene and 
Skousen (2010)

2 Helianthus annuus 
(sunflower)

Coal mine spoil Biofuel production Harris et al. 
(2015)

3 Jatropha curcas Fly ash Phytoremediation Jamil et al. 
(2009)

4 Ricinus communis Fly ash- 
contaminated sites

Phytoremediation and 
energy perspective

Pandey (2013)

5 Jatropha curcas Fly ash-amended 
soil

Growth performance Bagchi (2013)

6 Pongamia pinnata Coal mine spoil Bio-reclamation Chaubey et al. 
(2012) and 
Arshi (2015)

7 Azadirachta indica Coal mine spoil Bio-reclamation Chaubey et al. 
(2012) and 
Arshi (2015)

8 Pongamia pinnata Fly ash-amended 
soil

Growth performance and 
restoration potential

Singh (2013)

9 Pongamia pinnata Fly ash dumps Revegetation Pandey et al. 
(2016b)

10 Pennisetum 
purpureum

Phosphatic clay Energy production Stricker et al. 
(1998)

11 Saccharum species Phosphatic clay Energy production Stricker et al. 
(1998)

12 Erianthus 
arundinaceum

Phosphatic clay Energy production Stricker et al. 
(1998)

13 Sorghum bicolor Phosphatic clay Energy production Stricker et al. 
(1998)

14 Prosopis juliflora Fly ash dumps Revegetation Pandey et al. 
(2016b)

15 Pongamia pinnata Coal mine spoil Ecological restoration Singh and 
Singh (2006)

16 Azadirachta indica Coal mine spoil Ecological restoration Singh and 
Singh (2006)

17 Populus species Wight industrial 
wastes

Remediation Giacchetti and 
Sebastiani 
(2006)

18 Jatropha curcas Coal mine 
overburden dump

Bio-reclamation Arshi (2015)

19 Saccharum 
spontaneum

Fly ash dumps Revegetation and 
multiple use

Pandey et al. 
(2015c)

20 Saccharum 
spontaneum

Coal mine 
overburden dump

Reclamation Arshi (2015)

21 Madhuca latifolia Coal mine 
overburden dump

Reclamation Arshi (2015)

(continued)
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Table 15.1 (continued)

SN Energy plants Waste dumpsites Remarks References

22 Miscanthus giganteus Fly ash deposits Biomass production Lixandru et al. 
(2013)

23 Panicum virgatum 
(switchgrass)

Fly ash + poultry 
litter-amended soil

Biofuel feedstock 
production

Dzantor et al. 
(2015)

24 Tripsacum 
dactyloides (eastern 
gama grass)

Fly ash + poultry 
litter-amended soil

Biofuel feedstock 
production

Dzantor et al. 
(2015)

sounder than the conventional ones (fossil fuels). In fact, energy plantations will 
lead to long-term benefits by way of remediation and utilization of waste lands, in 
addition to providing local employment. Ecologically speaking, the major advan-
tages of energy plantations on waste dumpsites are biodiversity enrichment, sub-
strate fertility improvement, carbon sequestration, remediation of pollutants, etc. In 
short, energy plantations on waste dumpsites have a significant role in keeping the 
environment clean while supporting the livelihood (Fig. 15.1).

With the developing of energy plantation on a wide range of waste dumps sites 
under afforestation programme while protecting the natural forests, the Government 
of India should recruit policy-oriented afforestation schemes. To support this pro-
gramme, energy plantations on waste dumpsites should be link with various devel-
opment schemes such as Rural Landless Employment Guarantee Scheme (RLEGS), 
National Rural Employment Programme (NREP), Employment Guarantee Scheme 
(EGS), Drought Prone Areas Programme (DPAP), Western Ghats Development 
Scheme, etc. The objective of energy plantation on waste dumpsites should be to 
increase the supply of biofuel, small timbers, utilization of waste dumps, remedia-
tion of pollutants and clean environments while generating rural employment and 
maintaining environmental stability.

Energy crops are specifically grown as an energy plantation to produce some 
form of energy. Energy plantations are generally divided into two types: herbaceous 
and woody plantation.

Perennial grasses such as switchgrass, Miscanthus, etc. can be used as a potential 
energy crops for herbaceous energy plantation. These perennial energy grasses have 
the capacity to regenerate from their roots or buds at the base of the plant, offer the 
greatest potential for energy plantation on waste dumpsites and therefore do not 
require replanting for long periods of time. The second type of energy plantations is 
short rotation woody plantation. It includes Salix, poplar, etc. A number of energy 
crops have been considered on the waste dumpsites of phosphatic clay (a by- product 
of phosphate mining) through demonstration project. These crops are elephant grass 
(Pennisetum purpureum), energy cane (Saccharum sp.), sugarcane (Saccharum sp.), 
Erianthus (Erianthus arundinaceum), sweet sorghum (Sorghum bicolor) and 
Leucaena (Leucaena leucocephala) (Stricker et al. 1998). Lixandru et al. (2013) 
assessed the adaptation process of the species Miscanthus giganteus under the con-
ditions of FA deposit from Utvin, Timis County, and obtained best germination 
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Coal mine spoils Fly ash dumps Red mud deposits Chromite-asbestos Other dumps

A new strategy of combining phytoremediation with energy plantations

Organic manure is necessary up to one year because of solid waste of energy crops after
biodiesel extraction on may be used for onsite composting as a solution of organic manure input
in waste dumpsites for next year plantation

The selection of most tolerant perennial energy crops for phytoremediation of waste dumpsites is key
aspect of this energy plan because they have inherent ability to grow easily on the harsh conditions of
waste dumpsites. The Energy plantations will also improve physicochemical and microbial status of the
substrate of waste dumpsites for next generation of plantation.

Watering by sprinklers

Multiple benefits

From socio-economical to environmental
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Fig. 15.1 Energy plantations on a wide range of waste dumpsites for multiple benefits from socio- 
economical to environmental
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percentage with sewage sludge and cattle manure. A good growth rate and higher 
biomass production were also recorded. Therefore, M. giganteus has good adapta-
tion potential to arid conditions of the FA deposits and can be used for revegetation/
phytoremediation of FA deposits with bioenergy feedstock production.

The waste dumpsites cause environmental impacts including leachate genera-
tion, toxic element pollution, dust pollution, greenhouse gas emissions, etc. 
Generally, revegetation is the traditional practice on waste dumpsites to lessen envi-
ronmental pollution and their degradation. It can provide a source of biomass for 
energy production. Produced biomass from the revegetation of waste dumpsites can 
be converted to bioenergy through biochemical and thermochemical processes. 
Thus, the selection of energy plants for the revegetation of waste dumpsites will be 
more beneficial than traditional revegetation. Energy plants may be biomass or 
seed-producing plants, but it should be high-yielding crops (Fig. 15.2).

Biofuel and remediation benefits are the main considerations for selecting energy 
crops for energy plantations on waste dumpsites. Energy plantations on waste 
dumpsites are also helpful for beautification, to improve the microclimate, arrest 
soil erosion and many other functions. Energy crops provide an excellent ambience 
to the site, either residential or work areas. Energy crops absorb carbon dioxide, 
thereby reducing the harmful effects of air pollution. Thus, energy crops act as lungs 
to purify air and keep the surroundings cool, healthy and beautiful. The selection of 
suitable energy crops according to waste dumpsites will enhance the aesthetic value 
and beauty of the surroundings.

For the revegetation of waste dumpsites and bioenergy production, the energy 
plants should be some desirable characteristics such as high-yielding crops, high 
growth rate, extensive root system, perennial nature, pest and disease resistant, 

Biodiesel 
(Jatropha curcas, Pongamia pinnata, 
Azaractica indica, Ricinus communis, 

etc)

Biomass 
(Prosopis juliflora, Polular, Salix, etc.) 

Ethanol 
(Miscanthus gigantium, switchgrass, 
canaryreedgrass, Arundo donax, etc.)

Biogass
(Pennisetum purpureum L., Saccharum 

sp., Erianthus arundinaceum (Retz), 
Sorghum bicolor (L.) Moench)

Energy plantation 
on waste 
dumpsites

Fig. 15.2 Various categories of bioenergy source obtained from potential energy crops

15 Managing Waste Dumpsites Through Energy Plantations



380

unpalatable, regeneration potential and tolerant to adverse conditions. Furthermore, 
energy plant species should also be based on the quality of waste dumpsites, avail-
ability of moisture, suitability of climate and gestation period. Therefore, energy 
plants having these characters should be recommended for revegetation of waste 
dumpsites and biofuel production. This chapter provides an overview of the manag-
ing waste dumpsites through energy plantations. The next section will discuss how 
energy crops can be used to generate socio-economic and environmental benefits.

15.5  Socio-economic and Environmental Benefits

There are many potential benefits due to energy plantation on waste dumpsites. But 
there are three main benefits which will be discussed in this section, namely, social 
development, economic development and environmental benefits (Table 15.2).

Phytoremediation has gained much popularity over the last two decades; never-
theless, the concept of commercial phytoremediation is not fully explored. A num-
ber of companies have started phytoremediation business in the USA, Canada and 
Europe. They are recognized as phytoremediation industries, namely, Applied 
Natural Sciences, Earth Care, Ecolotree, Phytokinetics, Phytotech, PhytoWorks, 
Thomas Consultants and Verdant Technologies (Glass 1999). Several projects 

Table 15.2 Potential benefits of energy plantation on waste dumpsites can be social, economic, 
as well as environmental

SN Social aspects Economic aspects Environmental aspects

1 Creation of 
employments and 
livelihoods

Phytoremediation cost-effective 
approach

Reduced air, soil and 
water pollution

2 Support for local 
communities

Carbon credits Reduced soil erosion

3 Decreasing our 
dependency on foreign 
oil

Bioenergy market Increased terrestrial 
carbon sinks

4 Help in basic services 
(pumped water, etc.

Plantation reduces input and 
maintenance of waste dumpsites

Enhanced biodiversity

5 Enhanced societal status Enhance local economy by cycling 
of goods and services within local 
community

Reduced pressure on 
finite natural resources

6 Pride and freedom In form of less effort (labour) in 
beatification of waste dumping sites

Improved substrate 
quality of waste 
dumpsites

7 Improved social unity Income from developed park on 
waste dumpsites though local 
people

Reduced GHG 
emissions by using 
bioenergy

8 No competition between 
food and bioenergy for 
land

Developed park on waste dumpsites 
may attract tourism

Providing habitat for 
local species

Based on IEA 2005
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related to phytoremediation have been successfully completed all over the world. 
These phytoremediation industries will increase in the future, after the development 
of commercial phytoremediation. It may be possible if we integrate phytoremedia-
tion with energy crops. These phytoremediation companies will generate employ-
ment for our society through nursery raising by seedling/cutting of energy crops, 
energy plantation, collection of seeds, de-shelling, oil extraction, oil storage, etc. 
Energy plantation on waste dumpsites may offer income-generating opportunities 
for land owners and local people, as well as promote smallholder participation in 
bioenergy crop production (Pandey et al. 2012b; 2016a). Energy security through 
the revegetation of waste dumpsites by energy crops is another important consider-
ation or additional benefits of renewable energy. The energy plantations on waste 
dump sites create jobs in local areas, most of them for unskilled workers. The energy 
plantation on waste dumpsites could increase our energy security by decreasing our 
dependency on foreign oil.

Environmental benefits from the energy plantation on waste dumpsites include 
water quality improvements and remediation of pollutants, i.e. metal(oid)s, pesti-
cides, radioactive elements, soil erosion, aesthetic environments, etc. (Pandey et al. 
2012b; 2016a). The environmental benefits of energy plantation on waste dumpsites 
are given in Table 15.2. Energy crops act as filter systems, removing pollutants from 
irrigated landfill leachate before it pollutes groundwater or rivers. Due to filtering 
capabilities, energy crops are being considered as a supporting crop to be planted 
with traditional crops for pollution control (Shrive et al. 1994; Giacchetti and 
Sebastiani 2006; Zalesny et al. 2007; Aryal and Reinhold 2015). Furthermore, the 
gradual improvements in substrate quality after energy plantation on coal mine spoil 
were due to the control of soil erosion and buildup of organic matter and humus 
with increasing the age of energy plantations (Chaubey et al. 2012). Similar out-
comes were obtained by Jain et al. (2009), Juwarkar and Jambhulkar (2009) and 
Nath (2009). While expanding the bioenergy programs, energy plantation on waste 
dumpsites has considerable potential without affecting food crop production (dis-
turbing food security) because agricultural land is not used for energy plantation. 
The most important point of this bioenergy programs is no competition between 
food and bioenergy for land. Energy crops can be planted on a wide range of unde-
rutilized waste dumpsites such as coal fly ash dumpsites, coal mine spoils, sewage 
sludge, red mud deposits, phosphatic clay, etc. for revegetation programs with the 
objective of bioenergy production. Therefore, it should be estimated by major coun-
tries that are involved in dumping of waste. It may be accounted as thousand million 
acres of waste dumpsites are potentially suitable for energy crop plantation all over 
the world.

Another environmental benefit of using energy crops is a decrease in CO2 emis-
sions in comparison to fossil fuels. The energy plants grown for biomass absorb the 
amount of CO2 released during their combustion for bioenergy (WRBEP 1995). 
Therefore, there is no net CO2 generated because the emitted amount of CO2 in its 
combustion has been earlier absorbed during its growth. The emitted amount of CO2 
by using biomass of energy crops is considerably less in comparison to coal, petro-
leum and natural gas, which is represented in Fig. 15.3 (MBEP 2002).
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Furthermore, it has been estimated that the growing of energy crops on degraded 
lands facilitates soil carbon sequestration and later the improvement of soil quality 
(Mi et al. 2014). Therefore, bioenergy production on waste dumpsites holds a great 
potential for reducing toxic element pollution, sequestering atmospheric CO2 in soil 
system and increasing economy as green energy. It has been increasingly recog-
nized that planting energy crops on waste dumpsites provides multiple benefits 
towards social, economic and environmental (Pandey et al. 2016a).

15.6  Promotion of Energy Plantation on Waste Dumpsites

There are several benefits that could be realized by growing energy plantation on 
waste dump sites. However, the acceptance of energy plantation on waste dumpsites 
can be encouraged through additional funding, awareness and policy. Extra funding 
should be provided for the research of energy plantation on waste dumpsites. As a 
model of demonstration sites of energy plantation on waste dumpsites is needed, so 
owners, practitioners and researchers can see the technology at work and gain expe-
rience. Improved planting and harvesting method of energy plantation on waste 
dumpsites should be investigated. Focus should be intended towards generating 
awareness for energy plantation on waste dumpsites. Developing educational pro-
grams for responsible land owners and practitioners is an urgent need to make this 
energy programs on waste dumpsites. Policies could be structured to “value” the 
benefits of using bioenergy produced from waste dumpsites. To encourage the activ-
ities on these waste dumpsites, subsidies should be provided.
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15.7  Conclusions and Future Prospects

Currently, a number of energy crops are being investigated for phytoremediation 
and bioenergy production, but those included (Jatropha curcas, Pongamia pinnata, 
Azadirachta indica, Ricinus communis, Miscanthus species, Panicum virgatum 
(switchgrass), Phalaris arundinacea (reed canary grass), Arundo donax, Populus 
species, Salix) have been hyped as the potential energy crops for linking phytoreme-
diation with bioenergy production as well as the most widespread possibilities. 
Other energy crops may be better suited for a specific area but are not as appropriate 
for extensive use. A number of factors (i.e. fast-growing nature, high biomass- 
producing capacity, profuse root system, tolerant to adverse condition, unpalatable, 
regeneration potential, pest and disease resistant) should be considered into account 
when selecting an energy crop for phytoremediation of waste dumpsites. J. curcas, 
R. communis, Populus sp., A. donax and Miscanthus sp. are the potential energy 
crops for phytoremediation of waste dumpsites and bioenergy production due to its 
pure hardiness and stress-tolerant ability. These five energy crops grow fast with 
little maintenance on waste dumpsites as it requires minimal inputs for its establish-
ment and may be recommended as energy plantations on waste dumpsites in India 
and abroad. Therefore, the revegetation of waste dumpsites with energy crops offers 
an eco-friendly and cost-effective approach for phytoremediating waste dumpsites 
with energy security. Further research as demonstration projects is needed to estab-
lish what energy crops can be successfully grown and used for energy generation as 
well as phytoremediation of waste dumpsites.

While promoting the energy plantation on waste dumpsites, the social, economic 
and environmental perspectives should be considered for sustainability issues. 
During energy plantation on waste dumpsites, phytoremediation and bioenergy pro-
duction should be the main goal, while beautification, carbon sequestration and 
improving the substrate quality of waste dumpsites are the other consideration. For 
the success of energy plantation programs on waste dumpsites, income being the 
most important consideration, social and environmental aspects is also another 
important consideration. Cultivation and harvesting practices may vary for different 
energy crops that may affect biomass or their yields. Environmental conditions as 
well as harsh conditions of waste dumpsites must be assessed prior to farm-scale 
application. Furthermore, the application of PGPMs and suitable agronomic prac-
tices is the main strategy for enhancing energy crop yield during phytoremediation. 
Furthermore, the revegetation programs to promote energy plantation on waste 
dumpsites should be based on well-tested technical and economic data to guide the 
land owners, practitioners and general public in the right direction.
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Abstract
Phytoremediation has emerged as an attractive idea for the utilization of plants 
and the microbial communities for the environmental cleanup. Despite of 
advances made in this research area, there are still blockades for its implication 
on a wide scale. These hurdles include limited metabolic rate of plants and fail-
ure to break down numerous complex compounds or to tolerate/accumulate 
heavy metals. The in-depth knowledge of the factors affecting contaminant’s 
translocation, volatilization, uptake, bioavailability and degradation is required, 
in order to increase the phytoremediation potential of bioenergy crops. The use 
of bioenergy crops has offered a viable option for phytoremediation that can aid 
to the energy supply and showed a pivotal role in meeting the targeted goals for 
the use of renewable energy sources. Moreover, genetic engineering has opened 
new avenues in this research area, by offering the chance for the direct gene 
transfer to enhance bioenergy crops/plant capabilities for environmental cleanup. 
The advanced “omics” methods will increase our understanding towards inte-
grated activity patterns between plants and associated microorganism and har-
ness it to the growth, structural organization of microbial communities, 
accumulation, tolerance and detoxification to increase phytoremediation capa-
bility of the plant. In this chapter, the mechanism of phytoremediation and new 
high-throughput biotechnological strategies adopted to enhance the ability of 
phytoremediation potential of bioenergy crops have been described with chal-
lenges harnessing plants in phytoremediation.
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16.1  Introduction

The idea of utilizing plants for remediation emerged when the plant’s potential to 
accumulate toxic metals and capability of metabolizing organic compounds was 
explored. Phytoremediation capability depends upon the synergistic plant- 
environment interactions predominantly microorganisms (Iban˜ez et al. 2016). It 
exploits the ability of selected plants to remediate pollutants from the contaminated 
sites. The advantages associated with this approach are numerous; the plant biomass 
after harvesting can be used as a substrate for biofuel; (1) the plants can act as pio-
neer species for the particular ecosystem if allowed to grow on-site continuously, 
(2) will increase the biodiversity of the targeted area and will contribute greatly to 
fix atmospheric CO2 and (3) help in rebuilding the disturb soil layer.

Moreover, phytoremediation will further enable restoration of contaminated 
environment with comparable low costs and little collateral impacts. This is in con-
trast to the traditional methods used for soil remediation that consists of combina-
tion of different chemical, biological and physical practices like soil erosion, 
electrokinetic treatment, chemical oxidation or reduction, pollutant stabilization, 
excavation and incineration. These conventional methods often destroy natural hab-
itats and are ineffective as well as expensive. The utilization of bioenergy crops 
(especially the short rotation crops; SRC) in phytoremediation of contaminated soil 
is gaining a lot of attention (Bell et al. 2014, Gomes 2012, Mleczek et al. 2010, 
Rowe et al. 2009). The important features required for the bioenergy plant to qualify 
for the phytoremediation are (1) high pollutant tolerance level, (2) rapid biomass 
production and (3) high growth rate.

The above requirements have motivated the development of genetically engi-
neered plants with increased contaminant uptake abilities and enhanced tolerance to 
contaminants (Bell et al. 2014, Abhilash et al. 2012; Dotty 2008). Phytoremediation 
offers an environmental cleanup of contaminants like heavy metals (Abhilash et al. 
2009; Pandey et al. 2012), metalloids (Ye et al. 2011), many organic substances 
including persistent organic pollutants (Passatore et al. 2014) and radioactive ele-
ments (Fulekar et al. 2010; Cerne et al. 2011). In brief, plants can uptake, accumu-
late and metabolize organic and inorganic contaminants and facilitate the survival 
and growth of microorganism capable of degrading pollutants (Iban˜ez et al. 2016).

This chapter describes and provides an overview of mechanisms of phytoreme-
diation and new high-throughput biotechnological strategies adopted to enhance the 
potential ability of phytoremediation in plants as well as the challenges to harness 
bioenergy plants in phytoremediation. The chapter focuses primarily on plant biore-
mediation of metals and other strategies for contaminants like organic chemicals are 
also briefly mentioned.

G. Singh et al.
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16.2  Bioenergy Crops/Plants Used for Phytoremediation

The dedicated energy crops, characterized by high plant densities and short crop 
rotation, are favoured for bioenergy production as well as phytoremediation (Pandey 
et al. 2016). Bioenergy crops include both annuals and perennials. Examples of 
annuals include sorghum crops like sweet sorghum (Sorghum bicolour L. Moench), 
fibre sorghum (S. Bicolour, L. Moench), kenaf (Hibiscus cannabinus L.), rapeseed 
(Brassica napus L.) and Brassica carinata. Examples of perennials include:

 1- Agricultural: wheat and sugar beet and cardoon (Cynaracardunculus)
 2- Grass-like crops: reeds (Arundo donax L.), miscanthus (Miscanthus giganteus), 

switchgrass (Panicum virgatum) and canary reed grass (Phalaris arundinacea)
 3- Forest: willows (Salix sp.), poplars (Populus sp.), eucalyptus (Eucalyptus camal-

dulensis Dehnh. and E. Globules Labill.) and black locust (Robinia pseudoaca-
cia) (Simpson et al. 2009; Zabaniotou et al. 2008). Some examples of bioenergy 
crops used for phytoremediation are mentioned in Table 16.1.

