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Abstract 
 
Uncontrolled metal deposition in soil constitutes a serious concern for the environment due 

to associated risks of metal toxicity to the biota and consequently to humans. Since metals 

are non-biodegradable, mitigating exposure risks is reliant on either removing metals from 

soil, or altering their speciation in ways where their bioavailability and mobility is reduced to 

safer levels. The use of plants to extract metal contaminants from soil has been proposed as 

a cost-effective means of remediation, especially when augmented with plant growth 

promoting bacteria and utilizing energy crops for this process is a useful way of attaining 

sustainable added value from the process. The focus of this research was to examine 

phytoremediation as a sustainable biotechnology to remediate metal-contaminated soil, 

generate bioenergy and to explore the potential of using its by-products for contaminant 

stabilization and as adsorbents. 

A multicriteria decision analysis, based on relevant criteria and key performance indicators 

was used to uniquely develop a mechanism for selecting plant species that satisfies the 

suitability criteria for both phytoremediation and biomass valorisation and silvergrass and 

sunflower emerged as the top performers as they incorporate important features beneficial 

for phytoremediation and bioenergy production. Greenhouse phytoextraction studies were 

carried out using sunflower plants in pots and the effect of plant growth promoting bacteria, 

Bacillus aryabhattai on growth and phytoextraction effectiveness was investigated. 

Sunflower plants were found to be largely effective in accumulating metal contaminants into 

its aboveground tissues (with bioconcentration factor and translocation factor ranging from 

0.81 – 0.94), and this was enhanced significantly by the application of plant growth promoting 

bacteria, Bacillus aryabhattai (with bioconcetration and translocation factor > 1 for all metals, 

thus attaining hyperaccumulator status). Metal-rich post-remediation sunflower residues had 

calorific values ranging from 17.01 to 18.04 MJ/kg and these were converted 

thermochemically via pyrolysis producing an estimated 22.3 % bio-oil yield free of metal 

contaminants and biochars (51.6% yield) and the speciation of metals in biochar matrix was 

analysed. Speciation studies showed that about 73.69% - 86.04% of the metals were stably 

stored in the non-bioavailable F3 and F4 fractions of the biochar matrix following pyrolysis, 

thus significantly reducing their bioavailability and mobility. Metal-rich sunflower-derived 

biochar were further utilized to perform column and batch experiments to ascertain the 
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feasibility of further attaining practical adsorbent-based remediation from metal 

contaminated aqueous solution using post-remediation sunflower biochar. The metal-

enriched biochar was demonstrated to be highly effective adsorbent for the removal of metal 

contaminants in aqueous solution (91.66 – 93.67% removal in mono-metal conditions and 81 

– 88.1% removal in multi-metals condition) in the order Pb > Cd > Zn. Phytoremediation offers 

a less intrusive, environmentally sustainable technology option for contaminant control and 

when combined with energy production, it opens opportunities to attain society’s economic 

and environmental goals in a sustainable manner. By-products attained from the process like 

biochars can potentially offer practical application in contaminant risk management schemes 

and soil improvement technologies. 
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CHAPTER ONE 

INTRODUCTION 
 

1.1 BACKGROUND 

 
Pollution in soils from metal contamination is considered a major global environmental issue. 

Though occurring naturally, the bulk of concerning contamination from metals are mostly 

from anthropogenic sources (Zhang et al., 2015). ‘Heavy metal’ has been described as a group 

of elements with a density higher than 4 - 5 g cm−3, which includes metals and metalloids like 

arsenic (Duffus, 2002). Metal(loid)s as a word describes those elements exhibiting some 

properties of both metals and non-metals. At optimal concentrations, some of these 

metals/metalloids are biologically essential for plant growth and development (for example, 

copper, nickel, and zinc are essential micronutrients that aid mechanisms necessary for 

normal plant growth and yield) (Singh et al., 2017). However, exposure to pollution emissions 

can increase this concentration to levels where they become toxic to the environment and 

human health. Also, because of the non-degradable nature of these metals (Kirpichtchikova 

et al., 2006), they can pass through different levels of the food chain via biomagnification 

causing poisoning and diseases to species and consequently, humans (Ali & Khan, 2019).  

With globally increasing rates of human activities, soils are continuously exposed to toxic 

levels of metal contamination resulting in even more threats to ecosystems, surface and 

groundwater, safety of food and consequently human health (Kachenko & Singh, 2006). Some 

of the human-influenced variety of sources through which toxic metals come into the 

environment are mining activities (Huang et al., 2016), fertilizer application (Duruibe et al., 

2007), pesticide application (Huang et al., 2016), biosolids and manures (Hamidpour et al., 

2016), atmospheric deposition and use of polluted water for irrigation (Dheri et al., 2007). 

On a global scale, soil pollution has been reported in over 10 million sites, with more than 

50% of this figure being as a result of metal/metalloid contamination and having an estimated 

global economic impact of over US $10 billion per year (He et al., 2015). Notable recorded 

incidences of metal contaminant consequences include the Minamata disease breakout 

between 1932 and 1968 (Amasawa et al., 2016), the Flint, Michigan lead-contaminated water 
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incident in 2014 (Torrice, 2016), the Hong Kong metal-contaminated drinking water incident 

in 2015 (Lo, 2015), and the 2015 Mariana dam disaster in Brazil (Sá et al., 2021). 

In addition to the direct toxic effect of these metals, soils already polluted with them are 

difficult to restore as these metals are non-degradable, therefore the clean-up process often 

requires extensive metal extraction and are very expensive and requires high level of technical 

expertise (Barcelo and Poschenrieder, 2003).  