16.3  Mechanism of Phytoremediation by Bioenergy Crops

The efficiency and mechanism of phytoremediation of plants depend on the type of 
plant species, contaminant and its bioavailability and also the soil characteristics 
(Jabeen et al. 2009).There are different mechanisms utilized in phytoremediation 
process which relates to stabilization in the rhizosphere or root uptake followed by 
translocation, accumulation, volatilization or degradation (Jutsz and Gnida 2015, 
Etim 2012, Jabeen et al. 2009). This occurs in parallel with the plant absorption of 
water and accumulation of essential nutrients along with the contaminants. The pos-
sible mechanisms by which bioenergy crops can remediate contaminated soil, sedi-
ments and water are briefly presented in the following sections, and pros and cons 
of each mechanism are summarized in Table 16.2.

16.3.1  Phytoextraction/Phytoaccumulation

In this method, plants remove contaminants by uptake and subsequent translocation 
of the pollutants from the soil through roots into the air exposed portions of the 
plants (Etim 2012). Three important characteristics are a prerequisite for a plant to 
qualify for phytoextraction remediation: the plants must (1) possess high metal 
absorbing potential, (2) must possess the capability to translocate for heavy metal 
into the biomass above surface and (3) must be able to contribute to increased plant 
biomass. The plant must also naturally have a high tolerance for metal concentra-
tions that accumulated in their upper biomass. Phytoextraction is suitable for elimi-
nation of metals such as zinc, nickel and copper, and it has been shown that a broad 
variety of plants can tolerate and absorb large amounts of metals (Etim 2012).
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Table 16.1 Examples of utilization of bioenergy crops for phytoremediation

Bioenergy crop Family
Bioenergy 
potential

Phytoremediation 
potentiala References

Sorghum 
bicolour L.

Poaceae High biomass 
production

Pb, Ni and Cu Oh et al. (2015)

Zea mays L. Poaceae High biomass 
production

Pb, Cu and Cd Oh et al. (2013)

Miscanthus Poaceae Bioethanol 
production

Al and oxidative 
stress

Ezaki et al. 
(2008)

Miscanthus spp. Poaceae Bioethanol 
production

Zn Barbosa et al. 
(2015)

Jatropha curcas Euphorbiaceae Biodiesel 
production 
from seed oil

Cd, Cr, Ni and Zn Chang et al. 
(2014)

Ricinus 
communis

Euphorbiaceae Biodiesel 
production 
from seed oil

Cd and DDTs Huang et al. 
(2011)

Populus Salicaceae Bioethanol 
production

Cd, Cu and Zn Guerra et al. 
(2011)

Salix Salicaceae Bioethanol 
production 
from biomass

Cd, PbHg, Zn, Cu Mleczek et al. 
(2010)

Arundo donax L. Poaceae Bioenergy 
production 
from biomass

Cd Sabeen et al. 
(2013)

Panicum 
virgatum L.

Poaceae Bioenergy 
production 
from biomass

Cr Li et al. (2011)

Eucalyptus 
globulus

Myrtaceae Bioenergy 
production 
from biomass

Fe, Cr, Mn, Ni, 
Cd, Pb, Zn, Cu

Luo et al. 
(2015)

Cannabis sativa 
L.

Cannabaceae Bioenergy 
production 
from biomass

Cu, Cd, Ni Ahmed et al. 
(2015)

Linum 
usitatissimum

Linaceae Bioenergy 
production 
from biomass

Ni Griga and 
Bjelková (2013)

Hibiscus 
cannabinus L.

Malvaceae Bioenergy 
production 
from biomass

Cd, Zn Arbaoui et al. 
(2013)

Cynara 
cardunculus L.

Compositae Bioenergy 
production 
from biomass

Pb, Zn, Cd Llugany et al. 
(2012)

Phalaris 
arundinacea L.

Poaceae Bioenergy 
production 
from biomass

Heavy metal and 
trace metals

Polechońska 
and Klink 
(2014)

aPb lead, Ni nickel, Cu copper, Al aluminium, Zn zinc, Fe iron, Cr chromium, Mn manganese, Cd 
cadmium

G. Singh et al.

http://www.sciencedirect.com/science/article/pii/S096195341000139X
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin="Authors":.QT.Cui Li.QT.&newsearch=true


391

Table 16.2 Phytoremediation mechanisms for treatment of contaminated soils and water

Mechanisms Metalsa Advantages Disadvantages

Phytoextraction/
phytoaccumulation

Ni, Zn, Cu Cost efficient Remediation time is  
longer than other  
strategies and plants  
can’t survive in highly  
polluted sites

Complete removal of  
contaminants/ 
pollutants

Pollutants can be  
recycled from the  
biomass of plants

Amount of waste  
materials to be  
disposed is decreased

Metals may have a  
phytotoxic effect

Rhizofiltration Ni, Pb, Zn, Cu, Cr,  
Cd

Ability to use both  
terrestrial and aquatic  
plants for either in situ  
or ex situ applications

Horizontal wetland’s  
design must be well  
engineered due to  
harvesting and disposal  
of plant

A technical knowledge  
of the chemical  
speciation/interactions  
is required

Phytovolatilization Hg Volatile organic  
compounds and the  
contaminant,

The contaminant released  
into the atmosphere is  
possible to be  
redeposited and  
accumulated in  
vegetation and be passed  
on in later products

mercuric ion, may be  
converted into a less  
hazardous substance  
(i.e. elemental Hg)

Phytostabilization Cu, Pb, Cr As, Zn,  
Cd

The disposal of  
contaminants and soil  
removal is not  
necessary

Contaminant remain in  
soil

Soil amendments and  
extensive use of  
fertilizersUseful for preserving  

surface and ground  
water through quick  
immobilization

Vegetation and soil may  
require long-term  
maintenance to prevent  
rerelease of the  
contaminants and future  
leaching

Less disruptive and  
cost efficient

Long-term maintenance  
is required for soil and  
vegetation to avoid  
further release and  
leaching of the  
contaminants

Monitoring on a regular  
basis is required

(continued)
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16.3.2  Rhizofiltration

Rhizofiltration relies on the capability of plant roots to uptake and confiscate metal 
contaminants or nutrients in excess from the wastewater streams and nutrient recy-
cling systems (Jabeen et al. 2009). Rhizofiltration is generally used to remove met-
als like Pb, Cd, Cu, Ni, Zn, Cr and radionuclides (U, Cs, Sr) (USEPA 2000). 
Phytoextraction and rhizofiltration shares more or less similar mechanisms, but the 
latter is more commonly used for remediating groundwater than contaminated soil.

Longer and fibrous roots of terrestrial plants were found to be appropriate for 
rhizofiltration because of their larger surface area, helpful for metal sorption 
(Cherian and Oliveira 2005).

16.3.3  Phytovolatilization

This mechanism as its name indicate refers to (1) plant intake of contaminants/pol-
lutants from the soil or water, followed by (2) transformation of contaminants into 
volatile forms and (3) transpiration of these contaminants into the atmosphere (EPA 
2000). Phytovolatilization can remediate contaminants present in water sediment 
and soil. Mercury is the prime example of a metal contaminant remediated by phy-
tovolatilization, but the process can also be applicable for volatile organic com-
pounds as well as inorganic chemicals in volatile forms, such as arsenic and 
selenium (EPA 2000; Etim 2012; Laghlimi et al. 2015).

16.3.4  Phytostabilization

Phytostabilization is the use of particular plant species for on-site inactivation of 
pollutants in the groundwater and soil. The process involves different steps of sorp-
tion, precipitation, complexation or metal valence reduction (USEPA 2000) to 
reduce the dissemination of the contaminant. It also prevents percolation of the 
hazardous compounds to the groundwater and minimizes its bioavailability in the 
food chain. By this mechanism, plant species tolerant to metals can be used to re- 
establish vegetation at contaminated sites and have been shown to be very 

Table 16.2 (continued)

Mechanisms Metalsa Advantages Disadvantages

Phytodegradation/ 
phytotrans- 
formation

Chlorinated 
solvents, 
herbicides and 
munitions

Remediate 
contaminants in soil, 
sediment or 
groundwater

Plant uptake of 
contaminants depends 
upon solubility and 
hydrophobicity fall into a 
permissible range

aPb lead, Ni nickel, Cd cadmium, Cu copper, Al aluminium, Zn zinc, Fe iron, Cr chromium, Mn 
manganese, Ni nickel, PAHs polycyclic aromatic hydrocarbons, PCBs polychlorinated biphenyls
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beneficial in restricting the migration of hazardous compounds through wind ero-
sion and leachate to the groundwater (Etim 2012; Laghlimi et al. 2015).

16.3.5  Phytodegradation

Phytodegradation or phytotransformation is mainly directed towards organic con-
taminants. It involves the breakdown of complex organic molecules or the integra-
tion organic contaminants into plant tissues (Trap et al. 2005). Phytodegradation has 
been proven to be beneficial for remediating organic pollutants, for example, herbi-
cides, chlorinated solvents and munitions (Laghlimi et al. 2015).

16.4  Genetic Engineering of Bioenergy Crops to Enhance 
Phytoremediation

Genetic engineering of bioenergy crops for phytoremediation has primarily focused 
on trait modification such plant uptake or contaminant tolerance. The bioenergy 
crops promote growth of associated microbial population that can be beneficial for 
green remediation but plant stimuli and different environmental factors also play a 
pivotal role.

The information on important factors for phytoremediation can provide a base 
for development of genetically engineered plants with enhanced remediation poten-
tial. In this context, the knowledge of unique property of metal hyperaccumulators 
has paved the way for the plants to clean up the contaminated soil and water (Jabeen 
et al. 2009).The overexpression or transfer of genes responsible for uptake, metabo-
lism or transport of specific contaminants in transgenic plants provides a direct 
method to enhance the phytoremediation potential (Cherian and Oliveira 2005). 
Metal chelators synthesis will also increase the metal uptake ability of plants 
(Karenlampi et al. 2000; Cherian and Oliveira 2005). The most common groups of 
genes which could be targeted to enhance the phytoremediation capacity of plants 
are shown in Fig. 16.1.

16.4.1  Targeted Genes to Improve Phytoremediation

Genetic engineering has provided an opportunity to enhance the phytoremediation 
potential of plants altering their accumulation, tolerance and detoxification charac-
teristics. The selection of target genes for developing a metal tolerant transgenic 
plant involves genes responsible for metal in take followed by translocation and 
confiscation in higher plants (Cherian and Oliveira 2005). The important gene cat-
egories selected are (1) transporters, (2) metal chelation proteins and (3) detoxifica-
tion metabolic enzymes. The overexpression of any combinations of aforesaid 
genes is a possible stratagem for genetic engineering. Metallothioneins (MTs), phy-
tochelatins (PCs) and glutathione (GSH) are the three classes of peptides employed 
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in phytoremediation strategy (Cherian and Oliveira 2005). Examples of studies 
showing overexpression of genes in transgenic plants for phytoremediation of met-
als are shown in Table 16.3.

16.4.2  Alteration of Metal Uptake Mechanism

16.4.2.1  Metallothioneins
Plant metal endurance and accumulation have been affected by overproduction of 
different metal chelators. Metallothioneins are cysteine-rich, low molecular weight, 
cytoplasmic metal-binding proteins conferring heavy-metal tolerance. This class of 
proteins showed high affinity to Cu, Zn and Cd. The overexpression of metal chela-
tors synthesis genes involved may result in enhanced metal internalization, metal 
translocation or sequestration. For instance, the accumulation of mercury and phy-
toremediation capability of metallothioneins gene (mt1) was for the first time 
reported in chloroplasts by Ruiz et al. (2011). In order to determine the role of 
metallothioneins genes in metal tolerance, the effect of cadmium on transgenic 
Nicotiana tabacum harbouring yeast metallothioneins gene was analysed 
(Krystofova et al. 2011). They observed higher cadmium accumulation in trans-
genic Nicotiana tabacum using yeast metallothioneins as compared to non- 
transgenic plants. The study concluded that the metallothioneins have enhanced the 
accumulation of cadmium in the roots of genetically modified plants.

16.4.2.2  Phytochelatins (PCs)
Phytochelatins are cysteine-rich metal-chelating peptides that play an important role 
in heavy-metal detoxification in plants and fungi by heavy-metal chelation and 

Fig. 16.1 Genes targeted for genetic engineering to enhance phytoremediation potential of bioen-
ergy crops
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Table 16.3 Selected examples of genes overexpressed in transgenic plants for enhancing metal 
tolerance

Genes Gene product
Targeted  
species

Phytoremediation 
performance References

ScMT2–1-3 Metallothionein Chloroplast  
transgenic  
plant

Hg (mercury) Ruiz et al.  
(2011)

Mt1 Metallothionein Wild-type  
tobacco

Cd (cadmium) Daghan et al.  
(2013)

ScMT2–1-3, 
(metallothionein)

Metallothionein Sugarcane Cu (copper) Guo et al. 
(2013)

CUP1 
(metallothionein)

Metallothionein Nicotiana  
tabacum

Cd(cadmium) Krystofova 
et al. (2012)

gshII Glutathione  
synthetase

Brassica  
juncea L.

Cd (cadmium) Zhu et al.  
(1999)

gshI ç-Glu-Cys  
synthetase

Brassica  
juncea L.

Cd (cadmium) Zhu et al.  
(1999)

SAT Serine acetyl  
transferase

Sedum alfredii Cd (cadmium) Guo et al.  
(2009)

APS1 ATP sulfurylase Stanleya  
pinnata and  
Brassica  
juncea

Se (selenium) Schiavon  
et al. (2015)

TaPCS1 Phytochelatin  
synthase

Nicotiana  
glauca  
R. Graham

Pb (lead) and Cd  
(cadmium)

Gisbert et al.  
(2003)

AtPCS1 Phytochelatin  
synthase

Arabidopsis  
plants

Cd (cadmium) Brunetti et al.  
(2011)

GR Glutathione  
reductase

Brassica  
juncea L.

Cd (cadmium) Pilon-Smits  
et al. (2000)

OASTL Cysteine synthase Legume crops As (arsenic), Cd  
(cadmium) and Pb  
(lead)

Pajuelo et al.  
(2007)

SMT Selenocysteine  
methyltransferase

Astragalus  
chrysochlorus

Se (selenium) Çakir et al.  
(2016)

ATPS ATP sulfurylase Brassica  
juncea L.

Se (selenium) LeDuc et al.  
(2006)

CGS Cystathionine- 
gamma- synthase

Tobacco plants Methionine and  
threonine

Hacham et al. 
(2008)

ArsC Arsenate reductase Arabidopsis 
thaliana

As (arsenic) Mohan et al.  
(2016)

NtCBP4 Cation channel Tobacco Pb2+ (lead) Sunkar et al.  
(2000)

AtCAX2 Vacuolar  
transporter

Tobacco plants More metal ions  
in the shoots and  
higher root  
tonoplast  
transport

Hirschi et al.  
(2000)

(continued)
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minimizing their bioavailability (Cherian and Oliveira 2005). Apart from their role in 
metal detoxification, a recent study indicated that phytochelatins have the ability to 
undergo long-distance transport (from root to shoot) in genetically engineered 
Arabidopsis thaliana. This was achieved by expressing the wheat (Triticum aestivum) 
PC synthase (TaPCS1) in an Arabidopsis PC-deficient mutant (Chen et al. 2006). The 
study depicted the role of phytochelatins in grafting technique for analysing long-
distance transportation and signalling in higher plants. The role of phytochelatins 
(PC) in essential metal homeostasis was reported by Tennstedt et al. (2009). The cad1-
3 (a PC-deficient mutant of Arabidopsis thaliana) and cad1-6 (a newly isolated sec-
ond strong allele) in context to zinc (Zn) homeostasis were studied. It was found that 
the PC-deficient mutants showed significant Zn2+ hypersensitivity in the medium and 
leads to significant reduction in Zn accumulation in root. The above study concluded 
that PC formation is vital for Zn2+ tolerance and accumulation of Zn.

In another study, AtPCS1 and CePCS genes in tobacco (Nicotiana tabacum var. 
Xanthi) were overexpressed, and their effects were compared (Wojas et al. 2008). It 
was found that in comparison to the wild-type and CePCS mutants, AtPCS1- 
overexpressed plants were found to be Cd-hypersensitive with no significant differ-
ence in cadmium accumulation. The phytochelatin synthase (PCS) activity in 
AtPCS1 transformants was found to be approximately fivefold higher than in CePCS 
and wild-type plants. CePCS transformants showed a smaller reduction in glutathi-
one level and less significant change in γ-glutamylcysteine concentration in com-
parison to AtPCS1 expressing plants, where γ-glutamylcysteine accumulation was 
high with significant deletion of glutathione. The study concluded that the differ-
ence in results could be due to species-dependent differences in the activity of phy-
tochelatin synthase.

In a study by Brunetti et al. (2015), it was reported that the Arabidopsis thaliana 
seedlings defective in the ABCC transporter AtABCC3 (abcc3) showed an increased 
sensitivity to different Cd concentrations, and increased Cd tolerance was found in 
seedlings overexpressing AtABCC3.

16.4.2.3  Glutathione (GSH) Enzymes Involved in Sulphate 
Assimilation Pathway

GSH enzymes, synthesized by the sulphur (S) assimilation pathway, are termed as 
direct precursor of metal-binding peptides like phytochelatins which play a vital 

Table 16.3 (continued)

Genes Gene product
Targeted  
species

Phytoremediation 
performance References

ZntA Heavy-metal  
transporter

Arabidopsis  
plants

Cd (cadmium) Lee et al.  
(2003)

YCF1 Transport protein Arabidopsis,  
poplar

Pb (lead) Song et al.  
(2004)

FRE1 and FRE2 Ferric reductase Tobacco plants Fe (iron) Samuelsen  
et al. (1998)
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role in detoxification of heavy metals (Cherian and Oliveira 2005). In a recent study, 
Streptococcus thermophilus γ-glutamylcysteinesynthetase-glutathione synthetase 
(StGCS-GS), responsible for the synthesis of glutathione (GSH), was overexpressed 
in Beta vulgaris L., (Liu et al. 2015). The transgenic sugar beets were found to be 
different from their respective wild type in terms of accumulation of Cu, Zn and Cd 
ions in shoots and showed high levels of GSH and phytochelatin (PC) when exposed 
to different concentrations heavy metals. The study concluded that the enhanced 
metal accumulation and tolerance were probably due to the high expression of 
StGCS-GS followed by overproduction of phytochelatins and GSH.

In order to enhance the phytoremediation potential of plant, AsPCS1 and GSH1 
genes were overexpressed in Arabidopsis thaliana (Guo et al. 2008).The total PC 
production in transgenic Arabidopsis was found to be elevated due to simultaneous 
overexpression of AsPCS1 and GSH1. The study indicated that the dual modifica-
tion of genes was capable of enhancing As and Cd accumulation and tolerance and 
served as a promising new strategy in phytoremediation process.

The effect of GSH homeostasis on Cd stress was explored by using the wild-type 
Arabidopsis and a double mutant sultr1;1-sultr1;2 defective in two different high- 
affinity sulphate transporter (Liu et al. 2016). The double mutant was found to be 
more responsive to Cd concentrations in comparison to the wild type. The study 
reported that the GSH homeostasis and imbalance between antioxidative defence 
and oxidative damage were the driving force to hyperresponsiveness of double 
mutant to different concentrations of Cd under restricted sulphate supply.

16.4.2.4  Metal Transporters
Metal transporters have a vital role in development and growth of plants, signal 
transduction and metal detoxification by facilitating mobilization of metals and 
alkalizations across plant plasma membrane and organelle membranes. The modifi-
cation of transporters such as FRE1, ZAT, FRE2 CAX2 and NtCBP4 led to the 
development of plant with improved metal accumulation and tolerance capability. 
In a recent study, isolation of SaCAX2h and SaCAX2n genes encoding CAX2- 
transporter- like proteins was carried out from Zn/Cd hyper- and non- 
hyperaccumulator ecotype of Sedum alfredii. It was found that the heterologous 
expression of both genes in the Δzrc1 yeast mutant enhances the cadmium (Cd) 
concentration in yeast cells. The expression profiles of these two genes varied in 
different Cd treatments. The study indicated that the gene SaCAX2h facilitates Mn 
and Ca sequestration into vacuoles, and its overexpression in the transgenic tobacco 
increased the Cd accumulation. Three Ca2+ transporters located in tonoplast, ACA4, 
CAX1 (Ca2+/H+-antiporter) and ACA11 (Ca2+-ATPases), were found to express pre-
dominantly in Ca-rich mesophyll through the use of microarray and quantitative 
PCR (Conn et al. 2011).The study reported the functional role of CAX1, as a key 
regulator of apoplastic [Ca2+] through compartmentation (a mechanism necessary 
for the optimal plant metabolism) into mesophyll vacuoles.
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16.4.3  Alteration of Metabolic Pathways and Oxidative Stress 
Mechanisms

The phytoremediation potential of the plant can also be increased by introducing 
new metabolic pathways into plants for hyperaccumulation or phytovolatilization. 
It has been reported that bacteria has capability to convert heavy metals to less toxic 
states. For example, in gram-negative bacteria, mercury resistance is encoded by 
merA (mercuric ion reductase) operon, which codes for soluble NADPH-dependent 
FAD-containing disulphide oxidoreductase and merB gene which codes for organ 
mercurial lyase gene. merA enzyme reduces toxic Hg2+ to the less harmful metallic 
mercury (Hg0) (Rugh et al. 1996). The transgenic Arabidopsis plants were devel-
oped by introducing merA and merB genes in the plants (Rugh et al. 1996). The 
resulting merA transgenics exhibits significantly higher endurance to Hg+2 and Hg 
in volatile form (Rugh et al. 1996). Their tolerance to methyl mercury was unaf-
fected. Transgenic plants expressing merB were found to be tolerant to methyl mer-
cury and other organomercurials in comparison to their respective wild type. The 
merB plants efficiently reduced the highly toxic methyl mercury to Hg+2, which is 
~100 times less hazardous to plants (Fig. 16.2).

In a recent study, Escherichia coli was genetically modified to exhibit mercury 
resistance operon genes (merRTPAB), in order to remediate organic and inorganic 
forms of mercury (Kane et al. 2016). E. coli exhibiting mer operon was further encap-
sulated in silica beads to develop a biological filtration material retaining the ability to 
degrade methyl mercury. Selenium volatilization is another area of immense interest 
for its potential to develop transgenic plants with improved selenium detoxification 
capacity. A gene (BoCOQ5-2 methyltransferase) involved in the ubiquinone biosyn-
thetic pathway was isolated from broccoli (Zhou and Li 2010). It was found that the 
BoCOQ5-2 methyltransferase facilitates selenium volatilization in bacteria as well as 
implants and further illustrated that the different metabolic processes outside of the 
selenium/sulphur metabolic pathway are responsible for regulation of selenium 
metabolism opening new line of approaches to enhance selenium phytoremediation.

The alterations of enzymes conferring oxidative stress may also lead to increased 
metal uptake and tolerance. In a study conducted by Chen et al. (2015), the mecha-
nism of antioxidatives in Moso bamboo in the presence of copper (Cu) stress in 
hydroponics and soil environment was investigated. The study demonstrated the 
effectiveness of plant for detoxification of Cu in soils and the role of the antioxida-
tive defence system reactions under Cu stress. Glutathione-S-transferase (GST) 
enzymes have pivotal roles in detoxification of reactive oxygen or nitrogen species. 
In a recent study, a promoter region of 1023 bp length belonging to tau class 

Fig. 16.2 Mercury volatilization pathway in bacteria and transgenic plants
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glutathione- S-transferase (GST) enzymes from Salicornia brachiata was cloned 
and characterized in tobacco using the transgenic approach (Tiwari et al. 2016). The 
enhanced plant growth in transgenic plant alleviated the reactive oxygen species 
(ROS) buildup, maintained the ion homeostasis and enhanced the physiological 
status of the plant under salt and osmotic stresses. This was the result of the overex-
pression of the SbUSP gene (Salicornia brachiate universal stress protein) in 
tobacco plant (Udawat et al. 2016). The study concluded that the ectopic expression 
of the gene reduces salt or osmotic stress through ROS scavenging and modulation 
of the plant physiological state.

16.5  Genetic Manipulation of Microbial Community 
to Improve Phytoremediation

The emerging integrative “omics” approaches has accelerated the research to 
develop new strategies for increasing phytoremediation capacity of plants espe-
cially bioenergy crops (Amrani et al. 2015). The potential application of “omics” 
strategies like metagenomics, metatranscriptomics, metaproteomics and metabolo-
mics in development of transgenic plant for phytoremediation will be discussed in 
the following sections emphasizing how “omics” bring new insight into decipher 
molecular mechanism of soil microbial communities and plant metabolism. Further, 
the coupling omics strategies and new bioinformatics methods will present detailed 
pictures of plant-microbe integrated activity patterns (Bell et al. 2014). These 
approaches will further determine how their application will magnify the growth 
and assembly of microbial communities and eventually improve the phytoremedia-
tion ability of the plants (Fig. 16.3) (Bell et al. 2014).

Fig. 16.3 The omics approaches employed to generate transgenic plants with improved phytore-
mediation potential
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16.5.1  Metagenomics Approach

The term “metagenome” represents total DNA extracted from lysed cells of mixed 
microbial populations. This strategy has been used to determine the plant- associated 
microbial communities (rhizosphere, endosphere or phyllosphere) utilizing 
amplicon- targeting of specific genes and high-throughput 16S rDNA bacterial 
sequencing or shotgun sequencing (Bulgarelli et al. 2012, Peuke and Rennenberg 
2005).The structure of microbial population depends on the following factors: (1) 
the type of plant as well as soil and somewhat on structural features of generic plant 
and (2) environmental factors.

In order to understand the microbial variability associated with plant environ-
ment, recent techniques such as high-throughput sequencing of bacterial 16S rDNA 
were adopted by various researchers (Bulgarelli et al. 2012; Lundberg et al. 2012). 
In a study, Yergeau et al. (2015) have used Illumina MiSeq platform to study the 
microbial communities of a highly petroleum-contaminated soils targeting the 16S 
rRNA gene’s short hypervariable regions of archaea/bacteria and the ITS region of 
fungi. The study concluded that when soil microbiome was subjected to gamma 
irradiation, there were a short-term change in microbial communities and long- 
lasting effects on plant growth characteristics. The study again indicated the poten-
tial of modifying target plant phytoremediation characteristics through the 
plant-associated microbiome manipulation. In another study, high-throughput 
sequencing approach was used to determine the structural organization of Arbuscular 
mycorrhizal fungi (AMF) within the rhizosphere of willow cultivars introduced to 
hydrocarbon-contaminated soils (Hassan et al. 2014). The study provided deep 
knowledge of the alterations that occur as a result of plant introduction and hydro-
carbon contamination. The plant-microbe integrated pattern may affect the phytore-
mediation property of plants which also depends upon the concentration of soil 
contaminants. In a study by Bell et al. (2014), targeted amplicon sequencing was 
used to determine the concentration of contaminants in soil and plant phylogeny. It 
has been reported that the horizontal gene transfer (HGT) is possible in nutritional 
rich hotspots like the phyllosphere, rhizosphere, decaying animal and plant tissues 
and manure-applied soil rather than bulk soil (Aminov 2011). In highly contami-
nated sites, HGT, mainly by plasmid exchange, allow microorganism to adapt to 
stress environments (Sentchilo et al. 2013).It is now evident from many published 
reports that these plasmids had an important function in shaping microbial commu-
nity and hence effecting phytoremediation potential of plants by introducing con-
taminant degrading genes in plants that apparently lacked such genes (Bell et al. 
2014, Doty et al. 2008). Another approach coupled with the metagenome is use of 
PhyloChip, reported by Mendes et al. (2011). Metagenomics coupled with different 
analysis techniques can give more information about plant microbial interaction 
that will help to generate an efficient phytoremediation system.
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16.5.2  Metatranscriptomics Approach

Metatranscriptomics have been used to investigate the alterations in expression pro-
files at the messenger RNA in plant tissues, in response to specific contaminants. 
Transcriptomics allow the identification of functional genes and has capability to 
analyse thousands of genes in parallel.

The quantitative predictive capabilities of metatranscriptomics were shown in a 
study by Helbling et al. 2012, in which a strong association was found between rela-
tive mRNA level and atrazine-degrading activity. In spite of challenges faced in 
mRNA enrichment (Turner et al. 2013), advancement and reduced costs of sequenc-
ing make metatranscriptome capable of sequencing active taxonomic plant groups 
and associated contaminant degrading genes. In a study reported by Gonzalez et al. 
(2015), de novo assembled transcriptome was compared between Salix purpurea’s 
organs and impartially annotated without a priori constraint to any organism. The 
metatranscriptomic pattern of expression suggested a cross-tolerance mechanism, 
and improved biotic resistance was found in case of abiotic stress resistance sys-
tems. These findings highlighted a valuable but complex biotic and abiotic stress 
response explaining to some extent the high productivity of willow crop. A meta-
transcriptomic comparison was made to compare the alterations in microbial 
expression of rhizosphere in case of willow introduction in uncontaminated as well 
as contaminated soils (Yergeau et al. 2014).

The growth of ten Salix cultivars on contaminated soils was used as an example 
for non-model and versatile crop response for the analysis of gene expression. 
Independent transcriptomes (ten in number) and a global transcriptome were cre-
ated by assembling de novo sequence reads and mapped against the reference 
genome of Salix purpurea 94,006 (Brereton and Gonzalez (2016). The study sug-
gested that the pattern of Salix gene expression revealed the need for alteration in 
cultivation of specific photosynthetic apparatus and prevent the antenna complexes 
from oxidation stress. Furthermore, the study emphasizes the exploitation of tempo-
ral metatranscriptomic studies in order to understand the crucial microbial activities 
shift, associated with plants, over time.

16.5.3  Metaproteomics Approach

In comparison to other omics approaches, “metaproteomics” has been used less 
extensively to determine plant-microbe interaction for phytoremediation. 
Metaproteomics is specifically useful in environments with low diversity, for exam-
ple, the phyllosphere. To identify the proteins synthesized by bacteria that make use 
of the fluorene and naphthalene, this technique was coupled to stable isotope prob-
ing of these organic pollutants (Herbst et al. 2013). This omics tool could also dif-
ferentiate the microbes that can metabolize plant exudates from ones that can 
degrade organic contaminants and could further help in identification of microbial 
targets for enhancing phytoremediation.
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The microbial communities attached with the leaves of clover soybean and 
Arabidopsis thaliana plants were assessed using metaproteogenomic approach by 
Delmotte et al. (2009).In their study a high consistency in bacterial communities 
(predominantly the alpha proteobacterial, genera (Sphingomonas and Methylo 
bacterium) was observed for all three selected plants species.  The study provided a 
base for the identification of unique properties of phyllosphere bacteria and defined 
the plant-microbe and microbe-microbe interactions. Knief et al. (2012) have 
employed metaproteogenomic approach to analyse the physiology of rice- associated 
bacteria and archaea. The protein characterization of phyllosphere and rhizosphere 
microbiota associated with rice revealed that the rhizosphere was found to be 
enriched with proteins involved in methanogenesis and methanotrophy, whereas 
methanol-based methylotrophy was found in phyllosphere microbiota.

16.5.4  Metabolomics Approach

Proteomics and metabolomics approaches have been used in combination, to iden-
tify and characterize microbial agents to improve phytoremediation (Sergeant et al. 
2012, Gómez Ariza et al. (2013). For instance, proteomics was used to identify 100 
proteins of rice, under the short- or long-term Cd stress and differentially regulated 
by Silicon (Si) (Ma et al. 2016). The downregulated proteins (70%) indicated that 
protein use efficiency can be improved by Si, maintaining cells in the normal 
physiological status. The study provided protein-level information for understanding 
the Si-mediated Cd detoxification in rice single cells.

A comparative proteomics study was carried out to explore the potential mecha-
nism of Eichhornia crassipes tolerance to Cd stress at the protein level (Li et al. 
2015).The study reported that the metabolic processes and physiological activities 
of E. crassipes were affected when exposed to different concentrations of Cd stress, 
based on differential protein expression. The use of combinations of different omics 
techniques will decipher a more global vision of functional importance of genetic 
signatures, protein and metabolites, relationship with plants and different environ-
mental factors.

16.6  Challenges, Concluding Remark and Future 
Perspectives

Phytoremediation offers enormous advantages as a green remediation cleanup 
approach; however, there are roadblocks to gain traction as a potential viable reme-
diation technology due to its variable effectiveness. The successful translation of 
phytoremediation strategies to the contaminated site and its ability to clean up 
different types of contaminants is a major impediment in its application. The use of 
bioenergy crops and especially short rotation crops in phytoremediation of contami-
nated soil have paved a way to contribute to the energy supply and can thus play a 
vital role in meeting the targets for use of renewable energy sources. However, the 
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main hurdle regarding the use of biomass for bioenergy is the issue of dissemination 
of pollutants in the biomass. The contaminants bioaccumulated in the crop may 
cause hindrance at later stages of biofuel production, leading the decision on 
whether crop uptake should be promoted or not to an open discussion forum. 
In-depth knowledge is needed to manage the risks of contaminant uptake by various 
crops, combustion/emissions and final contents in biofuel in order to gain confi-
dence to use end-products of phytoremediation for meeting the demands of energy 
with minimal environmental impact. Recent development of transgenic plants and 
bacteria that enhance phytodegradation of contaminants could also be an exciting 
opportunity for bioenergy production through phytoremediation. Moreover, with 
new directions harnessed with biotechnological interventions especially omics 
approaches, phytoremediation can be presented as an efficient remediation alterna-
tive. The combination of omics approaches will definitely help in shaping microbial 
communities associated with plants and further alters plants response towards 
contaminants.
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In the present era when several countries are facing dual challenges of energy 
insecurity and environmental pollution, growing plants having bioenergy poten-
tial for reclamation of contaminated sites seems to offer a rather holistic approach 
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(bioenergy production and phytoremediation of contaminated sites) apparently 
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individual techniques. Here, we discuss the ecological sustainability and eco-
nomic feasibility of an integrated approach toward bioenergy production and 
decontamination of polluted sites using Jatropha curcas, Millettia pinnata, and 
Ricinus communis. This review paper attempts to provide a comparative snap-
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plants taken for study in Indian scenario.
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17.1  Introduction

The worldwide demand for energy is growing day by day in line with increase in 
population and industrialization. Fossil fuels have historically remained the single 
largest source of energy for sustaining our socioeconomic structure. Since the avail-
ability of fossil fuels is finite and its demand is increasing steadily, there has been a 
tremendous surge in exploration and development of other alternative sources of 
energy. Increase in interest for alternatives is also attributed to the emission of 
greenhouse gases and several other noxious pollutants when fossil fuels are used for 
energy production. India is currently the fastest growing major economy in the 
world at 7.5% per annum (IMF 2016). In order to support, sustain, and supplement 
India’s economic growth, there will be an unprecedented increase in demand for 
energy (Govt. of India 2009). India needs to substantially augment its installed 
energy capacity for meeting this increase in demand. India cannot afford to depend 
entirely on fossil fuels for meeting its energy needs as a significant proportion of oil 
(80%), coal (18%), and gas (23%) that is currently being used is imported and the 
share of import (particularly for petroleum and gas) is only likely to increase over 
time as their demand is growing steadily, while the local reserves remain insignifi-
cant. Although the share of fossil fuels in primary energy mix is likely to fall in the 
coming years due to the adoption of clean energy policy in which high share of 
renewable in energy mix is proposed, coal is highly likely to remain our single larg-
est source of energy for atleast 2 decades. India recently through its Intended 
Nationally Determined Contribution (INDC) has proposed 33–35% reduction in 
emission intensity of its GDP (avoided emission equivalent to 3.59 billion tonne of 
CO2 over business as usual) by 2030 relative to 2005 levels. This can be achieved by 
improvement of energy conversion efficiency by minimization of losses, by imple-
menting energy conservation measures, by using cleaner forms of energy, and by 
increasing the carbon sinks or any combination thereof. For achieving the INDC 
targets, India has proposed to augment the share of renewable in its energy mix 
(40% share by 2030) and creation of carbon sinks for up to 2.5–3 billion tonnes 
(CO2 equivalent) by creation of forest and tree cover by 2030. Among other renew-
ables, bioenergy can be neutral (conditional) in terms of overall emission of CO2 
when biomass or biomass-based products are used for production of energy (Zanchi 
et al. 2012). The Government of India through INDC has proposed to install 10 GW 
of power capacity by utilizing biomass as energy source, and this can be coupled to 
creation of carbon sinks by employing plants having bioenergy potential. Although 
an extensive bioenergy policy has not been formulated, the government through its 
national biofuel policy 2009 can consider the integration of enhancement of carbon 
sink (biomass) and bioenergy production. The national biofuel policy envisages 
blending of 20% of bioethanol and biodiesel in gasoline and high-speed diesel, 
respectively, by 2017 (Govt. of India 2009). The policy focuses on utilization of 
marginal and non-arable lands for cultivation of non-edible biodiesel feedstock 
plants. The focus of the policy is mostly centered on Jatropha curcas (commonly 
known as Jatropha) and Millettia pinnata (commonly known as Karanja) as bio-
diesel feedstock. Biodiesel can be used in place of or in addition to mineral diesel, 
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and the importance of diesel alternatives for India can be understood by the fact that 
use of diesel in India is Ca. 4.5 times higher than petrol and only an insignificant 
proportion of total demand is met by locally extracted petroleum which makes us 
highly vulnerable to supply crisis besides inducing heavy pressure on exchequer 
(Gopinathan and Sudhakaran 2011). Biodiesel has several advantages over mineral 
diesel such as higher cetane number, higher flash point and lubricity, cleaner emis-
sion profile, biodegradability, renewability, nontoxicity, and local production oppor-
tunity (Ma and Hanna 1999). Non-edible biodiesel feedstock producing oil-rich 
seed such as J. curcas, M. pinnata, and R. communis have been extensively 
researched for the production of biodiesel.

Anthropogenic activities such as mining of minerals, use of synthetic pesticides, 
discharge of untreated industrial effluents, etc. have led to the contamination of soil 
(Table 17.1) which is one the most important natural resources. Contaminants aris-
ing from these activities have altered the fertility, integrity, and physiochemical 
characteristics of soil. Among these contaminants, inorganic contaminants such as 
heavy metals (Hg, Cd, Cr, Co, Pb, etc.) and organics such as pesticides and other 
recalcitrant compounds are of especial environmental concern as they can be haz-
ardous to most biota even at trace levels (Mattina et al. 2003). The Central Pollution 
Control Board (CPCB) being the statutory nodal body of India entrusted with the 
responsibility for monitoring and control of pollution has identified 43 critically 
polluted areas in 16 states having comprehensive environmental pollution index 
(CEPI) rating greater than 70, and several of these areas are contaminated with haz-
ardous metals such as Cd, Cr, Hg, Pb, etc. However, a comprehensive study on 
distribution and areal extent of contamination in India is still awaited. The anthro-
pogenic contamination of environment by such hazardous metals is likely to be 
concentrated around the industrial clusters and mining areas. The presence of heavy 

Table 17.1 Major sources of hazardous metals and metalloids

Metals Major sources

Chromium 
(Cr)

Mining industry, industrial coolants, leather tanning, manufacturing of 
chromium salts, etc.

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

Arsenic (As) Geogenic sources, smelting operations, thermal power plants, combustion of 
As-containing fuels, etc.

Mercury (Hg) Combustion of coal, chlor-alkali plants, fluorescent lamps, hospital waste 
(damaged thermometers, sphygmomanometers, barometers), electrical 
appliances, etc.

Nickel (Ni) Thermal power plants, smelting operations, battery industry, etc.

Copper (Cu) Sulfuric acid plant, mining, smelting operations, vanadium spent catalyst, 
electroplating, etc.

Cadmium (Cd) Waste batteries, zinc smelting, e-waste, paint sludge, incinerations and fuel 
combustion, etc.

Zinc (Zn) Electroplating, smelting, etc.

Lone et al. (2008)
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metals in soil or groundwater is potentially hazardous due to their inherent toxicity 
to biota in elemental and combined form (Rascio and Navari-Izzo 2011). Some of 
the heavy metals such as Fe, Mn, Co, Cu, Mo, Zn, and Ni are essential for normal 
metabolism and growth of plants, while others such as Se, As, Cd, Pb, or Hg have 
no known physiological role in plants. The former metals cause toxicity when their 
concentration exceeds supraoptimal levels, while the latter elements are inherently 
toxic to plants (Rascio and Navari-Izzo 2011). Techniques such as excavation fol-
lowed by dumping at landfill sites and stabilization of contaminants by addition of 
chemical additives have been practiced, but these techniques are merely a waste 
containment technique, are expensive, and may involve addition of synthetic chemi-
cals to the soil. Certain plants have shown rather appealing characteristics for biore-
mediation of these contaminants by utilizing a set of mechanisms (Fig. 17.1) 
collectively known as phytoremediation for the uptake, accumulation, stabilization, 
and/or detoxification of these contaminants. There are certain plants (hyperaccumu-
lators) which can accumulate exceedingly high levels of contaminants without suf-
fering from phytotoxicity (Tangahu et al. 2011). Unfortunately, phytoremediation is 
a rather slow affair (Khan 2005), and therefore the contaminated site under 

Fig. 17.1 Mechanism of phytoremediation (Adapted from Gomes 2012)
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consideration cannot be put to any economic use for some time unless the plants 
used have some sort of agronomic value. Valorization of biomass produced during 
the period of phytoremediation by some means is therefore invaluable (Ghosh and 
Singh 2005). Among other valorization systems, utilization of biomass for produc-
tion of bioenergy appears to offer a sustainable and integrated approach for phytore-
mediation and bioenergy production by using plants having bioenergy potential for 
phytoremediating contaminated sites (Pandey et al. 2016). Edible crops cannot be 
used for the phytoremediation of contaminated sites as it might lead to exposure of 
biota present at higher trophic levels to magnified levels of hazardous heavy metals. 
Certain plants have developed traits for accumulation of exceedingly high levels of 
heavy metals from the growth media, and high concentration of hazardous heavy 
metals might play a protective role for plants against herbivory (Jhee et al. 2006). 
Cultivation of plants for bioenergy production is perhaps the most attractive valori-
zation opportunity for the metal-infested biomass (Ghosh and Singh 2005).

Other advantages of growing plants for decontamination can be in terms of 
reduction in soil erosion, improvement in the availability of soil moisture and 
groundwater, wasteland reclamation, and provision for wild life habitat. Thus phy-
toremediation appears to offer multiple environmental advantages such as it is a 
relatively cheap decontamination technique, and when combined with bioenergy 
production, the overall environmental sustainability and economic feasibility of 
both the technologies can be greatly improved. Therefore a critical examination of 
plants having bioenergy potential for their capacity to bioremediate environmental 
contaminants such as heavy metals and other hazardous chemicals is urgently 
required.

The use of edible crops for bioenergy production in India is largely unsustainable 
as we do not have enough produce to meet even our entire food demand, and the use 
of edible crops can lead to the infamous food versus fuel dilemma associated with 
first-generation biofuel feedstock (edible crops). The use of edible crops for bioen-
ergy production is only feasible for nations having excess of produce. For India, 
second-generation biofuel feedstock (non-edible plants) are more suitable, and the 
national biofuel policy envisages 20% blending of biodiesel produced from non- 
edible feedstock in high-speed diesel by 2017 (Govt. of India 2009). The focus of 
the policy is on the cultivation of J. curcas and M. pinnata on waste/marginal lands. 
Besides these two species, other potential nonedible biodiesel feedstocks have also 
been analyzed by several researchers. Ricinus communis (commonly known as 
Castor) belonging to the flowering plant family Euphorbiaceae is an indigenous, 
fast-growing perennial shrub which produces seeds highly rich in oil (40–60%), and 
India is currently the largest exporter of caster bean oil. Although bioenergy plants 
have not been explored extensively for assessment of their phytoremediation traits, 
some comparative preliminary studies have highlighted the ability of few bioenergy 
plants for their potential use in bioremediation of contaminants. Most of the work 
on hyperaccumulating species capable of producing quality oil for production of 
biodiesel has revolved around the species of Brassicaceae (Rascio and Navari-Izzo 
2011). Among the members of Brassicaceae, Brassica napus (rapeseed/canola), 
Brassica rapa (field mustard), and Brassica juncea (Indian mustard) have shown 
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good metal accumulation traits (Ebbs and Kochian 1997), but since these species 
produce edible oils, they are not fit for production of biodiesel in India. Table 17.2 
lists some of the major industrial clusters polluted with heavy metals and 
metalloids.