Previous and current practices of metal ‘clean-ups’ have involved various physical, chemical, 

or biological processes such as incineration, soil washing, vitrification, chemical oxidation, 

solidification/stabilization, electrokinetic treatment, excavation and offsite treatment etc. 

(Barcelo and Poschenrieder, 2003; Montpetit and Lachapelle, 2017). In addition to being 

costly, some of these traditional methods of remediation could be very invasive and 

environmentally destructive (EPA, 2008). Therefore, organizations and researchers are 

exploring more environmentally friendly and less invasive alternative remediation processes, 

generally categorized as ‘green remediation’ (EPA, 2008). This seeks to reduce cost as well as 

environmental impacts associated with traditional physicochemical remediation processes. 

One such green remediation option gaining increasing attention is phytoremediation. 

Phytoremediation is a terminology used to describe a set of techniques involving plants as the 

primary agent for reducing, removing, degrading, and immobilizing environmental toxins 

(Peer, 2005). Phytoremediation has been proposed as an environmentally sound means of 

remediation especially for large areas with shallow contamination (Muske et al., 2016; 

Schwitzguébel, 2017). Phytoremediation is especially advantageous for the following reasons: 

low cost, low energy input and is less harmful than alternatives (Rheay et al., 2021). Three 

major subsets of phytoremediation may be identified: 

• Phytoextraction which describes the removal of environmental toxins from the soil 

into plant tissues via translocation (Suman et al., 2018); 

• Phytovolatilization which is essentially the volatilization of toxic pollutants from soil 

or water bodies into the atmosphere through plants (Zayed et al., 2020); 

• Phytostabilization which involves the use of plants to stabilize pollutants in soil and 

make them less mobile and less bioavailable (Shackira & Puthur, 2019); 
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Ultimately, the aim of phytoremediation is to restore polluted sites to relatively safe levels of 

contamination (Muske et al., 2016). Simultaneously applying a combination of these different 

forms of phytoremediation increases the effectiveness of the process in tackling multiple 

kinds of contaminants at the same time (Kushwaha et al., 2015). Phytoextraction is however 

the area of major focus for this thesis because of its importance in removal of metals from 

soil. 

For all its merits, phytoremediation is limited by the amount of time it takes to reach the 

stipulated remediation targets and in cases where it is used for metal removal, dealing with 

the metal-rich biomass generated by the phytoremediation process is always problematic 

(Lievens et al., 2008). To deem phytoremediation viable will depend a great deal on its ability 

to yield additional value-added services to make up for the prolonged time it takes to achieve 

the desired clean-up targets (Pandey et al., 2016) and the feasibility of dealing with residual 

metal-rich biomass derived from the process (Lievens et al., 2008). 

Generating additional energy from the phytoremediation process by utilizing energy crops for 

metal extraction can be a useful way of gaining added value from the process. By exposing 

these crops to an energy valorization process, they can yield valuable energy output (Rheay 

et al., 2021).  

 

The term valorization describes a process of converting biomass or waste into energy fuels 

and other beneficial materials (Nzihou, 2010). Biomass can be valorized via processes like 

combustion, gasification, and pyrolysis. Combustion is the thermal decomposition of fuel in 

the presence of oxygen in the air (Demirbas, 2007). Gasification involves the thermal 

decomposition of fuel (solid or liquid) to produce syngas (Sikarwar et al., 2016). Pyrolysis is 

the thermal decomposition of organic material in the absence of oxygen (Mandal et al., 2017). 

During pyrolysis, due to the absence of oxygen, these organic materials do not combust, but 

their constituent chemical compounds (cellulose, hemicellulose, and lignin) are converted to 

combustible gases and char. These gases can further be condensed to produce bio-oils. The 

pyrolysis process in summary produces three products: bio-oils, biochar and syngas (see 

figure 1.1). Pyrolysis is especially more environmentally beneficial because it tends to produce 

fewer emissions due to less oxygen usage and it produces more usable post-valorization 
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products (bio-oil, biochar, and gases) than conventional incineration procedures (Akhtar et 

al., 2018). 

 

 
Figure 1. 1. Schematic representation of the pyrolysis process (Bioenergy Consult, 2022) 

 

Remediation is inherently not sustainable (Bardos et al., 2020) and a common theme of many 

ex-situ remediation technologies is the consequent environmental degradation and the 

destruction of soil ecosystems and its associated functions (Scow et al., 2020). In-situ green 

remediation alternatives like phytoremediation are generally favoured by enlightened 

stakeholders (Andersson-Sköld et al., 2014; Gerhardt et al., 2017; GREENLAND, 2014), but 

despite it being a low-cost, effective, and relatively safe remediation technology, its 

acceptability is not overwhelmingly widespread (Gerhardt et al., 2017; Weir & Doty, 2016). 

To influence social acceptability of phytoremediation technology, key components to put into 

consideration are risk perception and values (Shindler et al., 2004). Emphasis has been placed 

on the need to adopt a more sustainable and risk management-based approach to dealing 

with environmental contaminants of concern (Bardos et al., 2020; Drenning et al., 2022). Low-

input green remediation options like phytoremediation may be incorporated with an 
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extensive ‘phytomanagement’ approach (which entails integrating phytoremediation with 

some valuable land conservation practice aimed at enabling crop production for economic 

and environmental gains) (GREENLAND, 2014, Cundy et al., 2016, Burges et al., 2018).  To 

achieve these aims, generation of beneficial biomass is essential. Some successful integration 

of these phytomanagement practices have been successfully adopted at field scales. 