In this review we are reporting the suitability and sustainability of three oil seed- 
bearing plants, namely, J. curcas, M. pinnata, and R. communis, for phytoremedia-
tion of contaminated sites as well as on the potential of biomass valorization for the 
production of bioenergy (biodiesel) in India. Figure 17.2 illustrates Jatropha, 

Table 17.2 Major heavy metal-contaminated sites in India

Cr Pb Hg As Cu

Ranipet 
(Tamil 
Nadu)

Ratlam (Madhya 
Pradesh)

Kodaikanal 
(Tamil Nadu)

Tuticorin 
(Tamil Nadu)

Tuticorin (Tamil 
Nadu)

Kanpur 
(Uttar 
Pradesh)

Bandalamottu Mines 
(Andhra Pradesh)

Ganjam 
(Odisha)

Ballia and 
other districts 
(Uttar Pradesh)

Singhbhum Mines 
(Jharkhand)

Vadodara 
(Gujarat)

Vadodara (Gujarat) Singrauli 
(Madhya 
Pradesh)

– Malanjkhand 
(Madhya Pradesh)

Talcher 
(Odisha)

Korba (Chattisgarh) – – –

CPCB (2009)

Fig. 17.2. (a) Jatropha plant, (b) Karanja plant, (c) Castor plant, (d) seeds of Jatropha plant, (e) 
seeds of Karanja plant, (f) seeds of castor plant 
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Karanja, and castor plant and their seeds. Although several routes for lignocellu-
losic biomass to bioenergy conversion are available and the concept of lignocellu-
losic biorefinery is increasingly gaining scientific attention, we will mostly deal 
with production of biodiesel (via transesterification) as other conversion routes are 
beyond the scope of this chapter.

17.2  Basics of Phytoremediation

In order to be considered as a potential phytoremediating species, a plant must have 
(1) effective tolerance to excessively high levels of metal(s); (2) capability to uptake, 
accumulate, transform, stabilize, and/or detoxify contaminants without suffering 
from phytotoxic damage; and (3) a fast growth rate. Studies have shown high degree 
of tolerance to metals and their accumulations by certain plants which naturally grow 
on metalliferous soil (Bert et al. 2000). Interestingly, some of the plants can also 
tolerate, grow, and reproduce on metal-infested sites arising due to anthropogenic 
activities (Rascio and Navari-Izzo 2011). Tolerance in such species (hypertolerant 
plants) has been explained by two different mechanisms: (1) excluders who retain 
and detoxify metals in root tissues and have shown minimum translocation of metals 
to aboveground biomass (Hall 2002) and (2) hyperaccumulators who actively take 
up very high levels of metals from soil with a relatively high translocation of metals 
to aboveground biomass. Several plant species have been recognized as hyperaccu-
mulators (plants having ability to uptake exceedingly high levels of metals than other 
congener plants without showing any signs of phytotoxicity) (Reeves 2006), but only 
few species have been assessed for their potential application in phytoremediation, 
and most of the recognized hyperaccumulators have a very slow rate of growth 
(Cunningham et al. 1995). Several hypotheses for explaning the observed hyperac-
cumulation trait in certain plants have been proposed. Currently, the most accepted 
hypothesis envisages a protective role for the presence and excessive levels of heavy 
metals in aboveground biomass of hyperaccumulators against grazers, browsers, and 
pests (elemental defense hypothesis) (Noret et al. 2007). Several research-based find-
ings have supported the elemental defense hypothesis including those on Ni (Jhee 
et al. 2006), As (Rathinasabapathi et al. 2007), Cd (Jiang et al. 2005), Se (Galeas 
et al. 2008), and Zn hyperaccumulators (Behmer et al. 2005). Others have proposed 
the existence of a joint role of secondary metabolites (phenol-based organics) and 
inorganic metals in defense against animal attack on plants (Boyd 2007). When the 
concentration of contaminants in growth substrate exceeds the threshold toxicity lev-
els, phytotoxic effects may arise in non-tolerant species via altercation of several 
physiological processes operating at cellular or molecular levels (Rascio and Navari-
Izzo 2011). This may arise by causing inactivation of enzymes, blocking or deactiva-
tion of metabolically important function groups, substitution or displacement of 
essential elements, disruption of membrane integrity, or by excessive production of 
reactive oxygen species and free radicals (Pagliano et al. 2006). Plants exposed to 
excessive levels of heavy metals resort to a variety of synergistic strategies to limit 
the entry of metals into cytoplasm by complexing them with several exudated organic 
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acids or the anionic groups present on the cell wall and their subsequent storage in 
apoplastic regions (Watanabe and Osaki 2002). Most of the metals that enter the 
plant are stored in the vacuole of root cells in detoxified form by forming a complex 
with metal-binding peptides, amino acids, and other organic acids (Hall 2002). This 
limits the translocation of metals to metabolically active photosynthetic cells and 
thus prevents the damage and altercation of photosynthesis. Plants are also known to 
enhance their antioxidant system in response to oxidative stress. Few comparative 
studies on uptake on heavy metals by hyperaccumulating species and congener non-
hyperaccumulators have revealed that most of the key processes in hyperaccumula-
tion do not involve novel genes and depend on genes that are common to both 
(Verbruggen et al. 2009). These genes are differently regulated and expressed in 
hyperaccumulators and congener non- hyperaccumulators. Phytoremediation 
involves a set of mechanisms for the uptake, accumulation, storage, stabilization, 
and/or detoxification of contaminants present in the growth substrate. These include 
(1) phyto-stabilization, (2) phytoextraction, (3) rhizo-filtration, (4) phyto-volatiliza-
tion, (5) rhizo-degradation, and (6) phyto- degradation (Fig. 17.1). A different set of 
mechanisms operates in tandem for the removal of inorganic and organic contami-
nants. Out of the six mechanisms mentioned above, a set of four mechanisms, 
namely, phytoextraction, phyto- stabilization, phyto-volatilization, and rhizo-filtra-
tion, are recognized in the phytoremediation of hazardous metals (Tangahu et al. 
2011), while a different set of mechanisms operates for the phytoremediation of haz-
ardous organics. Analysis of comparative effectiveness of plants for phytoremedia-
tion is a complicated affair attributed to the differences in the genetic makeup of 
plant species, presence of different levels and combinations of contaminants in 
growth substrates, differences in agroclimatic conditions and physicochemical char-
acteristics of growth substrate, etc. Laboratory- based experimental setup has also 
been investigated, but perfect simulation of variability existing in field conditions 
can rarely be achieved. These issues have hampered the comparability of different 
studies. For making phytoremediation a profit-making affair and also for increasing 
the ecological sustainability and economic feasibility of the process, valorization of 
the produced biomass by some means is invaluable. Valorization of biomass by bio-
energy production appears to be a rather promising opportunity, but for its practical 
application, a fast-growing plant species is required.

17.3  Sustainability of Bioenergy Plants Jatropha, Karanja, 
and Castor for Phytoremediation of Contaminated Sites

Bioenergy plants Jatropha and Castor have been extensively investigated for their 
phytoremediation potential, but research on phytoremediation efficiency of Karanja 
is sparse. All the three plants have high content of oil (30–60%) in their seed, and 
their bioenergy potential has been widely explored (Murugesan et al. 2009). Since 
India as of today cannot afford to employ edible crops for bioenergy production, the 
emphasis has been on the utilization of non-edible plants particularly for the pro-
duction of biodiesel. Comparative fuel properties of Jatropha, Karanja, and castor 

D. Kumar et al.



417

oil along with their respective biodiesel and no. 2 mineral diesel are listed in 
Table 17.3. Bioethanol on the other hand is mostly being produced from sugarcane 
juice (Ghosh and Ghose 2003). Sugarcane being an edible crop needs arable land 
for its cultivation besides having intensive water demand. Since the gap between 
demand and local availability of fertilizers has increased over time, we cannot afford 
to divert fertilizers from agricultural fields for the cultivation of biofuel feedstocks. 
Fortunately, biofuel feedstocks having very minimal demand are known not just in 
terms of fertilizers but also in terms of freshwater demand, and these plants have 
opened the door for sustainable production of biofuels in India as well as around the 
globe. Table 17.4 lists some of the important characters of Jatropha, Karanja, and 
castor. Jatropha, Karanja, and castor are known as hardy species capable of with-
standing drought, varying degrees of waterlogging, and salinity. These plants can 
even be grown on wastelands and have the potential to bring about their reclamation 
(Murugesan et al. 2009). This can also facilitate creation of carbon sinks which can 
offset the emission of CO2 from other sources and help India earn carbon credits. 
Thus these plants can serve as an ideal feedstock for the production of biodiesel, and 
if they can be used for the phytoremediation of contaminants, this can add another 
dimension of environmental sustainability. In comparison to petroleum-based fuels, 
the production of biodiesel is currently expensive, and the cost of the feedstock 

Table 17.3 Properties of Jatropha, Karanja, and castor oil along with their respective biodiesel 
and no. 2 mineral diesel

Properties
Jatropha 
oil

Jatropha 
biodiesel

Karanja 
oil

Karanja 
biodiesel

Castor 
oil

Castor 
biodiesel

Mineral 
diesel 
(no. 2)

Viscosity @ 40 
°C (cSt)

24.5a 4.80a 26.88e 5.44d 240f 15.98g 1.3–4.1

Acid value  
(mg KOH g−1 oil)

28a 0.40a 19.88d 0.44d 0.36f 0.11£ –

Major fatty acids 18:0 (9.7%)b 16:0 (10.6%)b 18:1-OH (92%)g –

18:1(40.8%) 18:1(49.4%)

18:2 (32.1%) 18:2 (19.0%)

Iodine value (g I2 
100g-1 oil)

93b 80.9b 100f –

Saponification 
number

202.6b 196.7b 185f –

Cloud point (°C) – 8a – 5d −23g −35 to 
+5

Pour point (°C) 4a 2c – −2d −45g −35 to 
−15

Flash point (°C) 225a 135c – 158d 230f 190.7g 60 to 80

Cetane number 57a 57a – 57d 50g 40 to 55

16:0, palmitic acid; 18:0, stearic acid; 18:1, oleic acid; 18:1-OH, ricinoleic acid; 18:2, linoleic acid
aTiwari et al. (2007), bBringi (1987), cVyas et al. (2009), dSharma et al. (2010), eSharma et al. 
(2009), fIngle and Nandedkar (2013), gOmari et al. (2015)
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(vegetable oil or animal fat) is the single largest contributor (70–75% of the total 
cost) to the overall cost of biodiesel (Table 17.4). Thus in order to compete with 
petroleum-based fuels, the cost of the biodiesel has to be lowered for making it 
attractive to the market. Valorization of by-products of biodiesel production such as 
glycerol (accounting for Ca. 10% of feedstock) as raw material for cosmetic, phar-
maceutical, or other industries and seed cake as organic manure/soil amendment or 
as animal feed can be an attractive opportunity for cost reduction of biodiesel. In 
this regard the concept of biorefinery for the production of multiple products from 
biomass by utilization of its every fraction is increasingly gaining attention. 
Similarly valorization of metal-infested biomass produced during the course of 
decontamination for production of bioenergy or bioenergy carriers can improve the 
overall economics of both the processes.

17.3.1  Jatropha curcas and Its Phytoremediation Potential

Jatropha curcas is a semi-evergreen shrub or small tree belonging to the flowering 
plant family Euphorbiaceae. It is native to tropical America but has naturalized in 
several tropical and subtropical areas of the world and grows widely in India, Africa, 
and Southeast Asia. It has several desirable characteristics of an agronomic crop 
such as easy establishment, grows relatively fast, very few pests and diseases are 
known, grows under various rainfall regime (200–2000 mm), can tolerate high 

Table 17.4 Important characteristics of Jatropha curcas, Millettia pinnata, and Ricinus 
communis

Plant Jatropha curcas Millettia pinnata Ricinus communis

Habit Semi-evergreen 
shrub or small tree

Medium-sized tree Fast-growing 
perennial shrub

Oil content (wt %) 25–40a 30–35d 40–62g

Yield (Kg ha−1) 2500b 5499b 1250h

Gestation period (Yrs) 2c 4–7e 1l

N2 fixation No Yesf No

Moisture and nutrient 
requirements

Low Low Low

Other usage Some industrial and 
medicinal usage

Used for making soap 
and has medicinal 
usage

Several industrial and 
medicinal usage

Cost of oil (₹Kg−1) 26i(in 2012) 29.71j (in 2010) 52.23 k(in 2010)

Cost of biodiesel 
(₹Kg−1)

28.64i (Ethyl 
ester)*

17.09 j, ** 70.4 k, ***

a(Openshaw 2000), b(Azam et al. 2005), c(Singh 2013), d(Karmee and Chadha 2005), e(Kesari and 
Rangan 2010), f(Samuel et al. 2013), g(Scholz and da Silva 2008), h(Shrirame et al. 2011), i(Nevase 
et al. 2012), j(Nagarhalli et al. 2010), k(Santana et al. 2010), l(Greenwood and Bewley 1982)
*Without valorization of by-products by economic means
**After valorization of by-products (glycerol at 0.122$ Kg−1 biodiesel and seed cake at 0.1$ Kg−1 
biodiesel produced)
***Without valorization of by-products but includes cost of glycerol separation
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degree of aridity, drought resistance, leaves are not browsed by herbivores, ability to 
grow on most terrain including gravel, sandy and saline soils, and can even be grown 
on wastelands (Openshaw 2000). Seeds contain a highly toxic protein called curcin 
and are unfit for use as an animal feed unless it is subjected to some treatment. 
Several plant parts have medicinal properties, and its bark contains tannin. Jatropha 
produces seed rich in oil (25–40% by wt) which has been extensively studied for its 
potential as an alternative to fossil fuels. Jatropha oil mostly contains esters of stea-
ric, oleic, and linoleic acids (Tiwari et al. 2007) and thus possesses suitable fatty 
acid profile for the production of biodiesel. It has found a central role in the national 
biofuel policy of India as besides having suitability as a fossil fuel substitute it can 
also provide employment opportunities to the rural population (Govt. of India 
2009).

The potential of Jatropha as a phytoremediating species has been analyzed for 
the removal of inorganic (hazardous metals) as well as organic contaminants (pesti-
cides, petroleum products, etc.) arising out of a multitude of activities such as min-
ing, industrial discharge, agricultural application, oil spill, etc. Luhach and Chaudhry 
(2012) in their pot experiment study on assessment of growth performance of 
Jatropha cultivated using various proportions of multi-metal (Cd, Cr, Cu, Ni)-
infested oil refinery sludge and control soil found Jatropha to effectively tolerate 
moderate levels of metals after 2 weeks of acclimatization period without any sig-
nificant effect on growth parameters chosen for study relative to the specimens 
grown on control soil. They reported that the majority of accumulation was in roots 
of Jatropha plant with minimal translocation to aboveground biomass, thus suggest-
ing Jatropha to behave as an excluder. In a 3-month experiment on the ability of 
Jatropha to uptake hazardous metals from sewage sludge, Ahmadpour et al. (2010) 
reported a decrease in concentration of Pb, Cu, Cr, Cd, and Zn by 78.3%, 75%, 
77.2%, 78.5%, and 67.7%, respectively. Fly ash containing Fe, Al, Mn, Cu, and Cr 
was amended with fertile garden soil, and it was used as a growth substrate to ana-
lyze the ability of Jatropha to phytoextract the above mentioned metals. Garden soil 
amended with fly ash was able to produce 37% more biomass compared to speci-
mens grown only on garden soil. Further, EDTA was used as an additive to improve 
the mobility of metals and also to compare the phytoextraction efficiency of metals 
using Jatropha with or without EDTA amendment. EDTA dose of 0.3 g Kg−1 was 
reportedly responsible for the enhancement of metal accumulation in root, stem, 
and leaves by 117%, 62%, and 86%, respectively. Based on this study, the authors 
(Jamil et al. 2009) suggested that Jatropha could be effectively used for the phyto-
extraction of metals from fly ash given the growth substrate be amended with fertile 
soil and chelating agents. Agamuthu et al. (2010) in their 180-day long experiment 
on studying the effectiveness of Jatropha for the remediation of used lubricating 
oil-contaminated soil (containing 2.5% and 1% w/w lubricating oil) with or without 
amendment by organic wastes (brewery spent grain, spent mushroom compost, and 
banana skin) reported a decrease in concentration of lubricating oil in the absence 
of organic amendments by 56.6% and 67.3% for soil containing 2.5% and 1% lubri-
cating oil, respectively. The decrease in concentration of lubricating oil in the pres-
ence of organic amendments was reportedly 89.6% and 96.6% for soil containing 
2.5% and 1% lubricating oil by weight. In addition, Singh et al. (2013) studied the 
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capacity of Jatropha for amelioration of sodic soils and reported efficiency of 
Jatropha to be equivalent to that of Prosopis juliflora which is generally planted for 
the amelioration of sodic soils. Jatropha plants were able to grow and uptake lin-
dane form soil spiked with different concentrations of lindane (5, 10, 15, and 20 mg 
Kg−1), and Jatropha was able to reduce the concentration of lindane in soil by 89, 
82, 77, and 72%, respectively, in the four treatments mentioned (Abhilash et al. 
2013). Numerous other studies have been carried out on effectiveness of Jatropha 
for the phytoremediation of environmental contaminants and have revealed that 
Jatropha is likely to be a good candidate for the phytoremediation of moderately 
contaminated sites.

17.3.2  Millettia pinnata (Karanja) and Its Phytoremediation 
Potential

Millettia pinnata (L.) Pierre (previously known as Pongamia pinnata) is a fast- 
growing medium-sized tree belonging to the pea family Fabaceae. Being a legume 
it can fix atmospheric nitrogen (Samuel et al. 2013) and thus can improve the fertil-
ity of the soil. It is native to temperate and tropical Asia and is commonly found 
throughout India. It is well adapted to grow in arid conditions and can even tolerate 
high degree of soil salinity and waterlogging (Azam et al. 2005). Its demand for 
moisture and nutrient is rather low and can easily grow on marginal/wasteland. The 
seeds of Karanja contain about 30–35% of oil having high proportion of oleic acid 
(No 2011). Although the reported values of cold flow properties (cloud point and 
pour point) of Karanja biodiesel are relatively high, considering the type of climate 
we experience in India, it is not a big issue. The agronomic practices for Karanja is 
under research, and the hardy nature of Karanja tree has earned it a place in the 
national biofuel policy of India (Govt. of India 2009). The plant parts have found 
application in treatment of several diseases as per the traditional system of Indian 
medicine Ayurveda (Tanaka et al. 1992), and its oil is also used for making soap.

Unlike Jatropha and castor, the research on phytoremediation potential of 
Karanja is sparse, but few preliminary comparative studies have provided valuable 
insights.

M. pinnata was grown on landfill site waste of municipal origin containing vari-
ous heavy metals, and except Fe it was able to substantially reduce the concentra-
tion of all the metals in waste soil within 60 days of plantation (Shirbhate and 
Malode 2012). Production of high biomass at a rapid rate was observed when plants 
were grown on waste soil. Besides, the concentration of chlorophyll (a and b) in 
plant leaves and that of sodium and potassium ions in plant tissues were relatively 
higher when plants were grown on waste soil in comparison to growth on control. 
Transverse section of M. pinnata grown on control and waste soil was also exam-
ined for comparison, and several differences were reported. The accumulation of 
pollutants by plants grown on waste soil was reportedly in the form of blackish 
deposits in vascular and cortical tissues (Shirbhate and Malode 2012). Kumar et al. 
(2009) in their in vitro study on the effect of Cu and Cr on germination of  

D. Kumar et al.



421

M. pinnata seeds, its growth, metal tolerance, and uptake reported that the seedlings 
of M. pinnata can tolerate the presence of Cu (50–400 μM) and Cr (100–800 μM) 
in the growth medium. Cu was found to have greater toxicity to M. pinnata than Cr, 
restricted accumulation of both the the metals in the stem was observed, and seed 
coats showed an excellent property to hold metals and therefore it can be employed 
as an absorbent for decontamination of metal infested liquid waste. Overall the 
presence of heavy metals in the growth medium did not seemingly affect the growth 
characteristics of M. pinnata seedling. The growth performance of 1-year-old seed-
lings of M. pinnata irrigated with industrial effluent (in various proportions of 0, 25, 
50, 75, and 100% with tap water) containing heavy metals was evaluated (Manzoor 
et al. 2015). They reported an increase of 7.4% in shoot length and 33% increase in 
number of leaves compared to control when plantations were grown on 10% efflu-
ent. The leaf area and number of branches reportedly grew by 8.5 and 3%, respec-
tively, when plantations were irrigated with 50% effluent. However the value of all 
the estimated parameters for growth and tolerance analysis decreased with any fur-
ther increase in proportion of effluent. Three tree species (V. parviflora, S. saman, 
and M. pinnata) were compared for their growth and phytoremediation potential 
when grown on Cu-infested soil amended with or without VAM and/or zeolite for 
170 days, and the most efficient combination was found to be that of M. pinnata 
grown on Cu-infested soil amended by both VAM and zeolite. When M. pinnata 
was grown on copper-contaminated soil (amended by addition of VAM and zeolite), 
it was able to accumulate 1219.75 and 26 μg g−1 dry matter as copper in its root and 
shoot, respectively (Tulod et al. 2012).

A decrease in concentration of metals (Cd, Zn, Fe, Lb, Ni, Cr, Mn, and Cu) in 
coal mine spoil dump by 50–60% within 3 years of plantation was reported (Singh 
and Juwarkar 2014). Plant species when supplemented with biofertilizers and sugar 
industry sludge were able to tolerate high metal content in spoil dump and produced 
biomass at a rapid rate (Singh and Juwarkar 2014). In a study on remediation of coal 
overburden (coal mine spoil dump) using ten phytoremediator species (including M. 
pinnata) assisted by addition of biofertilizers (VAM and nitrogen-fixing bacteria) 
and sugar industry sludge, Singh and Juwarkar (2014) reported an economic return 
(including ecological benefits) to the tune of 36,562 US $ 20 years after plantation. 
The total investment required was reported to be 1250 US $ per hectare, and the 
reported payback period was only 2.5 years.