Quintela-Sabaris et al. (2017) using Lactuva sativa L. (lettuce) as a model plant investigated 

the effectiveness of phytomanagement using gentle remediation options on ten trace-

element contaminated European soils. Results showed success in improving shoot dry weight 

yield of lettuce, an amelioration effect of lettuce on phytomanaged soils, even though the 

effect on trace element concentrations in the soil pore water was limited.  Mench et al. (2018) 

utilizing a long-term field trial demonstrated that the simultaneous application of compost 

and growing of sunflower in copper (Cu) contaminated soils was successful in improving 

sunflower growth, soil pH, soil nutrient status of the sites, and also enhanced shoot Cu 

removal by the sunflower plants.  Cundy et al. (2021) also demonstrated successful 

application of field-scale phytomanagement at a carbon tetrachloride (CCl4)- impacted site, 

effectively reducing risks over the 10-year period since its implementation by removing 

approximately 300 – 600 g of CCl4 annually.  

 

There is increasing international interests in developing avenues to enhance sustainability in 

remediation projects. Initiatives like the EU-sponsored HOMBRE (HOlistic Measurement of 

Brownfield Regeneration) project was particularly focused on developing a synergistic 

application of brownfield regeneration with additional environmental services to promote 

sustainability in regeneration and remediation and a key outcome of the project was on the 

importance of the combination of bioenergy production and remediation as a means of 

generating value from marginal lands (HOMBRE, 2012). Additionally, the EU-funded 

GREENLAND project which is a culmination of 16 case studies including 13 long-term large-

scale experiments were carried out across Europe to evaluate the effectiveness of ‘gentle 

remediation options’ (like phytoextraction, trace element immobilization, in situ 

phytoexclusion/stabilization) in managing the risks associated with trace element 

contamination. The project showed wide range of success stories ranging from trace element 

contamination reduction, improved trace element tolerance, dry biomass yield 

enhancement, soil improvement, reduced metal mobility across contaminated sites in Europe 
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(GREENLAND, 2014). The end goal is to seek low-input mechanisms to improve sustainability 

in risk management-based green remediation. 

According to the United Nations Brundtland report in 1987, sustainability is defined as 

“meeting the needs of the present without compromising the ability of future generations to 

meet their own needs” (WCED & Brundtland, 1987). It entails attaining society’s economic and 

social needs together with protecting the environment. The Sustainable Remediation Forum 

in the UK (SuRF) defined sustainable remediation as “a remedy or combination of remedies 

whose net benefit on human health and the environment is maximized through judicious use 

of limited resources” (SURF, 2009). The forum already developed a framework to support land 

conservation decision-making in a manner that merges well with prevalent good 

environmental practice guidance for contaminant risk assessment and management (Bardos 

et al., 2012). Tiered approach to sustainability is advocated for gentle remediation options 

with assessment tiers ranging from simple qualitative assessment to multicriteria decision 

analysis and monetized cost-benefit analysis (SuRF, 2009). The Sustainable remediation 

initiative also prioritizes assessment and reduction of the potential impact of every dimension 

of the triple bottom line: environment, economy, and society (SuRF, 2009). This study seeks 

to merge these priorities together via phytoextraction of heavy metal contaminants from 

polluted soils and gaining valuable bioenergy proceeds from the process.  

 

In compliance to sustainable remediation provisions, the GREENLAND project also 

demonstrated that biomass generated from gentle remediation practices can be valorized via 

some mechanisms like combustion, anaerobic digestion and pyrolysis thereby proving 

renewable low-input energy (GREENLAND, 2014). Although the concept of combining 

phytoremediation with biomass valorization is relatively new, quite a number of works has 

been done on the subject. In a review using four bioenergy crops as case study, Pandey et al. 

(2016) explored potential strategies for linking phytoremediation and bioenergy production. 

Their report and a number of other studies (Jiang et al., 2015; Tripathi et al., 2016) have 

evaluated specific bioenergy crops (based on hyperaccumulation and biofuel potentials) as 

candidates for a synergistic association with phytoremediation. However, none of these 

studies has carried out an across board analytical review, involving multiple species as well as 

considering multiple suitability criteria to determine suitable candidates for a synergistic 
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approach to pollution clean-ups. Developing a more robust selection process would vastly 

improve understanding. Also, the expected outcome is realistically more reliable as 

candidates have been exposed to more suitability checks. 

 

To generate energy from phytoremediation-derived solid biomass, sometimes metal-rich 

biomass is subject to direct combustion to generate heat that can be transformed to electric 

power (Kshirsagar & Kalamkar, 2014). However, certain metals like zinc and cadmium have 

huge volatilization potential when combusted under extreme temperatures and could yield 

concentrated heavy metals in the volatile fractions (Lievens et al., 2008). A thermal 

conversion process like pyrolysis is therefore desirable to reduce the volume of metal 

contaminants in the volatile fractions so it can be utilized for chemicals or transportation fuels 

(Lievens et al., 2008). Under pyrolysis, the metal mass can be stably stored in the solid carbon 

rich biochars fraction, leaving the oil, tar, and gas fractions free of heavy metals (Chalot et al., 

2012; Lievens et al., 2008). This stabilized metal-rich biochar can potentially be disposed 

safely or even further explored as a contaminant removal material. Even though biochar is 

known for its use as soil amendments (Inyang et al., 2012) and wastewater treatment 

materials (Manyuchi et al., 2018), their applicability as treatment materials when enriched 

with bulk volumes of metals (after pyrolysis) have not been adequately tested and knowledge 

of their ecotoxicity when disposed into the environment is very limited. To avoid further 

exposure to heavy metal contamination after clean-up, it is expedient to evaluate the toxicity 

of biochar enriched with metals and evaluate their suitability as wastewater treatment 

materials. Their potential use for wastewater treatment provides further options for 

additional benefits from the process. 

 

1.2 JUSTIFICATION OF STUDY AND CONTRIBUTION TO KNOWLEDGE 

It has been argued that the commercial success of phytoremediation as a pollutant control 

technique is dependent on its potential to generate valuable biomass as by-products (Lelie et 

al., 2001; Conesa et al., 2012). As a stand-alone remediation technique, it may be less 

favourable than alternative means for reasons stated in section 1.1. The potential reuse of its 

post-remediation biomass is hugely what makes the process environmentally appealing. 

Biomass refers to any fuel derived from organic materials (Dastyar et al., 2019). They are 

renewable and can be obtained with relative ease. Some viable biomass identified as useful 
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for valorization and energy generation are scrap lumber, waste residue feedstock, timber 

debris, manure, and crop residue.  

 

A major challenge of using phytoremediation feedstock for valorisation and bioenergy 

generation is pollutant transfer and the presence of metal contaminant in usable biomass 

after phytoextraction. Additionally, plants ideal for phytoremediation are expected to have 

additional beneficial traits to be useful. This is further compounded by plants needing to 

satisfy bioenergy and valorisation requirements as well. This presents a unique problem and 

is identified as a major weakness of the technology (Gomes, 2012). 

 

This research presents a comprehensive and cohesive approach to solving these problems. It 

utilizes a unique cradle-to-the-grave approach to exploring phytoremediation as a sustainable 

and beneficial means of managing metal pollution. Firstly, the study utilizes an MCDA to 

uniquely develop a mechanism for selecting plant species that satisfies the suitability criteria 

for both phytoremediation and biomass valorisation, then utilizes the information gathered 

to conduct an empirical phytoremediation study whose by-products will then feed into a 

valorisation study (pyrolysis). By-products (biochar) from this process will then be used to 

perform column and batch experiments to demonstrate their effectiveness as surfaces for 

wastewater treatments.  

 

While individual sections of these different processes have been done in different ways in 

isolation, none has carried out a cohesive synergistic approach by merging these processes 

where derived outcomes of one process are fed into the next. It presents a unique pathway 

for developing solutions to environmental problems in multiple strands that considers both 

environmental and economic concerns from the onset as well as present a way of managing 

wastes and transfer of contamination by encouraging reuse of by-products. 

 

 

1.3 RESEARCH GAPS AND PROJECT AIM AND OBJECTIVES 

From the literature review (see Chapter 2), the identified research gaps that require further 

investigation are outlined thus: 
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i. SuRF-UK advocates a tiered perspective to assessing sustainability and stresses the 

need for decision making efforts to be proportionate, i.e., aiming to make 

decisions based on the simplest approach that demonstrably produces the most 

optimum and robust outcome (Bardos et al., 2012). Most phytoremediation 

projects with bioenergy crop considerations generally involve an evaluation of 

specific bioenergy crops of interest based on phytoextraction and biofuel 

potential. There is a lack of a systematic data-based selection review process 

involving multiple candidates and considering multiple suitability criteria when 

decisions are being made on plants to be adopted for a synergistic approach to 

metal contamination clean-up.  

ii. Improving the biomass productivity and ultimately the accumulation potential of 

plants is key for any phytoremediation project. Bacillus aryabhattai has been 

identified and demonstrated as a plant growth promoting bacteria (Bhattacharyya 

et al., 2017). Because of its genome-level observation as a plant growth promoter, 

the potential exists that it could even be more beneficial in aiding plant to 

maximise and improve their metal accumulation capacity and boost their 

tolerance to metal stress. It will be the first time B. aryabhattai will be evaluated 

for its potential to enhance phytoremediation.  

iii. While there are studies exploring the competitive sorption of heavy metal using 

different types of sorbents, very few of these studies have explored competitive 

sorption dynamics using biochar and there have been no report of the use of 

metal-rich biochar from sunflower derived from a phytoremediation process as an 

adsorbent in aqueous settings. 

iv. In addition to other individual identified gaps, there has been no cohesive cradle-

to-the grave exploration of the sustainability of phytoremediation from the 

selection of the ideal species to the use and reuse of products and by-products, 

down to the potential disposal of end-products of the process. 

 

The cradle-to-the-grave approach is a life-cycle assessment tool typically used to 

explore the associated impacts at each stage of a product’s life cycle (EEA, 2022).  For 

the context of this study, the research aims to use the cradle-to-the-grave approach 

in multi-stages to comprehensively examine phytoremediation as a sustainable 
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biotechnology to remediate metal-contaminated soil, generate bioenergy and to 

explore the potential of using its by-products for contaminant stabilization and as 

adsorbents for wastewater treatment (See Figure 1.2).  

To achieve this aim, the study would be conducted based on these set objectives: 

• To develop a multi-criteria analysis matrix based on a number of established criteria 

to determine which phytoremediation species is (are) best suited for the purpose of 

phytoremediation and bioenergy generation. 

• To ascertain the effectiveness of select phytoremediation species in clean-up of metal 

pollution on metal contaminated soils as well as investigate the effect of plant growth 

promoting bacteria (PGPB), Bacillus aryabhattai in improving plants’ heavy metal 

bioaccumulation potential. 

• To evaluate the bioenergy potential of the post-phytoremediation biomass, and the 

production of biochar  

• To evaluate the potential use of post-pyrolysis metal-rich biochar for wastewater 

treatments of heavy metal contaminants of concern. 