17.3.3  Ricinus communis (Castor) and Its Phytoremediation 
Potential

Ricinus communis (castor) is a fast-growing perennial shrub native to India, Eastern 
Africa, and Southeastern Mediterranean basin, but it has widespread distribution in 
the tropics. It belongs to the spurge family (Euphorbiaceae), and it is currently the 
only member of the genus Ricinus. In areas with suitable climate and little anthro-
pogenic interference, it can easily become invasive and can even grow on waste-
lands. Some of the characteristic features of invasive species such as easy 

17 Sustainability of Oil Seed-Bearing Bioenergy Plants in India…



422

establishment, fast growth rate, short gestation period, ability to outcompete other 
plants growing nearby, drought tolerance, ability to grow on marginal/wasteland, 
absence of animals which keep their population in check, etc. are desirable charac-
teristics for bioenergy plants. But it can also lead to several ecological disasters if 
the population remains unchecked. Castor seeds contain about 40–60% of its mass 
as oil having ricinoleic acid (18:1-OH) as the commonest fatty acid (Ca. 90%). 
India is currently the world’s largest producer of castor oil producing nearly 0.73 
Mt. of oil annually accounting for about 60% of the global production. Ricinoleic 
acid (12-hydroxy-(cis)-9-octadecenoic acid) contains a hydroxyl group at 12th car-
bon position, and the presence of hydroxyl group gives rise to several unique prop-
erties to castor oil and biodiesel produced from castor oil. These include: high 
viscosity, high polarity (and hence better solubility in transesterifying alcohol), bet-
ter cold flow properties, etc. The viscosity of biodiesel produced from castor oil is 
often very high, and hence it cannot be used in neat form. This problem can be 
overcome by using lower blends of biodiesel in mineral diesel or by mixing castor 
biodiesel with biodiesel derived from other feedstocks such as Karanja and Jatropha 
as their viscosity is relatively low but has poor cold flow properties. The seeds of 
castor plant contain a highly toxic compound called ricin, and castor oil has several 
industrial and medicinal usages.

Ricinus communis has been reported as a metal-tolerant bioenergy plant having 
the capability to thrive in heavily polluted soils and has recognition as a potential 
phytoremediator for a variety of contaminants (Rajkumar and Freitas 2008 and 
Huang et al. 2011). Huang et al. (2011) carried out a comparative analysis of 23 
castor genotypes for their ability to remediate DDT and Cd from soil samples spiked 
with 1.7 and 2.8 mg Kg−1 of DDT and Cd, respectively. After 2 months the plants 
were harvested, and a significant (p < 0.05) difference among genotypes in aboveg-
round and belowground biomass was observed. Having a comparatively massive 
root system among herbaceous plants, castor is able to penetrate several meters of 
soil. The accumulation of DDT and Cd was largely restricted to roots across all the 
genotypes. The initial concentration of Cd in the soil was 2.8 mg Kg−1, while mean 
concentration of Cd in the root, stem, and leaves was found to be 37.63, 2.27, and 
1.22 mg Kg−1 (dry weight), respectively. The initial levels of DDT in the soil was 
2.8 mg Kg−1 soil, and its average concentration in the root, stem, and leaves was 
reportedly 70.51, 0.43, and 0.37 mg Kg−1 (dry weight), respectively. These results 
indicate the exceptional ability of castor plant to accumulate very high concentra-
tions of DDT and Cd particularly in its massive root system. Similarly, Shi and Cai 
(2009) have reported excellent Cd tolerance capacity of castor plant when they were 
grown in pots containing soil spiked with 50–200 mg Cd Kg−1 soil. Thus these stud-
ies suggest high degree of tolerance of castor to Cd, and since the accumulation is 
mostly restricted to the root system, castor plants probably behave as excluder. 
Olivares et al. (2013) conducted a study on the ability of castor to uptake metals 
when grown on multi-metal (Zn, Cu, Pb, Mn, and Cd)-infested mine tailings. The 
degree of uptake of various metals varied, but the accumulation was largely restricted 
to belowground biomass, and the translocation factors for different metals were low. 
The concentration of metals in areal biomass was found to be below threshold 
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toxicity levels for individual metals. Although the oil yield was found to correlate 
negatively with the metal concentration in the mine tailings, no correlation was 
observed between the yields and concentration of bioavailable metals, and the yield 
varied between 41 and 64%. Castor seedlings were grown hydroponically in nutri-
ent media spiked with various concentrations of Pb acetate, and their growth perfor-
mance and hyperaccumulation traits were measured after 28 days. Minor decrease 
in growth was observed in all the plants grown on Pb-spiked nutrient media across 
all the treatments (100, 200, and 400 mmol Pb L−1 of nutrient media), and the con-
centration of Pb in all the treatments was >1.0 g Pb Kg−1 dw (Romeiro et al. 2006). 
Therefore according to the criteria given by Raskin et al. (1994), castor possesses 
hyperaccumulator traits for Pb. A comparision of different sustainability dimen-
sions of bioenergy plants Jatropha, Karanja and Castor are listed in Table 17.5.

17.4  Discussion

In order to sustain and support its economic growth rate, India will have to signifi-
cantly boost up its energy supplies, and at the same time India is expected to cut 
down carbon footprint of its GDP. Therefore, the Government of India has announced 
installation of indigenous renewable energy to the tune of 40% of its primary energy 
mix by 2050. Bioenergy is increasingly gaining attention for it can provide carbon 
neutral energy. The Government of India through its national biofuel policy 2009 
has announced 20% blending of biodiesel and bioethanol in high-speed diesel and 
petrol, respectively, by 2017. This envisages utilization of non-edible feedstocks 
(Jatropha curcas and Millettia pinnata) grown on marginal land or wastelands for 
the production of biodiesel. These plants have several interesting properties such as 
drought resistance, high yield, few diseases and pests, minimal requirement of 
nutrients, etc., besides having desirable oil composition for production of biodiesel. 
India being the largest producer of castor oil can also envisage its utilization for the 
production of biodiesel. Castor oil biodiesel when blended with mineral diesel or 
biodiesel from other feedstocks yields a superior quality of mineral diesel substitute 
or supplement. These plants (Jatropha, Karanja, and castor) have also been investi-
gated for their phytoremediation potential. Several studies have shown effectiveness 
of these plants for the decontamination of soil and groundwater infested with haz-
ardous metals and detrimental organics. For improving the environmental sustain-
ability and economic feasibility of phytoremediation, valorization of biomass by 
some means is invaluable, and utilization of biomass for production of bioenergy 
appears to be a new but rather appealing opportunity. Thus, the Government of India 
can consider the integration of its biofuel policy with phytoremediation of 
contaminants.

Several important research works on phytoremediation potential of Jatropha, 
Karanja, and castor are listed in Table 17.6.
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Table 17.5 Important sustainability dimensions of bioenergy plants Jatropha, Karanja, and 
castor

Sustainability 
dimension

Plants

Jatropha Karanja Castor

Drought resistance Yesa Yesd Yesk

Waterlogging 
Tolerance

Noa Yese To some extentn

Nitrogen fixation Noh Yesf Nok

Wasteland 
reclamation 
Potential

Yesc Yesd Yesk

Frost tolerance Withstands light frostb Nod Nok

Soil quality Grows on saline, 
sandy, gravelly stony, 
and saline soilsb

Grows on sandy, 
stony, and clayey 
soils and can 
tolerate moderate 
degree of soil 
salinityp

Tolerates slight acidity (pH 
5.0–6.5)m

Completion with 
local flora 
(invasiveness)

Yesg Lowq Yesg

Nutrient demand Lowb Lowd Reasonable demand for N, 
P, K, Ca, and Mgm

Diseases and pest Very fewb Very fewd Very fewl

Agronomic 
practices

Extensive research 
ongoingi

Ongoingd Ongoingm

Employment 
opportunity

Yesa Yesd Yesm

Other usage Used in making 
candles, soap, and 
cosmetics; used in 
traditional medicine, 
as insecticide, green 
manure, and fertilizer; 
used as fuelwoodb

Used in making 
soap and fuel for 
lighting lamps, 
has several 
medicinal 
properties j

Used in the manufacturing 
of several industrial 
chemicals, 
pharmaceuticals, 
cosmeticsl

a(Takeda 1982), b(Kumar and Sharma 2008), c(Islam et al. 2011), d(Scott et al. 2008), e(Arpiwi et al. 
2013), f(Samuel et al. 2013), g(Gordon et al. 2011), h(Openshaw 2000), i(Behera et al. 2010), 
j(Singh and Pandey 1996), k(Nass et al. 2007), l(Sankpal and Naikwade 2013), m(Escobar et al. 
2009), n(Nielsen et al. 2011), o(Tomar and Gupta 1985), p(Kesari and Rangan 2010), q(Stanley and 
Ross 1989)
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Table 17.6 Important studies on phytoremediation potential of Jatropha, Karanja, and castor

Plant

Heavy 
metal 
uptake References

Jatropha Al Pandey et al. (2012)

Ar Pandey et al. (2012) and Nanda and Abraham (2011)

Cd Bauddh et al. (2015), Marques and do Nascimento (2013) and 
Pandey et al. (2012)

Cr Pandey et al. (2012), Nanda and Abraham (2011), and 
Mangkoedihardjo et al. (2008)

Cu Nanda and Abraham (2011)

Fe Pandey et al. (2012)

Mg Nanda and Abraham (2011)

Mn Pandey et al. (2012)

Pb Pandey et al. (2012) and Mangkoedihardjo (2008)

Zn Pandey et al. (2012)

Castor As Melo et al. (2009)

Ba Abreu et al. (2012) and Coscione and Berton (2009)

Cd Pandey (2013), Olivares et al. (2013), Costa et al. (2012), Bauddh 
and Singh (2012), Huang et al. (2011), Coscione and Berton (2009) 
and Lu and He (2005)

Cr Coscione and Berton (2009) and Pandey (2013)

Cu Coscione and Berton (2009) and Pandey (2013)

Fe Coscione and Berton (2009), and Pandey (2013)

Mn Pandey (2013), Coscione and Berton (2009) and Vwioko et al. 
(2006)

Ni Malarkodi et al. (2008), Vwioko et al. (2006), and Giordani et al. 
(2005)

Pb Pandey (2013), Olivares et al. 2013, Costa et al. (2012), Coscione 
and Berton (2009), Vwioko et al. (2006) and Romeiro et al. (2006)

V Vwioko et al. (2006)

Zn Olivares et al. (2013), Pandey (2013), and (Coscione and Berton 
(2009)

Karanja Cd Singh and Juwarkar (2014) and Manzoor et al. (2015)

Cr Singh and Juwarkar (2014), Shirbhate and Malode (2012) and 
Kumar et al. (2009)

Cu Singh and Juwarkar (2014), Shirbhate and Malode (2012), Kumar 
et al. (2009) and Tulod et al. (2012)

Mn Singh and Juwarkar (2014) and Shirbhate and Malode (2012)

Ni Singh and Juwarkar (2014) and Shirbhate and Malode (2012)

Pb Singh and Juwarkar (2014)

Zn Singh and Juwarkar (2014)
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17.5  Conclusion

Facing the dual challenges of energy insecurity and environmental pollution, it is 
imperative for India to look for economically feasible and environmentally sustain-
able opportunities for achieving energy independence and also for the decontamina-
tion of environment. Combining the prospects of bioenergy production in India with 
phytoremediation of contaminants can provide the solutions to both the challenges. 
Jatropha, Karanja, and castor as biodiesel feedstock and phytoremediating species 
can be explored as their bioenergy potential is well developed, and several studies 
on their phytoremediation potential have substantiated their role in phytoremedia-
tion of environmental contaminants.
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Technology for Bioremediation 
and Bioenergy Production
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and Arvind Kumar Nema

Abstract
Substantial amount of the refractory organics; inorganic nutrients, mainly nitro-
gen and phosphorus; heavy metals; etc. is discharged in conventional wastewater 
treatments. The concentration of such contaminants in the discharged wastewa-
ter depends on the performance and maintenance of the wastewater treatment 
plants (WWTPs). Though further reduction in such contaminants is possible 
with an aid of some of the advance technologies and skilled manpower, it makes 
wastewater treatment more expensive. More importantly, the running and main-
tenance of WWTPs are uncommon in economically weaker countries especially 
in the rural areas. This leads to the hunt of economically viable and environmen-
tally sustainable alternative wastewater treatments. The truism nowadays is to 
recognize the emergence of phycoremediation as an alternative. Algae-based 
bioremediation has been found excellent for the nutrient, organic, pathogen, 
heavy metal, etc. removal from various types of wastewater. Green microalgae 
possess the unique potential of high photosynthetic activity compared to food 
crops and terrestrial plants. Therefore, such systems are capable of high biomass 
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production through CO2 sequestration from the air and nutrient and organic 
sequestration from water. The microalgal cells contain comparatively high lipid 
contents; thus, algal biomass serves as an excellent feedstock for biofuels. 
Therefore, the choice of algal species possessing excellent phytoremediation 
potential as well as capable of producing high biomass is important to consider 
while designing the phycoremediation-based treatment systems. In this chapter, 
a concise partial overview of the potential and uniqueness of phycoremediation 
in treating various types of water and production of algal biomass for biofuels 
has been discussed. The environmental sustainability and economic viability 
aspects of phycoremediation, factors influencing the wastewater treatment, and 
the limitations of such technologies are covered briefly.

Keywords
Bioremediation • Biofuels • Heavy metals • Microalgae • Nutrient removal • 
Phycoremediation

18.1  Introduction

18.1.1  Water Crisis

One of the major sources of pollution of natural water bodies is the release of waste-
water (Nasr and Ismail 2015; Gupta et al. 2014a, b). Inadequately treated wastewa-
ter contains high concentrations of various organics as well as inorganic nutrients 
such as nitrogen (N) and phosphorus (P) which leads to eutrophication (Schindler 
et al. 2008). Water crisis is being experienced in several areas throughout the world, 
even though the sufficient water and land resources are available (CA 2007). If the 
appropriate and adequate policy measure will not be enforced and practiced, the 
existing land and water use practices will surely elevate the water crisis in the agri-
cultural sector (Seckler et al. 1998; Vörösmarty et al. 2005; Lobell et al. 2008; De 
Fraiture and Berndes 2009). Other than water demands for the agriculture, Berndes 
(2002) indicated the worsening of the situation as the additional water demand for 
the pilot-scale production of energy crops has not been considered in such studies. 
Such observations clearly raise the risk of additional water demand over the water 
resources which are already overstressed (Varis 2007; National Academy of 
Sciences 2008) (Fig. 18.1).

The cultivation of crops and biomass for food, fiber, or energy requires vast 
amounts of water (Molden et al. 2007). In present scenario, the major proportion of 
the water is used in the agricultural sector, and water demand for biofuel is modest; 
however, with increasing demand of bioenergy, it may increase by severalfold 
(Molden et al. 2007). As per estimates, an average annual global evaporation is around 
6800 km3 and 7130 km3 from the agricultural sector (Postel 1998; Rockström et al. 
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1999; Molden et al. 2007) which is much higher than the water required for human 
consumption. The rainfall fulfills approximately 80% of the agricultural water require-
ment, and the remaining 20% is required for the consumption of mankind, which is 
extracted from the lakes and rivers (Fraiture and Berndes 2009). As per estimated by 
2050, the present cereal demand is expected to increase from 55 to 80%, and about 
70–155% increase is expected in meat demand. Based on these speculations, by 2050, 
an increase of 70–110% is expected in crop water if the present land and water use 
practices will remain (Fraiture and Berndes 2009) (Tables 18.1 and 18.2).

18.1.2  Major Limitations of Conventional Wastewater Treatment 
Technologies

Efforts are being made over the years in the designing of various kinds of wastewa-
ter treatment systems based on the specific need and type of wastewater (Arceivala 
and Asolekar 2007). Various types of WWTPs exist nowadays, which may vary in 
capacity and design, depending upon the requirement of the specific geographical 
region. The design and capacity of these WWTPs are based on the geography of the 
locations and the amount and the type of wastewater produced. The conventional 

Fig. 18.1 A general overview of algal technologies for wastewater treatment and biomass produc-
tion for biofuels
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Table 18.2 Nutrient removal efficiencies and growth rates for various algal strains immobilized 
under different conditions and experimental designs

Type of 
wastewater 
(WW) Algae

Immobilization 
matrix

Type of 
bioreactor

Nutrient 
removal HRT References

Synthetic 
WW

S. obliquus κ-Carrageenan BBR NH4, 100 5 h Chevalier 
and de la 
Noüe (1985)

Secondary 
WW

P. aggregates Chitosan 
aggregates

CFBR DIN, 98 24 h Noüe and 
Proulx 
(1988)

Domestic 
WW

P. laminosum Polyvinyl foam CFBR NO3, 85 48 h Garbisu et al.
(1991)

Synthetic 
wastewater

C. vulgaris and 
S. bijugatus

Calcium alginate 
beads

PBC-BR NH3, 
78–79

24 h Megharaj 
et al.(1992)

Domestic 
WW

C. vulgaris Calcium alginate 
beads

NH4, 100 7 days Tam et al.
(1994)

Drinking 
water

S. obliquus Polyvinyl- 
adsorbed cells

CFBR NO3, 90 3 h Urrutia et al.
(1995)

Wastewater C. vulgaris k-Carrageenan 
beads

BBR NO3, 100 48 h Lau et al.
(1998a)

Secondary 
WW

C. vulgaris and 
A. brasilense

Co-immobilized 
algae with 
bacteria

CFBR NH4, 91 48 h De–Bashan 
et al.(2002)

Primary  
WW

C. vulgaris Calcium alginate 
beads

BBR NH4, 100; 
NO3, 96.4

48 h Hameed 
(2007)

Secondary 
WW

C. vulgaris and 
S. rubescens

Immobilized FTTL-BR NH4, 90 9 days Shi et al.
(2007)

Secondary 
wastewater

Phormidium Chitosan CFBR NO3, 95 24 Noue and 
Proulx(1988)PO4, 92

Polluted 
water

P. laminosum Polyvinyl foams CFBR NO3, 90; 
NO2, 85; 
PO4, 24

14 h Garbisu et al. 
(1994)

Synthetic 
wastewater

P. uncinatum Polyvinyl foams CFBR NO3, 90 3–4 h Gil and Serra 
(1993)

Natural 
wastewater

S. bicellularis Alginate BBR NH4, 100; 
PO4, 
88–100

2 h Kaya et al.
(1995)

Wastewater P. laminosum Hollow fibers TPBR NO3, 
48.7; PO4, 
99.7

48 h Sawayama 
et al.(1998)

Primary 
wastewater

C. vulgaris Carrageenan CCMO NH4, 95; 
PO4, 90

3 days Lau et al.
(1998a, b)

Synthetic 
wastewater

C. vulgaris and 
A. brasilense

Alginate beads BBR NH4 and P 6 days De–Bashan 
et al.(2002)

Modified from Fillipino et al. (2015) and Olguı́ (2003)
BBR batch bioreactor, CFBR continuous flow bioreactor, PBC-BR packed-bed column bioreactor, 
FTTL-BR flow-through twin-layer bioreactor, TPBR tubular photobioreactor, CCMO continuous 
contact mode operation
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wastewater treatment plants (CWWTPs) mainly include the following treatment 
process: preliminary, primary, secondary, and tertiary followed by disinfection and 
disposal of solid sludge generated during various stages of the treatment. The pre-
liminary treatments are basically simple screening of waters for the removal of solid 
and bigger objects which can clog or damage the further treatment processes, 
whereas oil and greasy substances as well as primary sludge are in the primary treat-
ment using clarifiers and sedimentation tanks. The secondary treatment is mainly 
based on biological treatment, and most of the organic contents are removed due to 
microbial degradation followed by advance stages of treatment at tertiary level. This 
step comprises various treatment processes such as coagulation, flocculation, filtra-
tion and reverse osmosis, and extended biological nutrient removal and stabilization 
of oxygen-demanding substances. The treated wastewater is finally disinfected by 
chlorination, ozonation, ultraviolet (UV) lights, etc., whereas the process concen-
trates (biological sludge) generated during the treatment are subjected first for the 
dewatering and used as fertilizer (if not toxic) or subjected to further treatment or 
disposal which is a big bottleneck of CWWTP technologies.

The installation of WWTPs as well as the cost of wastewater treatment is consider-
ably higher (McCarty et al. 2011) as the conventional WWTPs require high energy 
inputs. Moreover, the maintenance and operations need technical expertise which also 
incurs additional costs. Other challenges include frequent breakdowns of WWTPs 
due to mechanical failure or mishandling. The biological wastewater treatment is very 
efficient in the nutrient removal; therefore, these systems are extremely effective; 
however, it adds approximately 3–4 times more costs in overall treatment processes 
(Abdel–Raouf et al. 2012). Additionally, the unfavorable environmental conditions 
also lead to the failure of such systems as a major proportion of the treatment is based 
on the biological systems. A slight modification or variation in the physical–chemical, 
water, or geo-environmental conditions leads to death and decay of microflora 
involved in the biological nutrient removal processes, whereas excessive growth of 
filamentous bacteria leads to bulking and foaming (Khin and Annachhatre 2004; de–
Bashan and Bashan 2004). Therefore, virtually, such systems are not affordable for 
the economically weaker societies hence have limited applicability.

The wastewater treatment could be ideal only if the energy and cost input is 
minimal. In this regards, microalgal wastewater systems are unique and comprehen-
sively very cost effective. Such systems are being employed for decades for the 
treatment of various types of wastewater. As these systems are based on the algae, a 
phytoplankton, which requires adequate temperature and sunlight, therefore these 
systems are getting due considerations in the temperate regions having suitable light 
intensity and duration throughout the year.

18.1.3  Energy Crisis and Need of Biofuels

The existence of mankind on earth can only sustain if the natural resources, especially 
the nonrenewable resources, will be used rationally and in an environmentally sus-
tainable manner. Since the industrial era, the nonrenewable resources have been used 
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and abused as well, for the uplifting the quality of life, even without caring the nature. 
A limited stock of almost all the natural nonrenewable resources such as oil, gas, and 
coal is available now, and if the unrestrained exploitation will remain continued, the 
dwindling energy resources will be disbursed and diminished within the next 100–125 
years (Shafiee and Topal 2009). The available stock of nonrenewable energy resources 
is not sufficient to cope with ever increasing energy demand of burgeoning popula-
tion; therefore, energy crisis is being faced in all the corners of the globe.

The nature is signaling the mankind through various alarms in the form of natural 
disasters which occur due to the devastating effects of rapid industrialization and urban-
ization. Therefore, the urgent need of the day is to restructure natural resource conserva-
tion planning. Moreover, there is an immense need to explore eco-friendly and renewable 
energy resources (Ramachandra et al. 2009; Wijffels and Barbosa 2010; Demirbas 
2009). That is why the hunt for alternative biofuels has gained substantial attention in 
the past few decades. Various types of biofuels have been identified, and the hunt is on 
for more economically and environmentally sustainable biofuels.