 

 

 
Figure 1.2. Flow diagram showing cradle-to-the-grave approach highlighting objectives 

 

1.4 THESIS OUTLINE 

 
The thesis consists of 7 chapters outline as follows:  

Chapter 1 introduces the research topic and highlights the identified knowledge gaps while 

outlining the research aims and objectives and proposed thesis structure. 

MCDA

• To make 
decision on ideal 
species

Phytoremediation 
study

• To enhance metal 
uptake and 
biomass yield of 
selected species 
using bacterial 
inoculum

Pyrolysis and 
speciation

• To valorize 
metal-enriched 
biomass via 
pyrolysis  and to 
confirm metal 
immobilization

Wastewater 
treatment

• To utilize metal-
enriched biochar 
for wastewater 
treatment

Further speciation 
and disposal

• To confirm 
immobilization of 
metals before 
application to soils

Cradle Grave 
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Chapter 2 gives a comprehensive review of relevant literature relating to the associated 

subjects around the research. It discusses the conceptual framework underpinning the 

important research themes such as metal pollution, phytoremediation, biomass valorization, 

bioenergy generation and explores the applicability of biochars as materials for wastewater 

treatment.  

 

Chapter 3 reviews the methodological approach employed, their designs and rationale for use 

as well as materials, technique and equipment employed. 

 

Chapter 4 introduces the concept of multicriteria decision analysis, the resulting MCDA 

matrix, a result section highlighting findings and a section detailing with the application 

ramifications and summary. The results garnered from this chapter informed the choice of 

plant species to be employed for the next chapter. 

 

Chapter 5 gives a brief introduction section detailing the rationale behind the study, reports 

on a preliminary study investigating the usefulness of a plant material (Helianthus annuus), in 

accumulating metal contaminants onto its aboveground tissues, and investigates the effect 

of PGPB, Bacillus aryabhattai on improving the growth and bioaccumulation potential of H. 

anuus. 

 

Chapter 6 includes an introduction section summarizing the findings of the phytoextraction 

process, details the findings of the pyrolysis study and analysis of the constituent products, 

especially the biochar obtained and investigated using column experiments, the adsorption 

potential of metal-rich sunflower biochar to clean-up rare-earth metal pollution in aqueous 

solutions. 

 

Chapter 7 gives a general discussion of the research as a unit, concludes the thesis and 

considers the implications of all the findings, their significance, the limitations, and highlights 

recommendations for future research. 
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1.5 Significance of the study 

The findings from this study have potential wider positive implications in several ways: 

• Remediation of metal-contaminated sites remains a layered and complex issue. As will 

be illustrated in this study, remediation occurs in multiple strands of processes and a 

better understanding of species performance dynamics across the different stages will 

save time, minimize costs, provide important information on possible hazards 

associated with contaminants’ mobility and toxicity, and presents workable and 

sustainable management options to the problems of metal contamination.  

• Results obtained from this research will provide data-based information to academia, 

industries, and the public on sustainable phytoremediation technology using energy 

crops and options to deal with its associated by-products, as well as identify areas 

necessary for further studies and exploration. 

• The study will contribute to the already rich evidence on the behaviour of heavy 

metals in the environment and the potential associated risks to life forms and human 

health. 
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CHAPTER TWO 

LITERATURE REVIEW 
 

2.1 Soil contamination 

 

Soils are a hub of some of world’s most important biodiversity (Delgado-Baquerizo et al., 

2020). They are the core provider of water and nutrients essential for plant life and other 

associated organisms (Delgado-Baquerizo et al., 2020).  

 

In recent times however, these soils are continuously burdened with degradation and 

pollution from human activities, consequently reducing their capacity to provide essential 

ecosystem services and making the soils and their accompanying run-off water harmful to the 

environment and humans (UNEP, 2021). These sorts of harmful soil degradation are chiefly 

caused by the increasing presence of xenobiotic chemicals in the natural environment. 

 

Chemical contaminants in soils with potential to cause harm to human health and the 

environment can be organic or inorganic compounds.  

Organic contaminants are generally described as carbon-based molecules that are toxic, 

persistent and have huge potential to cause harm to the environment and humans. They are 

to a large extent of man-made origin, but these compounds can also be a product of natural 

processes like volcanic eruptions and wildfires. Organic contaminants can be a product of 

emissions from some unintentional industrial processes like mining that releases polycyclic 

aromatic hydrocarbons (PAHs), or they could be synthetically made for specific human uses 

as in the case of pesticides, industrial chemicals, and intermediate chemicals (e.g., 

polychlorinated biphenyls (PCBs)) (FAO & UNEP, 2021). Some examples of organic 

contaminants are chloroform, polyfluorinated chemicals (PFCs), dichloro-diphenyl-

trichloroethane (DDT), polybrominated diphenyl ethers (PBDEs), ethane, benzene, toluene, 

ethyl benzene, xylene, PAHs, and PCBs. 

 

Inorganic contaminants are a group of basically non-carbon elements and compounds that 

either occur naturally in parent rock or originates from human activities (FAO & UNEP, 2021). 

Three main class of inorganic contaminants are radionuclides, asbestos, and trace elements.  
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• Radionuclide contaminants produce ionising radiation as active atoms decay 

therefore presenting potential risks for organisms and the environment.  

• The term asbestos describes a group of naturally occurring, heat-resistant and 

hydrated mineral silicate fibres belonging to the serpentine and amphibole groups of 

rock-forming minerals (FAO & UNEP, 2021). These mineral silicates were widely used 

for making different forms of building materials and are known to be harmful to 

human health.  