From the past few decades, the development of carbon-neutral biofuels received 
much attention due to rapid exploitation of fossil fuels (e.g., Sørenson 1991; IPCC 
2008). The limited stock of fossil fuels as well as other nonrenewable energy 
resources requires the production of cleaner and sustainable fuels. The first- 
generation biofuels were based on the energy crops, and in the following years, the 
bioenergy shifted to second-generation biofuels derived from the biomass. The first- 
and second-generation biofuels were debated due to the use of arable land and water 
for the production of biomass. Various studies have shown extensive exploitation of 
water resources for the production of biomass (e.g., Berndes 2002; De Fraiture et al. 
2008; Varis 2007; Hoekstra and Chapagain 2008). Therefore, the production of bio-
mass for the bioenergy has always been a subject of its environmental sustainability 
versus economic developments.

18.2  The Uniqueness of Phycoremediation Technologies

The term phycoremediation is used specifically to denote the wastewater treatment 
potential of algae. Such treatment may include removal of organic compounds, inor-
ganic nutrients, metals, pathogens, and even the emerging contaminants as well. For 
phycoremediation purposes, majorly those algal species used possesses high photo-
synthetic growth rates and potential for scavenging various types of contaminants. 
Various studies have demonstrated excellent phycoremediation potential of various 
green microalgae species (Gupta et al. 2016 and the reference there in the chapter). 
The phycoremediation potential actually lies and proportional to the growth rate of 
a particular algal species. Being photosynthetic phytoplankton, the algae require 
mainly sunlight for the photosynthetic activity and carbon and inorganic nutrients 
(N, P, Mg, and silicates) and various other micronutrients for its growth. However, 
the amount of solar radiation, organics, and inorganics is required for the optimal 
growth of algae and varies species to species. In controlled cultivation, such require-
ments are optimized and provided in the form of growth medium.
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18.2.1  Algal Wastewater Treatment

Wastewater presents a complex matrix of various types of organic and inorganic 
chemicals, and with slight or no modification, it could serve as an excellent growth 
medium for various algal species (Abdel–Raouf et al. 2012; Cai et al. 2013, Rawat 
et al. 2011, 2016; Gupta et al. 2016, Olguı́ 2003). Phycoremediation has been 
found very effective for the treatment of various types of wastewaters, i.e., domestic 
sewage, agricultural waste substrates, agro-industrial wastewater, livestock waste-
water, piggery wastewater, food processing effluents, as well as industrial wastes 
(Abdel–Raouf et al. 2012; Cai et al. 2013; Gupta et al. 2016). The success of the 
growth of algae over the wide range of wastewaters makes it one of the most suit-
able contenders for the wastewater treatment purposes. The algal treatment systems 
are simple and do not require major sources of energy and frequent maintenance. 
Moreover, the ease of the process and minimal operational requirements make it 
one of the best in situ bioremediation technologies.

Approximately 30,000 species of algae have been identified out of an estimated 
number of 350,000 to 1,000,000 species present on earth (Richmond 2008). The 
microalgae are very diverse and can grow autotrophically, mixotrophically, or het-
erotrophically in various natural habitats (Lee 2004); however, the majority of the 
reported algal species is photosynthetic. Microalgae are tiny self-sustained cell fac-
tories which have excellent ability to harness solar radiation and produce biomass. 
Microalgae cells are negatively charged cells, and its sizes range from 3 to 25 μm. 
The algal biomass can be used for various purposes such as food, fodder, fertilizer, 
and fuel (Chisti 2008; Banerjee et al. 2013; Melis 2002). The uniqueness of algae 
lies in its exceptionally high growth rates (approximately 20 times faster), higher 
productivity over the limited resources, and excellent potential to accumulate a sig-
nificantly high amount of fatty acids (20–40% cellular lipids) in the cells in com-
parison to the oil-based crops.

Various studies have demonstrated excellent phycoremediation potential of 
numerous algal species for different types of wastewater having varying nutrients, 
pathogens, and organic loading (Gupta et al. 2016, Shriwastav et al. 2014). The 
most common and widely studied freshwater microalgal species are Chlorella and 
Scenedesmus which have demonstrated comparatively higher tolerance for varying 
physiological stresses and nutrients as well as organic loading. The excellent phy-
coremediation potential of these species for secondary or tertiary effluents coupled 
with a high biomass yield has been already established (Gupta et al. 2016). Notable 
removal of organics, nutrients, pathogens, and heavy metals along with comparable 
lipid yield even for primary-treated wastewaters such as domestic sewage has also 
been reported for both the species. In an independent study, Gupta et al. (2016) 
presented the comprehensive report on the use and application of C. sorokiniana 
and S. obliquus for the phycoremediation of untreated domestic wastewater and 
production of biomass for biofuels.

Most of the microalgae species are good sequester for the nutrients; therefore, 
microalgae-based treatment systems present several economic and environmental 
advantages over the conventional wastewater treatment. The nutrient-rich 
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wastewater serves as an appropriate growth medium for the microalgae, assimilat-
ing the organic and inorganic compounds for their growth.

The microalgae cultivation requires huge amount of water as well as nutrient- 
rich culture media for their growth. The cost of nutrient media makes the algal 
biomass production costlier. The cost of fertilizers such as potash urea is about $420 
per tonne and diammonium phosphate is approximately $480 per tonne, and at this 
the cost of potash is approximately $400 per tonne algal biomass production (Bain 
2013). All of these fertilizers are commonly used as nutritional supplements. 
Therefore, instead of synthetic nutrient medium, the use of nutrient-rich wastewater 
substantially reduces the nutrient requirement for culturing of the microalgae. It has 
been observed that in the conventional primarily or secondary treatments, more than 
50% nutrients such as nitrogen and phosphorus along with organics remain in the 
finally discharged wastewater. Such type of wastewaters could serve as nutrient 
media for sustaining the growth of algae during cultivation. In such type of arrange-
ments, phycoremediation tremendously cut down the input cost for nutrient supple-
ments and substantially reduces the need of freshwater for algal cultivation. 
Therefore, the carbon and water footprints associated with conventional water treat-
ment are reduced substantially (Rodolfi et al. 2009, Chinnasamy et al. 2010; Samori 
et al. 2013; Wang et al. 2010).

Several studies have demonstrated excellent wastewater treatment by various 
microalgal species (Gupta et al. 2015a, b, 2016; Rawat et al. 2016; Shriwastav et al. 
2014; Kim et al. 2013a, b; Ogbonna et al. 2000) along with substantial biomass 
production and lipid yields (Qiao and Wang 2009; Zheng et al. 2013). Several spe-
cies of microalgae have been identified for its unique potential of high lipid accu-
mulations. In a study, Griffiths and Harrison (2009) reported higher lipid yield in C. 
sorokiniana, out of 55 algal species surveyed. In one of our previous study (Gupta 
et al. 2016), we did an evaluation of two microalgal species Chlorella sorokiniana 
and Scenedesmus obliquus for their potential of domestic wastewater treatment. The 
phycoremediation potential of both species was evaluated with specific reference to 
the removal of organic carbon, nutrient, and pathogens. Our findings clearly demon-
strated excellent phycoremediation potential of both species. We observed COD 
removal up to 76% along with 98% removal of nitrogen and phosphorus, whereas 
the pathogen removal was more than 99% for S. obliquus which was comparatively 
higher than the C. sorokiniana. In both microalgae species, C. sorokiniana was 
found comparatively better for the wastewater treatment as well as the lipid accu-
mulation which was more than 22%. Such findings show why the selection of algal 
species should be based on the stress resistance potential of algal species to extend 
their applicability for wastewater treatment as well as production of biomass for 
biofuels.

Phycoremediation comprises several advantages such as excellent removal of 
nutrients, organics, various trace elements, heavy metals, and emerging environ-
mental contaminant pathogens. The huge amount of sludge is produced in the con-
ventional wastewater treatment systems, which is produced due to the use of various 
types of inorganic and synthetic flocculants. The disposal of sludge cost economi-
cally as well as its proper disposal is of great environmental concern. Whereas, very 
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less or no sludge is generated in almost all types of algae-based water treatment 
technologies, which substantially reduces the economic as well as environmental 
burden of sludge disposal, another advantage of algae-based wastewater treatments 
is the lesser requirement of energy. In the design of the photoautotrophic algal 
ponds, high-rate raceways are very simple. These are either open circular shallow 
ponds or oval-shaped shallow pond with paddle wheels; therefore, the energy as 
well as operational cost is minimal. Moreover, unlike conventional WWTPs, the 
running and maintenance of such systems require limited skilled labor (Aziz and Ng 
1992). The CO2 is of serious environmental concern, but being photoautotrophic 
system, this can be used for the production of algal biomass. Along with this, most 
of the algal species present unique characteristics of CO2 sequestration, so phycore-
mediation can also be used for reduction of carbon footprint. Even several studies 
have shown comparatively high production of algal biomass by purging pure CO2 or 
flue gases in high-rate algal raceways. Therefore, such systems are unique with 
respect to the utilization of CO2 for biomass production and release of oxygen.

18.2.2  Heavy Metal Removal by Algae

Recently, progressive industrialization has led to increase the concentrations of 
heavy metals such as cadmium, copper, lead, nickel, and zinc in the aquatic life 
(Fawzy et al. 2016a; Gupta et al. 2014a, b). Prolonged exposure to heavy metals 
constitutes a severe health hazard and a number of environmental problems (Nasr 
et al. 2015; Gupta et al. 2015a, b). The negative impact of heavy metals on the envi-
ronment can be attributed to their non-degradability, toxicity, accumulation, and 
magnification throughout the food chain (Fawzy et al. 2016b; Gupta et al. 2014a; 
Chabukdhara et al. 2016). In this context, the ability of wastewater treatment sys-
tems to remove toxicity is considered a crucial important objective.

Marine and freshwater algae have been reported to eliminate heavy metals selec-
tively from aqueous media (Lourie and Gjengedal 2011). Absorption and bioaccu-
mulation of heavy metals within the cells of algae may create viable methods for the 
remediation of industrial wastewater (Tastan et al. 2012). These methods are basi-
cally followed by separation of the metal-saturated algae from the medium, result-
ing in high-quality reusable effluent water (Sari and Tuzen 2008).

Numerous species of algae, being living or nonliving biomass, are capable of 
sequestering considerable quantities of toxic heavy metal ions from aqueous solu-
tions. There have been several reports for the accumulation of heavy metal ions 
Cu2+, Pb2+, Cr3+, Ni2+, Cd2+, Co2+, Fe2+, and Mn2+ by algae. For example, Chen et al. 
(2008) found that the maximum total uptake by treated algal biomass Undaria pin-
natifida was 24.71 mg g−1 for nickel (at pH 4.7) and 38.82 mg g−1 for copper (at pH 
4.0) within a contact time of 100 min. Additionally, Gupta and Rastogi (2008) 
showed that Pb(II) could be removed from aqueous solutions and the adsorption 
capacities recorded 145.0 mg g−1 for Oedogonium sp. and 93.5 mg g−1 for Nostoc 
sp. In another study, Sari and Tuzen (2008) indicated that the monolayer biosorption 
capacity of green algal biomass (Ulva lactuca) for Pb(II) and Cd(II) ions was found 
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to be 34.7 mg g−1 and 29.2 mg g−1, respectively. Similarly, Tastan et al. (2012) stud-
ied the use Chlorella sp. for the removal of boron from water, and they achieved 
maximum removal efficiency of 32.95% at boron concentration of 5.45 mg L−1. 
Moreover, Lourie and Gjengedal (2011) investigated the metal sorption by peat and 
algae-treated peat, and they found that the affinity of heavy metals to peat was Pb > 
Cu > Ni > Cd > Zn > Co, while for peat treated with microalga, it was Pb > Cu > Ni 
> Cd ≈ Co ≈ Zn.

18.2.3  Major Limitations of Microalgal Wastewater Treatments

The effectiveness of algal technologies for all types of wastewater treatment cou-
pled with biomass production depends on the selection of the algal species, set of 
mechanical arrangements, and various environmental factors. Several species have 
been identified with great potential of lipid yield and greater biomass production in 
controlled conditions. However, it cannot be guaranteed that those algal species are 
able to produce high lipid and biomass and will be good for phycoremediation as 
well and vice versa. The wastewater treatment using algal systems presents a com-
pletely different set of complexities. The failure of wastewater treatment using algae 
occurs mainly if the selected species could not resist the varying nutrient loadings. 
In such cases, algal cell death occurs at the initial stages of the treatment. Moreover, 
physicochemical properties of various types of wastewaters vary greatly and depend 
upon the sources of the wastewater. Therefore, varying nutrient loadings exert phys-
iological shock to algal species being employed for wastewater treatment. Similarly, 
the set of environmental variables such as varying temperatures, light intensity, and 
duration as well as the type of mixing, photobioreactor/raceway design, etc. also 
greatly affect the physiology of the algae, which directly corresponds to the survival 
of the particular species and thus directly or indirectly the wastewater treatment as 
well as biomass yield. The basic requirement is that the algal species must have 
great resistance to the various physiological stresses such as fluctuating nutrient as 
well as organic loading, having a great potential for lipid accumulation in varying 
nutrient loadings with physiological and environmental conditions (Gupta et al. 
2016; Srivastava et al. 2014).

18.3  Phycoremediation-Coupled Algal Biomass Production 
for Biofuels

Rapid depletion of conventional energy resources has led to a global hunt for renew-
able sources of fuels, as presently almost 80% of the energy is derived from fossil fuel 
sources (Demirbas 2011). From the past few decades, biofuels have attracted tremen-
dous attention of the scientific community due to limited stock of fossil fuels, continu-
ously increasing GHGs, and climate change. The development of carbon- neutral 
biofuels is generally based on the two prime concerns, i.e., environmental sustain-
ability and economic viability. The ever increasing demands of transport biofuels 
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cannot be met with traditional feedstocks. Microalgae are receiving increasing atten-
tion for its various types of applications (Brennan and Owende 2010; Zheng et al. 
2011). The recent findings claim that only algal biodiesel has the potential to fulfill the 
global requirement of biofuels for transport (Mata et al. 2010, Chisti 2007, 2008). The 
algal biomass can be used for various purposes such as biofuels, bio- fertilizers, bio-
polymers, bio-plastics, lubricants, paints, dyes, colorants, etc. (Cai et al. 2013). As per 
estimates, approximately 40,000 microalgal species have been identified so far and 
most of which can accumulate substantially high lipid contents in its cells. It has 
been found that some of the microalgae species can accumulate up to 70% cellular 
lipids under specific growth conditions (Chisti 2007; Buddolla et al. 2010; Brennan 
and Owende 2010). All types of phycoremediation technologies are given due consid-
eration for its ability to treat wastewater and production of biomass along with the 
treatment. This serves dual advantages: first is the wastewater treatment and second is 
the production of microalgal biomass. It has already been established that algal spe-
cies can accumulate 30–70% lipid contents in its cells, and the lipid yield varies with 
species to species as well as culture conditions. Therefore, such biomass, produced 
during wastewater treatment, can be used for the production of a variety of biofuels 
such as crude oil, biodiesel, biomethane, ethanol, hydrogen, etc. (Li et al. 2011; Gupta 
et al. 2016). With respect to the lipid yield, the algae have advantages over the oil 
crops as they do not require the arable lands for cultivation purposes.

Generally most of the microalgae species contain up to 20–40% cellular lipids; 
it has been evidenced that under specific growth conditions, some of the microalgae 
species can accumulate up to 70–80% cellular lipids (Ma and Hanna 1999). 
Therefore, for biofuel production purposes, the algae are considered as a potential 
contender (Chisti 2007; Antoni et al. 2007). Though various types of biofuels are 
being produced from algal biomass, however, the algal biodiesel is uniquely similar 
to the mineral diesel. The production of biodiesel from microalgae is being seen as 
a panacea for rapidly depleting conventional energy resources (Rawat et al. 2011; 
Singh et al. 2014). It has been established that biodiesel produced from algal lipids 
is similar to conventional biodiesel; therefore, with slight manipulation of its chemi-
cal characteristics, it can be used for the transport purposes (Du et al. 2008).

The cellular lipids of microalgae vary and depend on several factors such as species, 
growth conditions, availability of nutrients, geographical conditions, availability of 
nutrients and lights, etc.; however, various studies have shown that the lipid contents as 
well as the biomass productivity can be enhanced by manyfold by manipulation in the 
culture conditions (Chisti 2007; Brennan and Owende 2010 and references within). 
Various types of modulations such as light (Chisti 2008), temperature (Li et al. 2007; 
Wen and Chen 2003), cell concentrations (Miao and Wu 2006), as well as nutrient limi-
tations, specifically nitrogen (Li et al. 2006; Xu et al. 2006), have been found very 
effective for the increase of the lipid yield in various microalgae species. High lipid 
yield by nitrogen starvation was reported in Chlorella sorokiniana by Zheng et al. 
(2013). Similarly, Ramanna et al. (2014) also reported an increase of lipid contents in 
the same species grown in wastewater by varying nitrogen supplementation.

Other than modulation of specific limiting factors, growth conditions such as 
autotrophic, heterotrophic, and mixotrophic cultivation conditions also affect the 
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biomass and lipid yields in microalgae. Numerous studies have demonstrated com-
paratively higher lipid yields under heterotrophic culture conditions than the photo-
autotrophic cultivation (Miao and Wu 2006; Li et al. 2007, Mohamed et al. 2011), 
whereas higher growth rates have been observed under mixotrophic growth condi-
tions (Miao and Wu 2006; Mohamed et al. 2011). For photoautotrophic growth, the 
basic requirements are the sunlight and carbon sources such as CO2 and various 
types of cultivation systems such as open circular ponds, raceways, as well as pho-
tobioreactor that are used for such purposes (Muller–Feuga, 2004). Whereas for 
heterotrophic growth, sunlight and CO2 both are not required, as the algae acquire 
all the required energy for its growth, only from carbon sources such as sugars or 
organic acids (Muller–Feuga 2004). Chen and Chen (2000) obtained up to 60 g 
biomass yield in optimal heterotrophic growth conditions, which was more than 
tenfold higher than the photoautotrophic yields (5 g) per liter of culture volume. 
Similarly, Li et al. (2007) reported comparatively very high lipid yields (up to 
55.2%) in Chlorella sp. under heterotrophic conditions, compared to the autotrophic 
lipid yields (up to 14.5%).

The culture media and nutrient broths conventionally used for the algae cultiva-
tion are highly rich in nutrients, which support the continual growth of microalgae 
for prolonged periods. The microalgal biomass productivity in such type of growth 
media is comparatively high; however, the lipid yields of such biomass are lesser. 
Whereas the concentration of nutrients in wastewater is comparatively very lower 
than the nutrient broths used for the algae cultivation. It is well established that most 
of the microalgae accumulate higher lipid contents in nutrient stress conditions. 
Therefore, in case of wastewater, the microalgae get stressed due to the lower nutri-
ent concentration; in turn this results in higher lipid accumulation. Several studies 
have demonstrated comparatively high to very high lipid yield in algal biomass 
grown in wastewaters in comparison to the nutrient broths (Singh et al. 2014; Xin 
et al. 2010; Zhang et al. 2013; Ramanna et al. 2014). In one of our previous study, we 
also recorded 27.68% and 28.36% lipid yield in the harvested biomass of C. soroki-
niana and S. obliquus grown in the diluted domestic sewage. We noted that S. 
obliquus performed better with respect to the nutrient stress and lipid yield in com-
parison to the C. sorokiniana. Guldhe et al. (2014a) and Ramanna et al. (2014) also 
reported higher lipid accumulation under the nutrient stress in both of the species. 
Such findings clearly demonstrate the importance of species selection for the specific 
purposes as well as the potential of microalgae for higher accumulation of lipids and 
biomass yields in wastewater compared to the conventional nutrient broths.

18.4  Factors Influencing Phycoremediation, Algal Biomass, 
and Lipid Yields

There are various physical, chemical, and biological factors influencing the nutrient 
assimilation, growth, and lipid yields of algae; hence, such factors directly or indi-
rectly affect the phycoremediation potential as well. Being autotroph, the growth of 
all the green algae depends upon their photosynthetic potential which is the major 
limiting factor for all autotrophic systems. The nutrient uptake and biomass yield 
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both depend on the photosynthetic activity (Grobbelaar 2010; Wilhelm and Jakob 
2011). All the physicochemical and biological phenomena, such as light intensity, 
absorption of light and exposure duration, mixing rate, etc. which are directly or 
indirectly affecting the photosynthesis, play a significant role in the performance of 
microalgae for both phycoremediation and biomass yield (Rawat et al. 2011; 
Grobbelaar 2000, 2009; González–Fernández et al. 2011). The light, temperature, 
and physical turbulence are the most important physical factors, whereas pH, salin-
ity, and nutrient concentrations are the major chemical factors directly influencing 
the growth of algae. The interspecies competition and contamination of culture by 
other microalgae species, bacteria, viruses, etc. also play as the limiting biological 
factors (Grobbelaar 2000; González–Fernández et al. 2011).

The light penetration and utilization depend upon the depth of the culture ponds; 
therefore for the optimum growth, optimization of euphotic zone is very important. In 
case of HRAPs, biomass concentration and pond depth significantly affect the degree 
of light attenuation, and the light exposure to the individual algal cells depends upon 
the turbulence pattern (Sutherland et al. 2014). Mostert and Grobbelaar (1987) found 
that nutrient uptake is affected by the mixing/turbulence pattern. Therefore, the opti-
mized speed and frequency of mixing prevent the settling of the algal cells and ensure 
equal exposure of light (Sutherland et al. 2014). Sutherland et al. (2014) studied the 
effects of temporal variation on the nutrient removal and biomass yield of algae in a 
full-scale HRAP. They reported that the nutrient removal and growth of microalgae 
are greatly influenced by several factors. Among various other physical parameters, 
temporal variation also affects the nutrient removal and biomass yields of microalgae. 
Sutherland et al. (2014) also observed reduction of nutrient removal and reduced bio-
mass yield in wastewater HRAP during the late spring/summer season.

In phycoremediation, the algal biomass yield is not directly proportional to the 
nutrient removal and neither to the lipid yields. While studying the wastewater treat-
ment potential of three microalgal species (Scenedesmus rubescens, Neochloris 
vigensis, and Chlorococcum sp.), Aravantinou et al. (2013) observed the highest 
growth rate for S. rubescens which showed the least, only 11% p, removal, whereas 
N. vigensis exhibited 53% phosphorus removal which was the highest among all 
three algal species. The highest lipid yield (19.29%) was also recorded for N. vigen-
sis in comparison to the S. rubescens which showed 14.91% and the least, i.e., 6.93%, 
in Chlorococcum sp. In a 20-day period, the findings of Aravantinou et al. (2013) 
clearly demonstrated that the increasing biomass yield was not consistent with either 
the removal of the nutrients or the lipid yields in all the studied algal species.

18.5  Environmental Sustainability of Phycoremediation- 
Based Wastewater Treatment and Algal Biofuels

18.5.1  Reduction in Water Footprint (WF)

The ecological footprints are the best indicator of sustainability of biofuels. The 
most studied and important ecological footprints are carbon and water footprints. 
Groundwater is a scarce commodity, whereas agriculture alone endorses 
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approximately 86% of global WF (Singh et al. 2015). An increase of 5.5% in the 
global blue biofuels is expected by 2030 which will significantly impose huge bur-
den over the blue-water resources (Gerbens–Leenes et al. 2012). The first- and 
second- generation biofuels are based on energy crops and lignocellulosic biomass, 
whereas algal biofuels are considered as third-generation biofuels. The production 
of all types of biofuels requires huge amount of water, which could be a limiting 
factor. In comparison to the fossil fuels, the WF of biomass energy is approximately 
70–700 times larger; therefore, the WF must be given due consideration while 
assessing the sustainability of biofuels (Gerbens–Leenes et al. 2012). The concept 
of water footprint (WF) was first introduced by Hoekstra (2003) which refers to the 
direct or indirect requirements and use of total water for an entire supply chain 
(Hoekstra et al., 2011). The WF serves as an excellent tool for the mapping of com-
plete water consumption for any specific activity or process. Berndes (2002) first 
time assessed the link between biomass production and respective water uses and 
reported that water use is not considered in the estimation of future biomass produc-
tion and use. Berndes (2002) concluded that in 2100, the global evapotranspiration 
will be approximately doubled in comparison with 1990 with large-scale bioenergy 
production. Fraiture and Berndes (2009) summarized an overview of water demand 
for production of both food and biofuels and explored its fate and effects on ecosys-
tem services. Gerbens–Leenes et al. (2012) evaluated the water footprints of biofu-
els adopted for road transport for ten largest biofuel-consuming countries and 
reported an increase of about tenfold in the global annual biofuel WF. Approximately, 
it will reach up to 970 km3/year in 2030 which was around 90 km3/year earlier in 
2005 for the global transport sector under the IEA APS scenario. The study revealed 
that approximately 50% of the global biofuel WF will be contributed by three coun-
ties only, i.e., the USA, China, and Brazil, even without consideration of import of 
biofuel, which may add additional WF. At present, the global international trade of 
biofuels is approximately only 6–9%, which accounts, comparatively, a shorter WF; 
however, it will substantially add WF with the increase of import of biofuels (IPCC 
2011). For detailed report, reading of Gerbens–Leenes et al. (2012) is recom-
mended. The study also advocated the due consideration of WF for the various 
types of biofuels to be used for the energy demand in the transport sector.

The precipitated water is known as green water, whereas the ground and surface 
water, used for cultivation purposes, is blue water. In water footprint concept, the 
consumptive and nonconsumptive use as well as soil moisture evaporation and 
evapotranspiration loss of water of these two types of water is considered separately 
as green and blue WF, respectively (Gerbens–Leenes et al. 2012). The requirement 
of water for the production of feedstock biomass used for the production of biofuels 
depends on the geographical as well as climatic conditions that is why the WF var-
ies considerably in specific geographic regions. Numerous strategies are being 
applied to reduce the WF of biofuels. The first- and second-generation biofuels 
were produced from energy crops and lignocellulosic biomass, and the requirement 
of water is considerably high for such feedstock, thus the higher WF. The third- 
generation biofuels are based on algal biomass, which also requires the huge amount 
of water; however, production of algal biomass by utilization of wastewater 
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substantially reduces the WF. Moreover, the WF for algal biofuels can further be 
reduced by biorefinery concepts (Singh et al. 2015). The phytoremediation coupled 
with biorefinery concept is based on several principles and ensures treatment of 
wastewater, production of algal biomass, and optimum utilization of biomass for the 
production of biofuels and various other low-value products. Batan et al. (2013) 
estimated the WF of a closed photobioreactor-based biofuel and assessed the WF on 
the basis of blue, green, and lifecycle WF.

The opportunities and challenges both are closely associated with the pilot-scale 
production of biofuels (Fraiture and Berndes 2009). There are several limiting fac-
tors such as the type and productivity of feedstock, geographical locations and cli-
matic conditions, land use pattern and water management practices, etc. which 
regulate the prices, water and carbon footprints, as well as the environmental fate 
and effects of the production of biofuels (Fraiture and Berndes 2009). As per esti-
mates, the production of bioenergy requires much more water (24–146 m3 per giga-
joule) than the fossil energy for which it is approximately 1 m3 ET per gigajoule of 
energy (Gerbens–Leenes et al. 2008). The environmental sustainability in biofuel 
production is possible only if the WF is reduced. This can be achieved through mul-
tiple approaches such as appropriate land and water management practices for the 
production of feedstock biomass, development of stress- and drought-resistant 
high-yield energy crops by biotechnological tools, advancement of energy produc-
tion processes, development of energy-efficient energy production tools and tech-
niques, etc. In this regards, the phytoremediation technologies offer duel advantages, 
i.e., treatment of various types of varying-strength wastewater and production of 
algal biomass, which can be used for various types of energy production. Several 
microalgae species are excellent candidates for biomass production, whereas sev-
eral species possess the excellent phycoremediation potential. Numerous studies 
have identified potential algal species such as Chlorella sp., Scenedesmus, etc., 
which have excellent potential for wastewater treatment as well as biomass produc-
tion (Gupta et al. 2015a, b; Shriwastav et al. 2014 and references within). Therefore, 
species selection is very important for comprehensive fulfillment of both the objec-
tives. Singh et al.(2015) also reported that the algal biofuel production in a biorefin-
ery concept is imperative for the economic viability and environmental 
sustainability.

18.5.2  Reduction in Carbon Footprint

The scarcity of water, diminishing nonrenewable energy resources, and global 
warming due to increasing CO2 and all other greenhouse gas (OGHGs) discharges 
in the atmosphere are the major global issues of the twenty-first century (Roman–
Leshkov et al. 2007; Kondili and Kaldellis 2007). The major objective of the Kyoto 
Protocol, 1997, was the reduction of OGHGs by 5.2%, which was endorsed by more 
than 170 countries. As per estimates, burning of fossil fuels accounts more than two 
third of the total atmospheric CO2 (Ramachandra et al. 2013).
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For CO2 mitigation, various strategies are in practice, and, broadly, all of these 
can be clustered into two types which are chemical and mitigation. The chemical 
CO2 mitigation strategies are typically based on three different principles which are 
sequestration, separation, and transportation. For example, per tonne of CO2, the 
transportation for 100 km was estimated approximately 1–3 USD, whereas the sep-
aration and compression costs approximately 30–50 USD (Gupta and Fan 2002; Shi 
and Shen 2003). All of such procedures are energy intensive and substantially 
expensive (Lin et al. 2003; Resnik et al. 2004). Moreover, waste generated during 
chemical separation and sequestration poses another environmental problem of dis-
posal (Bonenfant et al. 2003; Yeh et al. 2001). An excellent review article on micro-
algal bio-mitigation of CO2 by Wang et al. (2008) is recommended for further 
studies.

Biological CO2 mitigation strategies are comparatively economical and environ-
mentally sustainable. All the photosynthetic plants and microorganisms own unique 
potential of CO2 fixation through photosynthesis and produce biomass (Kondili and 
Kaldellis 2007; Ragauskas et al. 2006; de Morais and Costa 2007). The share of 
agricultural plants in CO2 capture is very less which is approximately 3–6% only 
due to slow growth rate. Out of total fossil fuel emissions, the plants can sequester 
only 3–6% of it (Skjanes et al. 2007). The CO2 sequestration potential of autotro-
phic microalgae is 10–50 times higher in comparison to the terrestrial plants, which 
is due to its exceptionally high growth rates (Li et al. 2008; Usui and Ikenouchi 
1997). Microalgae are capable of utilizing CO2 in various forms for its growth from 
the water and atmosphere. Industrial flue gases have also been used in various pro-
portions for the culturing and production of algal biomass. Reduction in greenhouse 
gases is accomplished by the biological binding of carbon dioxide obtained from 
organic carbon (which would have been volatilized by bacterial respiration) or car-
bon dioxide from the atmosphere. Energy demand is lowered as there is no need to 
oxygenate the reactor (Rawat et al. 2011). While studying the microalgal wastewa-
ter treatment in a full-scale HRAP, Sutherland et al.(2014) observed that along with 
CO2 addition, several other factors such as the design of the pond, operational con-
ditions, turbulence frequency, euphotic zone, etc. need to be controlled and opti-
mized for the enhanced nutrient removal and biomass production using wastewater 
in a full-scale HRAP system. Therefore, phycoremediation coupled with CO2 
sequestration for biomass production elaborates its promising potentials for the con-
sideration of green algae in the planning and execution of current CO2 mitigation 
strategies as well as for biofuels.

Similar to the fossil fuels, measurement of CF of the biofuels is also recom-
mended (Johnson and Tschudi 2012). As per recent assessments of Hammond and 
Seth (2013), by 2019, CF of biofuels will be approximately 0.449 bn global hectares 
which is substantially higher than the estimated biofuel CF of 2010 (0.248 bn global 
hectares). In the case of the biofuels produced from the oil seed, the CO2 and other 
OGHGs emissions are comparatively very low, i.e., 0.53 g CO2–equivalent per g dry 
seed, but considerably higher emissions, i.e., 0.99 g CO2, were observed per g of oil 
extraction and 1.72 g CO2 in the production of 1 g of biodiesel (Fahd et al. 2012). 
However, Singh et al. 2014 reported that CF of algal biofuels can be reduced 
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substantially by following the biorefinery concepts. See Singh et al. (2014), 
“Sustainable Production of Biofuels from Microalgae.” Using a biorefinery 
approach, the phycoremediation coupled with algal biofuel production in a biorefin-
ery concept will comprise numerous advantages. The biofuel production based on 
the algal biomass grown in wastewater substantially reduces the use of freshwater 
and the use of chemical nutrients for the growth of algae. Moreover, the use of flue 
gases for the cultivation also plays significant role in the overall reduction of carbon 
and water footprints.

18.6  Economic Sustainability of Phycoremediation-Based 
Wastewater Treatments and Biofuels

Algal treatment systems are favored over conventional treatment processes for 
decentralized wastewater treatment due to the significantly lower cost of construc-
tion and operation and ease of operation without the requirement for skilled labor. 
The major impediments of the pilot-scale biofuel production from microalgal bio-
mass are (i) the limited availability of freshwater for the cultivation, (ii) inefficient 
and energy-intensive harvesting, and (iii) solvent-based extraction of microalgal 
oils. These all together severely affect the lipid extraction, thus the economics of the 
commercial-scale algal biofuel production. Moreover the use of solvents limits the 
environmental sustainability of algal biofuels. As per estimates, 3726 kg of fresh-
water is required for the production of 1 kg of algal biomass without the recycling 
of water. This water footprint could be reduced if the water is recycled; however, the 
algae release some exudates (chemical) which are potential inhibitors; therefore, 
such types of water could be recycled only for few times. Furthermore, in an open 
pond cultivation system, the rate of evaporative loss of water is approximately 10 L. 
m−2. day−1 which accounts evaporative loss 410 kg of water in the production of 
1 kg algal biomass. Production of algal biomass concurrently with wastewater treat-
ment is the basic fundamental of phycoremediation. So, even if evaporative losses 
were excluded, the phytoremediation could reduce more than 90% of water foot-
print, and if it is coupled with the use of recycling of treated water, the WF could be 
reduced further. The requirement of chemical nutrients and media accounts around 
30% of the algal biomass production cost, and as per estimates, the cost of one tonne 
of algal biomass production is approximately 2500–3000 USD even in the pilot- 
scale production.

The wastewater comprises various types of organics and nutrients as well as 
trace elements which fulfill the basic growth requirement of the algae. In conven-
tional wastewater treatment, the biological removal of 1 kg of phosphorus costs 
around 3.05 USD, whereas the same volume of nitrogen removal costs approxi-
mately 4.4 USD. Therefore, the use of wastewater for the cultivation of algae 
reduces almost 100% of freshwater and nutrient requirement which significantly 
reduces the water and carbon footprint as well as substantially reduces the produc-
tion cost. Unlike conventional wastewater treatments which produce a huge amount 
of the sludge due to the use of various types of coagulants, algal wastewater 
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treatments do not generate any sort of sludge which further reduces the economic 
and environmental burden of further treatment of sludge, its handling, and disposal. 
Moreover, almost complete wastewater treatment is achieved without any additional 
cost in a sustainable manner. The ease of operation and low maintenance do not 
require skilled labor, which further reduces the input costs. In view of environmen-
tal consciousness, phycoremediation appears as a technology perceiving wastewater 
as a valuable resource, zero-waste concept with lowest water, and carbon 
footprints.
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19Coupling Phytoremediation 
Appositeness with Bioenergy Plants: 
A Sociolegal Perspective

Rashwet Shrinkhal

Abstract
The humanity has already started to experience the wrath of anthropogenic pol-
lution of environment, primarily due to mindless development based upon non- 
renewable energy resources. Realising the need to have an environmentally 
friendly development along with the adoption of natural methods for corrective 
action to revitalise the environment, scientists are constantly engaged in develop-
ing new technologies. Biofuel production and phytoremediation techniques are 
practical manifestation of such an effort. However, these technologies do bear 
certain signs of aberration when not applied judiciously. This chapter briefly 
discusses some of the significant sociolegal concerns connected with the imple-
mentation of biofuel programmes and phytoremediation techniques in practical 
world.

Keywords
Bioenergy • Biofuel • Phytoremediation • Indigenous peoples • Food vs. fuel • 
ILUC • Invasive species

19.1  Introduction

Calvin Coolidge once mentioned ‘The business of America is business’ (Speck 
1970–1971, 200) reflects the fundamental mind-set of a capitalist world which 
hooks on the meta-value of making money that is followed by the policy of moneti-
sation for all goods and services for trade through market mechanism (Sinha 2014). 
And what remains the greatest peril of such mindless ‘commodification of 
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everything’ attitude? Answer is nothing but impoverished, polluted and bleeding 
Earth (Klein 2014). Lately realising this fact, better late than never, many now 
rejects the idea underlying Coolidge statement. In this process, a strong global sen-
timent that seems to be recognised is that the success or failure of our society cannot 
be determined exclusively in respect of economic growth or gross domestic product, 
but instead it must be determined on such scales as ‘ecological balance’ and ‘quality 
of life’ (Speck 1970–1971; Chowdhry 1988). There prevails the stress, a battle 
between two sets of values: one the outcome of a strong belief that aggressive indus-
trialisation and economic growth symbolises the pillars of prosperity and the other 
the resultant of a shocking realisation that prosperity endeavours little or no happi-
ness when the soils are contaminated, when the air is unfit to breathe and when the 
water is unhealthy for human consumption (Speck 1970–1971; Gadgil and Guha 
1995; Bretschger and Vinogradova 2016).

This notion of pitching ‘economy’ against ‘ecology’ (Faramelli 1971) and map-
ping them as ‘anti’ or ‘parallel’ to each other may appear superfluous while tracking 
the etymology of both words. They both share the same genesis—‘eco’—from the 
Greek oikos, which signifies ‘house’. ‘Economics’ is associated with ‘[m]anage-
ment of household goods’, and ‘ecology’ corresponds to ‘[t]he study of the relation-
ships in the house’ (Hart 2008). Finding it necessary for the ‘common good’, Hart 
argues that ‘economics’ and ‘ecology’ need to be on the same page and establishes 
the link between the two:

The common good of the integrated and interdependent biotic (and human social) commu-
nity, and the common good of Earth as biota’s shared home and household, find common 
ground in interrelated forms of justice and in interrelated form of injustice. Economic lib-
eration and ecological liberation are linked. (Hart 2008)

In this background, the humanity started to acknowledge the truth that the compli-
cations of environment are impossible to separate from the ones of the prosperity 
and typically from the economic development (Gherasim and Tānase 2012). With 
this understanding, international community started to think on a new form of 
development, known as sustainable development. In time, the formulation of this 
notion had a continuous evolution to such an extent that today it has met a lot of 
criticism for its vagueness and ambiguity (Applegate and Aman, Jr. 2001). Amidst 
all controversy on the concept, it was meant, as expressed by the World Commission 
on Environment and Development (WCED), to ‘[e]nsure that [humanity] meets the 
needs of the present without comprising the ability of future generation to meet their 
own needs’ (WCED 1987). Sustainable development is inferred as a new brand of 
economic development, organic and unalike to the present type, which has domi-
neering effects on many sections of the globe during nineteenth and twentieth cen-
turies, restricted to ‘the use of natural resources of the planet, of the conventional 
and non-conventional form of energy, concomitantly with the protection and preser-
vation of the environment’ (Gherasim and Tānase 2012). The discourse of dominant 
predatory economic development, inter alia, has the following relevant characteris-
tics (evils): (a) depletion and over-exploitation of natural resources especially fossil 
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fuels and (b) continuous degradation of the environment (Sachs 1974). Sustainable 
development is also aimed to find alternative approaches having rectifying propen-
sity against above-mentioned evils.

Working on the path of sustainable development, science and technology—the 
one who brought the peril—can provide solution to resource or conservation prob-
lems. The necessity to marshal suitable science and technology for sustainable 
development has been recognised long ago. Initial study on the sustainable yield 
management of renewable resources laid the basis for the International Union for 
Conservation of Nature’s ground-breaking World Conservation Strategy, pro-
nounced in 1980. The conditions for disposition of relevant experimentation as an 
essential module of sustainable development schemes were developed by a number 
of transnational technical bodies during the mid-1980s, patronised by the Brundtland 
Commission report Our Common Future in 1987 and canonised in the Agenda 21 
action plan that resulted from the United Nation Conference on Environment and 
Development in 1992. In the following decades to come, deliberation continued to 
intensify on how science and technology could deliver more efficaciously to attain 
sustainability, involving various scientists, experts, academicians and development 
associations from around the world (Clark and Dickson 2003).

This book is also an attempt towards development of scientific knowledge in 
connection with collaboration of two scientific processes for maximum optimisa-
tion. The aim of this chapter is to throw light on some of the concerns attached with 
both the processes so that any policy intended to promote technologies involved 
should also take care of the concerns attached. This may lead to evolution of more 
robust normative structure dealing with the regulation of technologies discussed. In 
doing so, the chapter initially discusses, in brief, the major themes of the book. 
Subsequently, an attempt has been made to show certain sociolegal concerns. 
Sincere efforts have been maintained to upheld scientific overtone in writing this 
chapter. However, the author expresses his limitation of not having formal training 
in science.

19.2  Understanding the Themes Involved

19.2.1  Bioenergy: Biomass to Biofuel

Epstein in his recent work The Moral Case for Fossil Fuels (2014) argues that 
energy derived from fossil fuels has been the major propellant of human prosperity 
and continues to be the lone source of viable power having capability to guarantee 
our quality life rolling headway and lead to the pursuit of happiness (Epstein 2014, 
69, 84, 135–136). Furthermore, fossil fuel energy should be persistently used as a 
preferable option for the time to come because its gains tremendously prevail over 
its costs. He further contends that there is adequately sufficient resource available 
and shall not be cleaned out of fossil fuels by any chance in the near future (Epstein 
2014).
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There are two propositions that need severance: the assertion in relation to the 
past and the one referring to the future. It is absolutely conceivable to come to an 
understanding that fossil fuel energy has brought colossal social welfare histori-
cally. To be sure, lots of persons, as well as most conservationists, would straight-
away accept that fossil energy has been the supreme agent of economic growth. 
However, some of his claims on the future of fossil fuel is contestable, misleading 
or demonstrably wrong (Freeman 2015). Relevant to the theme of this Chapter, 
Epstein misconstrues the fact that fossil fuel is ‘so plentiful as to be unlimited’ 
(Freeman 2015). Many scientists are of the view that there is restricted amount of 
fossil fuel reserves both in terms of physical availability and economic viability, 
thus reducing them to the category of limited and non-renewable natural reserves. 
This arises due to the simple reason that it requires millions of years for fossil fuels 
to accrue, whereas the reserves are exploited with rapid pace, making it impractical 
for the scale of production to match with rate of exploitation. As a whole, if the 
extraction rate is higher than formation time, the reserves shall be limited in all 
probability that it will ultimately be sapped (HööK and Tang 2013).

In the past, the scientific community had shown concerns over fossil fuel deple-
tion or over exploitation. M. K. Hubbert, a Shell scientist, predicted in 1956 that 
both the United States and the world production rates of oil would peak and at a 
later time go on decreasing. Hubbert anticipated that household production of oil 
would peak between 1965 and 1970 and that world production would peak near 
2000 (Hubbert 1956). Although the calculation about the prospect of world oil pro-
duction proved to be incorrect, there is hardly any dispute on his forecast regarding 
domestic oil production (McAllister 2008–2009). Much before Hubbert, it was 
Thomas Malthus in the year 1978, in his classical work on the ‘Principles of 
Population’, laid stress on the general limits of the earth and found resource scarcity 
innate in the finiteness of the globe (Malthus 1798). Similarly, the Belgian mathe-
matician Pierre-Francois Verhulst proposed a logistic growth curve; it described the 
self-limiting property of population due to limited environmental resources (Verhulst 
1838; Bacaёr 2011). Post-Hubbert theory, it was a report entitled ‘Limits to Growth’ 
(1972), published by a group of scientists from the Massachusetts Institute of 
Technology, that presented an exceedingly cynical future of the world. It described 
that the upcoming world population level, food production and industrialisation 
would initially multiply exponentially but then suddenly fall down in the course of 
ensuing century. The crumble happens for the reason that the global economy will 
stretch to its physical limits in terms of non-renewable resources, agrarian produc-
tion and immoderate pollution (Meadows et al. 1972; Tahvonen 2000).