• Trace elements are a group of common elements that exists normally at low 

concentrations in the environment and poses high toxicity risks to living organisms 

(FAO & UNEP, 2021). They include non-metals such as antimony (Sb), selenium (Se) 

and arsenic (As) as well as ‘heavy metals’ such as lead (Pb), zinc (Zn), cadmium (Cd), 

cobalt (Co), chromium (Cr), mercury (Hg), copper (Cu), tin (Sn) and nickel (Ni). These 

elements are very persistent in the environment and cannot be degraded by regular 

metabolic processes.  

 

2.2 Heavy metals contamination 

 

Metals associated with environmental toxicity are usually described by a generic term ‘heavy 

metals.’ There is no universally established definition of the term ‘heavy metal’ by a globally 

renowned authority, not even by the world’s authority on chemical nomenclature and 

terminology, International Union for Pure and Applied Chemistry (IUPAC). In over seven 

decades of its use in Chemistry, it has been defined in terms of elemental densities (Bjerrum, 

1936; McNaught, 1997), atomic mass (Lewis, 1993, Rand et al., 1995), atomic number 

(Venugopal and Luckey, 1975; Hale and Margham, 1988) and other chemical properties 

(Hampel and Hawley, 1976; Bates and Jackson 1987; Wyman & Stevenson, 1991). However, 

none of these physicochemical concepts has any relationship with toxicity. Even though the 

use of this term is persistently rising in literature, there is no clear chemical basis for its 

continuous use and although the term has been used consistently in the context of toxicity, 

there is no inherent connection between ‘toxicity’ and ‘heaviness.’ However, a lot of these 

‘heavy metals’ are known for their toxicity at certain concentrations. Duffus (2002) argued 
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that the term be abandoned because of lack of correlation between density (heaviness) to 

any physicochemical features with which heavy metals has been described with. He further 

opined that metal classification should be strictly based on their chemical properties and 

nothing else.  

 

The use of the term ‘heavy metal’ in environmental literature is still very widespread and 

increasing. A complete abandonment or a replacement of the term may appear non-intuitive 

to scientists in the field as it is widely established in environmental publications and scientists 

generally understand the contextual meaning behind its use. It is also important that its 

definition is clear and have some scientific credence. For simplicity and consistency, Ali & 

Khan (2018) opined that an acceptable definition needs to be based on the periodic table of 

elements (a chemical property), at the same time satisfy its property of heaviness (density). 

Since elements placement on the periodic table are based on their atomic number and density 

describes heaviness, they defined heavy metals as naturally occurring metals with elemental 

density above 5 g cm−3 and atomic number above 20. Based on this definition offered, the 

periodic table yielded about 51 elements categorized as heavy metals. Examples include Cr, 

Zn, Pb etc. This report will be adopting the definition of heavy metals offered by Ali & Khan, 

2018. 

 

Heavy metals are introduced to the environment via natural, agricultural, industrial, and 

atmospheric sources as well as domestic effluents. Harmful human activities have 

contaminated locations in the world with elements such as Cd, Cr, Cu, Pb, Ni, Zn in Australia 

(Smith et al., 1996), Pb, Cd and Cu in Albania (Shallari et al., 1998), Cd, Zn and Cu in China, 

Japan, and Indonesia (Herawati et al., 2000), Hg, Pb, Cd, Cr, Ni, Tl in Kenya (Kinuthia et al., 

2020) and As, Cd, Cr amongst others in Peru (Piñeiro et al., 2021). These metals pose great 

risk to the environment, human health and the other organisms by their release and 

concentration in the food chain (Bat et al., 2012). Particulate matter can be ingested by 

organisms and transferred to humans causing serious health hazards. These metals can still 

be transferred via runoff into water courses causing serious contamination to aquatic life and 

drinking water supply channels.  
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2.3 Heavy metal classification 

As will be detailed in section 3.2 of chapter 3, heavy metal of concern referred to in this study 

are Cd, Cr, Cu, Ni, Pb, and Zn. They are among the commonest metals investigated in 

literature, known for their persistence, and pronounced threat on human health and the 

environment (Aziz et al., 2008; Covelo et al., 2007; Osma et al., 2013). 

 

♦ Cadmium (Cd): 

Cadmium is considered 7th in ATSDR substance priority list (ATSDR, 2019). It is a metal that is 

very widely distributed across the earth’s crust with an average concentration of 0.1mg/kg. It 

was first used as a tin substitute in World War I and as a pigment in paint industries and it is 

currently being used for special alloy production in rechargeable batteries and is also a 

constituent in tobacco smoke (Jaishankar et al., 2014).  

 

Exposure to humans is primarily by ingestion and inhalation and has huge potential to result 

in acute intoxications. The Agency for Toxic Substance and Disease Registry estimated the 

number of workers exposed to cadmium toxicity in the US at 500,000 per year (Mutlu et al., 

2012). Due to its depositions in soils via food chains and its high rate of soil to plant transfer, 

cadmium is predominantly found in fruits and vegetables (Satarug, 2011). Exposure to these 

food substances increases risks to associated human health hazards. An important source of 

Cadmium contamination of soils is via the use of commercial fertilizers derived from rock 

phosphates (Ulridge, 2019) as well as from sewage sludge (Din et al., 2021) directly linking its 

environmental ubiquity to human activities. Cadmium is primarily a pulmonary, renal, and 

gastrointestinal irritant that can cause a range of clinical effects ranging from emphysema, 

aminoaciduria to glucosuria and proteinuria (Mahurpawa, 2015).  