As is now clear, these predictions about the exact limitation period for the 
exhaustion of natural resources failed to be true. Nonetheless, humanity cannot sit 
and relax as these predictions failed not because of any increase in net quantity of 
natural resources; rather it was new technological innovations which gave fresh 
lease to the availability of resources, in the form of increased production from the 
existing resources (David and Wright 1997). It is imperative to take pause and judi-
ciously scrutinise the existing situation of the Earth. Even if we accept the plea of 
certain scientists, including Epstein, there is plentiful supply of fossil fuel. But does 
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that necessarily imply that the supply must be first and foremost fossil fuel energy 
in eternity? Those who debate in favour of shifting focus towards renewable energy 
are not ‘working to save planet for its own sake but rather to avoid disastrous long-
term consequences to humans’ (Freeman 2015). Many of the scientists predict or 
argue that there exists certain ‘hidden cost’ of fossil fuel combustion. Overuse of 
fossil fuel is often claimed to be the chief ‘pathogen’ for many environmental dam-
ages such as global warming, acid rain and air pollution (Liu et al. 2007). It is pre-
dicted that carbon dioxide and other greenhouse gases released after combustion of 
fossil fuel may have substantial damage to climate system (Balat et al. 2007). 
Deleterious impact of fossil fuel is also seen in the form of acid rains which is 
caused by sulphur dioxide (Smith 1983).

In their efforts to reduce the dependency on fossil fuels and avoid long-term 
harmful effect on environment, scientists have generated great interest in one of the 
propitious form of alternative energy: Bioenergy. This curiosity has been signifi-
cantly moved by the petroleum price escalation between 2005 and mid-2008, as it 
occurred all along and even after the late 1970 energy crisis. Champions of this 
interest deduced bioenergy as a way to: (a) shield against mounting fossil fuel costs; 
(b) boost energy security by decreasing dependence on imported petroleum; (c) 
ration, in the near future, trustworthy domestic supplies mitigating against lessened 
or higher-cost supplies because of bloating worldwide demand and a decreasing 
international supply of conventional petroleum with increased dependence on more 
costly sources; (d) shape up the balance of payments by decreasing efflux of money 
to pay for more imported oil; and (e) decrease combustion of fossil fuel, as green-
house gases are being emitted in this process, and GHG emissions are often linked 
for precipitating climate change (McCarl and Boadu 2009).

The term ‘bioenergy’ refers to a large renewable energy source and has been ‘[a] 
primary source of energy for most of human history’ (Jennings 2007). Bioenergy is 
derived from resources that can be redeveloped and cannot be exhausted. Bioenergy 
is regarded as a renewable resource for the reason that it uses resources that can be 
promptly renewed, and are easily available, distinguished from fossil fuels (coal, oil 
and natural gas) which take thousands of years to regenerate. Thus to satisfy bioen-
ergy requirement, energy seekers must incessantly secure ample and reliable stock 
of biomass at prices letting them to manoeuvre profitably (Dahiya 2014). It is 
imperative to understand that bioenergy is derived from biomass, which is ‘any 
form of organic matter’ (Hartman 2013). It is a broad term and includes numerous 
materials, which are essentially renewable (Uhland 2008). In reference to the pro-
duction of energy, biomass can be exploited in any of the following ways: (a) ablaze 
directly as a fuel, either independently or mixed with fossil fuels, (b) treated to 
convert into a synthetic fuel that can burned to produce heat and energy or (c) break-
down of methane so that energy can be produced (Hartman 2013). Further, it is 
important to understand the exact meaning of certain terminology, often used as 
interchangeable, in bioenergy discourse. The terms like ‘biofuels’, ‘biodiesel’ and 
‘bioethanol’ are often used as synonym of ‘bioenergy’. However, these terms do 
carry separate meaning whose clarification will not be out of context.
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‘Biofuel’ refers to ‘the bioethanol and biodiesel and other fuels made from bio-
mass and primary used for motive, thermal power generation’ having ‘certain qual-
ity specification’ (S.2(f), Biofuels Act of 2006). Biofuels derived from oils, sugars 
and starches stocked in edible crops are referred as first-generation biofuels. These 
are obtained through comparatively modest and conventional technologies. 
Changeover technologies still under progress expedite the genesis of second- 
generation biofuels, also referred as advanced biofuels, which are derived from 
inedible crops, such as seasonal grasses and xyloid materials, and the inedible sec-
tions of food crops. Third-generation biofuels are derived from algae (Goh and Lee 
2010; Lee and Lavoie 2013; Dahiya 2014).

‘Bioethanol’ is a liquid fuel prepared out of plant source and recycled elements 
of the food chain. Bioethanol is processed from sustainable sources of feedstock, 
usually plants such as wheat, sugar beet, corn, straw and wood. At present, bioetha-
nol is derived from large-scale yeast fermentation of sugars that are obtained or 
made from crops followed by separation of the ethanol by distillation (Demirbas 
2007). On the other hand, ‘biodiesel’ relates to a range of ester-based oxygenated 
fuels from renewable biotic descent. The same can be manufactured from processed 
biological oils and fats. Technically, biodiesel is defined as the ‘monoalkyl esters of 
long-chain fatty acids derived from renewable biolipids’ (Demirbas 2008a, 114). 
Biodiesel is usually manufactured through ‘reaction of a vegetable oil or animal fat 
with methanol or ethanol in presence of a catalyst to yield methyl or ethyl esters and 
glycerine’ (Demirbas 2008b)

19.2.2  Phytoremediation

In reaction to an increasing demand to focus on environmental contamination, sev-
eral remediation technologies have been invented to ameliorate the contaminated 
soil (Riser-Roberts 1992) that are chiefly mechanical or physiochemical-based 
remediation techniques. These include soil washing, soil vapour extraction, soil 
flushing, solidification, etc. (Hamby 1996; Khan et al. 2004; Marques et al. 2009). 
However, these technologies are ordinarily costly and soil disturbing, from time to 
time making the land inadequate as a medium for new endeavours such as plant 
growth. As a result, a biology-based emerging technology is successful in securing 
the responses of both soil remediation scientists and the common 
people—phytoremediation.

Phytoremediation is a generic nomenclature related to technologies that use 
plants to remediate contaminated soil and groundwater by piling up the contami-
nants, generating environments contributing to the degradation of contaminants by 
means of natural biochemical process, volatilising contaminants to the atmosphere 
or by functioning as pumping mechanism to control groundwater flow (Rieger and 
Scott 1998). Phytoremediation consists of four mechanisms: phytovolatilisation, 
phytoextraction, phytodegradation and enhanced rhizosphere biodegradation. These 
mechanisms can be used individually, in any combination, or in association with 
other remedial alternatives (Dolan and Glynn 1997).
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19.2.3  Coupling the Two Technologies

The capitalisation of bioenergy plants for the remediating polluted land and ground-
water is an innovative strategy to derive additional benefits out of bioenergy crops 
(Tripathi et al. 2016). An important question, which also seems to be the aim of the 
present book, which needs to be understood, is why there was a need felt to couple 
phytoremediation technology with bioenergy plants? Possibly the answer lies in the 
fact that despite phytoremediation technology being well known since three decades, 
there seems less practical applicability on a large-scale basis (Meagher 2000; Wong 
2003; Oh et al. 2013). One of the basic reasons for restricted practical applicability 
of phytoremediation is its ‘cost’. Usually under conventional approach, only special 
plants, referred as hyperaccumulator, were used for phytoremediation. After being 
harvested, these special plants are treated with incineration due to the fact that they 
are loaded with high metal content. Generally such plants are scarce, having slow 
growth rate with no or less economic value (Oh et al. 2013). Moreover these special 
plants are subject to strong patent regime which makes their seeds and seedling 
expensive and low on accessibility (Oh et al. 2013). Coupling phytoremediation 
with biofuel plants could be economically valorised in the form of bioenergy, ‘[c]
ontributing to an important environmental co-benefit’ (Kathi 2016).

19.3  Emerging Issues Related with the Application 
of Concerned Technologies

Much of the optimism surrounding the benefits of these technologies is based on the 
belief that they might offer significant solution to environmental pollution and deg-
radation, but they do come with their own sets of challenges and risks. The present 
section of the chapter shall attempt to thematically present the emerging issues and 
concerns associated with the use of these technologies.

19.3.1  Food vs. Fuel

One of the serious controversies attached with the first-generation biofuels that uti-
lises merchandise such as corn, wheat, soybeans and vegetable oil is that the use of 
these merchandise knuckles with their readiness as food or animal feed. It is argued 
and debated by several scholars that the use of arable land for bioenergy can lead to 
food deficit and escalating food prices (Runge and Senauer 2007; Mitchell 2008; 
Tenebaum 2008; Ottinger and Miller 2010, 25; Stiegler 2014). Evidence of appre-
hensions are noticeable, as on 14 April 2008, the online news agency—African 
Energy News Review—penned down that food riots have resulted in death of five 
people in Haiti. It observed that ‘the diversion of food crops to biofuel production 
was significant factor contributing to global food price rocketing by 83% in the last 
year, and causing violent conflicts in Haiti and other parts of the world’ (Ottinger 
and Miller 2010).
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In the year 2007, the United Nations Food and Agriculture Organisation 
(UNFAO) came with an estimate that there was soar in world food prices by 40% in 
the preceding one year, and the rise in price had adversely affected all major biofuel 
feedstocks comprising sugarcane, corn, rapeseed oil, palm oil and soybeans 
(Tenebaum 2008). In the same year, UN Special Rapporteur on the right to food 
labelled resulting food insecurity due to production of biofuel as a ‘crime against 
humanity’ (Lederer 2007). Similarly in the year 2008, a World Bank paper spilled 
to The Guardian estimated that biofuel production was guilty for escalation in food 
prices by 75% from the year 2002 to 2008 (Molony and Smith 2010).

Amidst these apprehensions and concern from a section of scholars opposed by 
the necessity to switch towards an alternative fuel, the key question is: do we cur-
rently have any normative framework for both production and governance of 
biofuel?

Possibly, at the global level, biofuel production is yet to be a subject of any legal 
framework involving binding multilateral treaty that especially addresses its envi-
ronment and socioeconomic effects. Nonetheless the Rio Declaration on Environment 
and Development 1992 (Rio Declaration) and the UN good governance principles 
tender a comprehensive source for governance in the areas of environment and 
development (Lima 2009). Rio Declaration demands that all undertakings, including 
biofuel production, take place in agreement with environmental conservation. 
Untenable designs of production shall be scaled back, bring to an end and substituted 
by techniques that preserve natural resources and ecosystems’ purity for the use of 
present and future generation (Principle 3, 4, 8 and 15 Rio Declaration 1992; Lima 
2009). The Rio Declaration also demands that biofuel production donates effectually 
to hammer away inequality and cater the requirements of the poor and marginalised, 
who shall be given special priority. The dominant forces of the world should not take 
advantage of developing countries and their populations. Care should be taken that 
demands and vulnerability of developing countries should not be exploited to an 
extent that it suffers from environment or human health-related issues (Principle 5, 6 
and 14 Rio Declaration 1992; Lima 2009).

The Rio Declaration also laid down principles for in what manner the procedure 
of production and development should be administered. It necessitates collaboration 
between people and States at the global level, with extra responsibility on the part of 
developed nations. Sustainability concerns should be governed with a strong policy 
framework through open meetings and in a general agreement fashion rather than 
one-sided decision. The procedure should be clear, and all engaging, and it should 
include accountability mechanisms (Principle 7, 10, 12, 13 and 27; Lima 2009).

In addition to the Rio Principles, the United Nations Development Programme 
Governance and Human Development (1997) developed certain principles: rule of 
law, transparency, cooperation and consensus orientation, accountability, inclusive-
ness and participation, responsiveness, effectiveness and fairness, biophysical sus-
tainability and efficiency. These principles could play pivotal role for international 
biofuel governance. Lima has argued that how good governance principles coupled 
with Rio Declaration principles can be utilised to develop an international legal 
framework for biofuel governance (Table 19.1).
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19.3.2  Indirect Land Use Change

The increase in demand for ethanol and biodiesel around the world has led to risk of 
unintended consequences with a potential negative impact on environment. As dis-
cussed above, when requirement for biofuels escalates and food and feed crops are 
encouraged to be utilised for biofuels, the dearth in food production may be 
redressed by fresh food production on hitherto nonagricultural areas elsewhere, 
such as forest or grasslands (Valin et al. 2015). Thus to ‘[b]ring new land under 
cultivation— if and when happen in response to biofuel demand’, it is referred as 
‘indirect land use change’ (ILUC) ((Malins et al. 2014). Akrill and Kay in their 
work, The Growth of Biofuels in the 21st Century, explain in detail what is ILUC 
with a hypothetical example of German farmers. In this they portray that if a great 
deal of farmers from Germany decides to switch out of wheat production in favour 
of biofuel crops, it could escalate the price of wheat in international market. 
Consequently, farmers of Ukraine may be forced to plough pasture land in order to 
grow wheat (Akrill and Kay 2014). This is a clear-cut example of ILUC. An obvious 
question which comes into mind is: Why ILUC is so important? It is relevant to 
understand that claims in favour of biofuel production are also made on the ground 
that they have ‘potential to mitigate climate change by reducing greenhouse gas 
(GHG) emissions compared to using fossil fuels’ (Overmars et al. 2011). However, 
a complex condition stand up when extensive space of rainforest, peat bogs, grass-
lands and other natural lands are reduced into agricultural land as a response to 
biofuel production in some other place (ILUC). The complexity with ILUC is 
derived from the fact that, first, when jungles are in scope or length, grassland and 
peat bogs are ploughed, GHGs are on the loose into the atmosphere. Second, remov-
ing these stout natural sinks considerably reduces their natural capacity to absorb 
greenhouse gases, especially carbon (Ottinger and Miller 2010). Thus, the net result 
could be more GHG emission than what one reduced by preferring biofuels over 
fossil fuels.

A number of studies have attempted to calculate or otherwise evaluate the scale 
of the carbon consequences of the ILUC. The first peer-reviewed endeavour to cal-
culate the possible extent of ILUC emission was made by Searchinger (2008). 
Timothy Searchinger’s group applied ‘the partial economic model of world agricul-
ture’ conceived by the Food and Agriculture Policy Research Institute (FAPRI) to 
determine how much land use change might be contemplated in corresponding the 
US corn ethanol mandates. It then allocated possible carbon emissions to this 
amount of land use change by applying ‘average land carbon content estimates’ 
from the Woods Hole Oceanographic Institution. The modelling indicated that the 
carbon emission intensity of land use change would be 104 grammes of carbon 
dioxide equivalent per megajoule (gCO2/MJ), higher than any possible decrease 
from truncated fossil fuel use, and therefore, the research group contended that any 
likely carbon savings from truncated fossil fuel would increase rather than decrease 
carbon emission. Post Searchinger study, there were many attempts to analyse the 
ILUC adversarial impact, if any, and to quantify the same (Gallagher Review 2008; 
Overmars et al. 2011; Edwards et al. 2010). From the various studies done, it would 

R. Shrinkhal



467

be safe to argue that a consensus has developed in the scientific and regulatory com-
munity that ILUC is real. However, still confusion remains to the magnitude of the 
ILUC emissions.

The point which I want to make is that any policy on biofuel production should 
incorporate sustainability principles. Even the United Nations Framework 
Convention on Climate Change (UNFCCC) has acknowledged that land use change 
makes a far reaching contribution to global CO2 emissions. Consequently, a crucial 
part of its efforts to mitigate climate change is limitation of such emissions through 
the development of REDD+ (reducing emission from deforestation and forest deg-
radation, conservation of forest carbon, sustainable management of forest and 
enhancement of forest carbon stocks), a mechanism designed to incentivise efforts 
to retain and enhance forest carbon stocks in developing countries. Moreover, the 
European Commission also came with new rules in the year 2015, which intended 
to reduce the potential risk of ILUC and amended the Renewable Energy Directive 
(RED) (2009/28/EC 2009) and Fuel Quality Directive (2009/30/EC, 2009).

19.3.3  Concerns of Tribal and Indigenous Peoples

Besides the problems of food security and environmental concerns, biofuel is criti-
cised for adverse social consequences it brings in the life of tribal and indigenous 
communities. Expanding the biofuel industry encourages governments and private 
investors to go to developing countries to buy or lease lands and grow biofuel crops 
(Chen 2016).

Nicola Colbran in her peer-reviewed work highlights the plights of local tribal 
communities of Indonesia. She argues that the private companies in collaboration 
with the Indonesian government have institutionalised oil palm production for bio-
energy purpose. This in turn has led to the massive deforestation and land acquisi-
tion of tribal communities. Land alienation of tribal/indigenous peoples has direct 
adversarial relationship with the indigenous culture. Further, she argues that mono-
culture cropping pattern either in the form of oil palm or Jatropha poses serious 
threats to biodiversity. Additionally, oil palms have seriously depleted the water 
level creating serious water crisis among tribal areas (Colbran 2011).

Similarly, Montefrio and Sonnenfeld (2013) in their study focused on the situa-
tion of indigenous farmers in the Philippines, which portrays a murky picture of 
officially launched ‘Jatropha biofuel programme’ in the year 2006. Jatropha was 
perceived by the governments as universal panacea for issues ranging from poverty 
alleviation and reduction, energy sustainability, reforestation of land denuded of 
trees and reinforcing food security. The justification generally forwarded by office 
bearers was that Jatropha, being a robust non-food crop, could be cultivated on land 
inappropriate for food production and used for restoration of discarded lands. Also, 
private and public firms involved in Jatropha cultivation encouraged the crop as 
‘sustainable’ (Montefrio and Sonnenfeld 2013).

Though the official aim of the biofuel production programme was to achieve 
self-reliance in energy needs of the Philippines, the ‘global and local’ biofuel actors 
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had an altogether different intention of exporting biodiesel to international market. 
The study further revealed that how the parastatal organisations (companies owned 
or controlled by governments) and private companies in between 2007 and 2010 
involved several local actors including indigenous peoples and enable Jatropha 
growth through contracting farming. These companies aggressively sought for large 
indigenous lands on the pretext that several large tracts of indigenous lands are 
nothing but a waste. However, the ulterior motive was to have a contiguous biofuel 
cropping pattern in order to increase productivity. This whole idea of involving 
large tracts of indigenous land was itself contrary to the initial understanding of the 
biofuel crop plantation would be limited to smallholder farmers (Montefrio and 
Sonnenfeld 2013).

The entire discourse on biofuel production in the Philippines had some complex 
problems. First, the argument advanced by the company members that indigenous 
lands are nothing but a waste seems similar to an erstwhile doctrine of terra nullius, 
by which indigenous peoples’ land and territory was referred by European invaders 
as ‘territory of nobody’, and hence it could be available for subjugation. European 
colonialism thrived on such an obnoxious doctrines (Colbran 2011; Anghie 1999). 
Second, parastatal and private companies forced contracting indigenous peoples 
who wanted to practise traditional swidden agriculture—a form of shifting cultiva-
tion—to grow continuously the crop of Jatropha, even in some cases against their 
wish. Third, many of these indigenous farmers used forest land for Jatropha farm-
ing, and the resulting deforestation deprived many forest-based indigenous popula-
tion and communities. This raised the tension among the local communities itself 
(Montefrio and Sonnenfeld 2013). Moreover, these problems have direct bearing on 
the subdued cultural rights of indigenous peoples.

19.3.4  Invasive and Exotic Plants

Phytoremediation and biofuel production have a common concern regarding inva-
sive and exotic plants. Most peoples have little or no knowledge about the difference 
between an invasive exotic species and a native species and will go about their life 
blissfully unaware of this threat (Stuart 2012). Invasive species is defined as ‘an 
alien species whose introduction does or is likely to cause economic or environmen-
tal harm or harm to human health… Alien species means, with respect to a particu-
lar ecosystem, any species … that is not native to that ecosystem’ (Executive Order 
No. 13112, 1999). There had been serious deleterious effect on the biodiversity by 
certain invasive species which includes: kudzu (Pueraria montana), a semi-woody 
perennial plant belonging to the Fabaceae or legume family (Forseth and Finnis 
2004); eucalyptus plants in India, introduced for fuel and timber, turned out to be 
water intensive (Shiva and Bandyopadhya 1983).

Arundo donax, a plant which had both capacity of bioenergy production and 
phytoremediation, had altered the hydrology and eliminated native species of 
Florida, a glaring example which forces us to have precautionary approach while 
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choosing plants for bioenergy or phytoremediation purposes (Vanheusden et al. 
2012; Herrera and Dudley 2003).

Invasive species are imported either deliberately (generally under the presump-
tion that introduction will revamp the environment or boost local industries) or inad-
vertently, as stowaways in conveyances, containers or the good themselves. Under 
any situation, international law has a significant role to play in the control and regu-
lation of invasive species. In 1951, the International Plant Protection Convention 
(IPPC) created the first international regime with an objective to prevent the intro-
duction and spread of nonindigenous plant pests via packing materials, storage 
places and transportation facilities. Following an obligation stipulated in the IPPC, 
the European and Mediterranean Plant Protection Organisation was founded in 
1951. One of the main objectives of the organisation is to provide a database of the 
invasive plants. A major breakthrough in the control of invasive species came with 
the adoption of Convention on Biological Diversity (CBD) in the year 1993. The 
CBD made it obligatory on contracting states to ‘[p]revent the introduction of, con-
trol or eradicate to those alien species which threaten ecosystems, habitats or spe-
cies’ (Article 8(h), CBD 1993). The Conference of Parties (COP) specially referred 
to the potential risk of ‘biocontrol agents’ as invasive species. It requested member 
states, governmental organisations and other relevant institutions to ‘take appropri-
ate measures’ in the form of ‘codes of practice regarding trade and use of biocontrol 
agents’. It emphasised on having regulatory framework on invasive species at all 
three levels: domestic, regional and global (para. 55, COP 8 Decision VIII/27 2006).

19.4  Conclusion

The arguments and concerns pictured in this chapter should not be misconstrued as 
an attempt to thwart the development of progressive techniques of combining bio-
fuel production with phytoremediation in spite of the fact that both the components 
exhibit certain deleterious effects. However, these concerns can be addressed by a 
robust regulatory mechanism governing biofuel production and management of 
phytoremediation crops. Unlike energy through fossil fuels, bioenergy is sustain-
able and cleaner because of less harmful emissions. Similarly phytoremediation is a 
more eco-friendly approach for soil and groundwater remediation. If we carefully 
assess the social adversity attached with the use of these technologies especially 
food crisis, the ILUC and impact on indigenous communities, it may be not be 
unwarranted to claim that most of these problems are due to policy paralysis. As 
regards to the problem of invasiveness of a plant species, a thorough and unbiased 
in situ research is required before large-scale introduction of such plant outside its 
place of origin. The key mantra for successful practical application of the concerned 
technologies is adherence to the principle of sustainable development wherein envi-
ronment and human welfare constitute the core concern.

19 Coupling Phytoremediation Appositeness with Bioenergy Plants: A Sociolegal…
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