 

When absorbed and accumulated by plants above known threshold for plants (32 mg/kg dry 

weight in soil), cadmium stress can lead to a marked decline in its rate of photosynthesis and 

consequently a negative effect on biomass production; also disrupts plants oxidative 

processes and can lead to nutrient uptake imbalance (EPA, 2007; Zou et al., 2017). The 

bioavailability of Cd however can be influenced by a system’s pH and as such phytotoxicity 

thresholds can differ under some contaminated land regimes depending on soil pH 

(Soubasakou et al., 2022). Increased soil acidity correlates with higher conversion of soil Cd 
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to forms that are more available to plants, hence increasing its phytotoxicity (Mondal et al., 

2020).  

 

♦ Chromium (Cr): 

Chromium is the 7th most abundant element on the earth crust (Mohanty & Kumar, 2013). 

Chromium exists in a range of oxidative states from Cr(II) to Cr(VI) with Cr(III) and Cr(VI) being 

its most common. Natural source of chromium pollution is primarily via leaching from rocks 

and topsoil, polluting groundwater (Jaishankar et al., 2014; Hausladen et al., 2018). 

Anthropogenic sources are mainly via burning of coal and oil, drilling of oil wells, pigment 

oxidants, metal plating tanneries, chromium steel sewages and fertilizers, (Ghani, 2011; 

Jaishankar et al., 2014).  

 

Exposure to humans comes in the form of industrial dusts/fumes as well as via polluted food. 

It attacks mostly the pulmonary organs and can cause ulcer, respiratory cancer and can also 

perforate the nasal septum (Mahurpawa, 2015). Cr(VI) is considered one which pose the most 

carcinogenic risk (Chen et al., 2019). 

 

In plants, exposure to Cr(III, VI) can lead to inhibition in seed germination, seedling 

development, root growth and consequently biomass production. Its presence in plants can 

also induce leaf chlorosis and necrosis (Singh et al., 2013). No known phytotoxicity thresholds 

have been established for Cr(III, VI) (EPA, 2007). However, its toxicity is strongly determined 

by its speciation and Cr(VI) is considered more environmentally mobile than Cr(III) (Botsou et 

al., 2022). Even though no phytotoxicity threshold has been established for Cr, higher 

environmental mobility of Cr(VI) suggest they are more bioavailable for plants than Cr(III) and 

therefore potentially more toxic (Botsou et al., 2022). 

 

♦ Copper (Cu): 

Copper is regarded widely as one of the most essential elements for plant, animal and human 

growth and development. It is very abundant in the environment with the NMIC, 2016 

estimating its global annual production in 2015 at 18.7 million metric tons and this figure is 

still rising. Some natural sources of copper are decaying vegetation, forest fires, wind-blown 
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dusts, and sea spray while major anthropogenic sources are through mining, phosphate 

fertilizer production and metal production.  

 

At concentrations above stipulated toxicity thresholds (70 mg/kg dry weight in soil), copper 

can be very toxic (EPA, 2007). Entry to the human body is mainly via ingestion from 

food/water and from dust/fumes. Copper can cause irritations to the sensory organs causing 

dizziness, headaches, vomiting and diarrhoea (ATSDR, 2004).  

 

Its toxic effect on plants is primarily towards root growth and morphology because of its 

tendency to accumulate at the root with little translocation upwards towards the shoot 

(Marschner, 1995). Its effects on the root are reflected in disruption of root cuticle formation 

and reduction in root hair proliferation.  

 

♦ Lead (Pb): 

Lead is a toxic metal of great global concern whose use has caused extensive contamination 

in parts of the world. Sources of lead in the environment are metal plating and finishing, 

smelting of ores, soil wastes, factory chimneys, gasoline and pigment additives, fertilizers/ 

pesticides, and automobile exhausts. Plants take up some of these lead to fix in soils and these 

can be washed into water bodies via runoff thereby increasing human exposure to associated 

risks. Exposure to humans is primarily via food/water and fumes (Goyer, 1990). Lead primarily 

attacks the renal, hematopoietic, and nervous systems. Long-term exposure could lead to 

clinical effects such as anaemia, central nervous disorders, encephalopathy, and peripheral 

neuropathy (Mahurpawa, 2015). 

 

Unlike some beneficial metals such as zinc and manganese, lead offers no beneficial biological 

function to plant growth or development. When above phytotoxicity threshold (120 mg/kg 

dry weight in soil), It disrupts several physiological processes essential for plant growth and 

survival (EPA, 2007). Lead poisoning have been shown to cause damage in chlorophyll and 

photosynthetic processes (Najeeb et al., 2017), debasing plant quality (Yongsheng et al., 

2011), instability and plant ion uptake (Jaishankar et al., 2014). 
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♦ Nickel (Ni): 

Nickel is a ubiquitous transition metal distributed extensively across the environment, soil, 

water, and air. It occurs in several oxidative states ranging from -1 to +4 with oxidative state 

+2 (Ni2+) being the most common in biological systems and the environment (Muñoz & Costa, 

2012). Due to the uniqueness in its chemical and physical properties, nickel can be used in 

modern metallurgy for processes like electroplating, battery production, alloy production and 

they can serve as catalysts in food and chemical industries. Like most metals, nickel has both 

natural and anthropogenic sources.  

 

The health effects of nickel on human health can vary depends on the quantity and duration 

of exposure. Some clinical effects recognized are respiratory tract cancer, asthma, contact 

dermatitis and lung fibrosis (Chen et al., 2017).  

 

At concentrations above its phytotoxicity threshold (38 mg/kg dry weight in soil), plant 

exposure to nickel can cause stunted shoot and root growth, deformation in various plant 

parts, biomass production reduction, and chlorosis and necrosis (EPA, 2007; Ahmad & Ashraf, 

2012). 

 

♦ Zinc (Zn) 

Zinc is one of the most important trace elements necessary for the growth of plants, animals, 

and microorganisms. It is also present in high concentrations in human body tissues and 

secretions with the average amount in a mature adult at 1.4 - 2.3 g (Bhowmik et al., 2010).  

Zinc is also important to human diet via the role it plays as a structural constituent in a number 

of enzymes necessary for energy metabolism (Alloway, 1995). However, when concentrations 

exceed certain toxicity threshold and for the long-term, zinc can pose some serious health 

risks such as pancreatic damage, anaemia, reduction in levels of high-density lipoprotein 

cholesterol (Hooper et al., 1980).  

 

Zinc sources are majorly through products from industrial processes such as smelter waste 

discharges, coal and fly ash, wood preservatives, fertilizers, and mine tailings.  

Even though zinc is generally beneficial to plants, above certified concentration thresholds 

(160 mg/kg dry weight in soil) they can be toxic to plants (EPA, 2007). Zinc has been shown to 
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cause disruption in the cortical cells of plants, cell organelles disintegration and a structureless 

cytoplasm (Rout & Das, 2009). 

 

2.4 Remediation 

The optimal remediation process functions to manage risks associated with environmental 

pollution or contamination in environmental media like soil, water (ground or surface) and 

sediments (Drenning et al., 2022). It seeks to mitigate potential effects of contaminants to 

human health and the environment. For metal contaminants, the remediation process may 

be conducted in-situ or ex-situ and can be based on several mechanisms such as physical, 

electrochemical, thermal, chemical, and biological remediation. 

 

2.4.1 Physical remediation 

2.4.1.1 Soil replacement 

This involves wholly or partly replacing contaminated soil with non-contaminated ones. In this 

process, contaminated soils are excavated and disposed offsite and cleaner ones are placed 

on site. This was the most used remediation practice prior to 1984 before the emergence and 

popularization of newer alternatives (Khalid et al., 2017). The replaced soil could either be 

treated to remove contamination or dumped in some marginal site or landfill. Soil 

replacement essentially seeks to dilute heavy metal-contaminated soil with newer soils to 

sustain and increase soil functionality (Yao et al. 2012) and it has been shown by Douay et al. 

(2008) to be a successful technique as replacement of soils in a Pb and Cd contaminated site 

in north of France resulted in a successful revegetation of land with cultivated crops which 

also led to increase in soil quality. This method is however highly labour and capital intensive 

and is mostly utilized for very contaminated soils that covers a relatively small area. The cost 

for excavation and transportation of contaminated soils offsite over a short distance is 

estimated at $270 to $460 per ton and could be significantly higher with longer distance 

transportation (Khalid et al., 2017).  

 

2.4.1.2 Soil isolation 

 
Soil isolation process involves separating metal-contaminated soils with noncontaminated 

ones, often used alongside complimentary auxiliary engineering measures for complete 
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remediation (Zheng & Whang, 2002). The process looks to restrict contaminants within a 

specific area thereby preventing metal contaminant movement off-site (Zhu et al., 2012). For 

example, this could be achieved by using subsurface barriers to restrict flow of contaminated 

surface/ground water at a polluted site. The lateral flow of contaminated groundwater can 

be restricted by using vertical subsurface barriers (Khalid et al., 2017). Materials used for 

subsurface barriers include grout curtains, sheet piles and slurry walls. 

 

2.4.2 Thermal remediation 

2.4.2.1 Vitrification 

Vitrification means application of high temperature treatment to metal-contaminated sites 

to reduce the mobility of heavy metals inside soils therefore causing the formation of vitreous 

materials (Mallampati et al., 2015). During this process however, some metals like mercury 

(Hg) can be prone to volatilization and so should be collected for an alternative means of 

disposal or treatment. During the in-situ process of vitrification, vertically inserted electrodes 

passes electric current into the contaminated area of interest. Dry soils however may not be 

ideal for a vitrification process as there may not be enough conductance to aid the process. A 

recent in-field demonstration was carried out by Dellisante (2016). They reported that a Zn 

and Pb-rich ceramic waste land was vitrified by applying a temperature of 1850°C and this 

was shown to be efficient in cleaning up metal contaminants in site and can be applied on 

large volumes of soils. A major limitation of this process is that some soils may not meet the 

conditions necessary to adequately conduct electricity. 

 

2.4.3 Electrochemical remediation 

2.4.3.1 Electrokinetic remediation 

A newer physical remediation process is the electrokinetic remediation which is another 

process involving electric current. Direct current is applied on soil to separate heavy metals 

in the soil via processes like electrophoresis, electric seepage, or electro-migration (Yao et al., 

2012). Its operation is based on the principle that adequate electric field gradient is created 

on two sides of the electrolytic tank harbouring saturated inorganic pollutants (Khalid et al., 

2017). This remediation method was recently shown to reduce about 60% of Hg from a 

contaminated soil sample of 400kg in about 3 months (Rosestolato et al., 2015). The main 
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drawback of this remediation technique is the issue of fluctuating soil pH as this process 

cannot maintain stable soil pH value. Buffer solutions may need to be added to the cathode 

and anode using ion exchange membrane or complexant to be able to control pH values 

(Wang et al., 2007). 

 

2.4.4 Chemical remediation 

2.4.4.1 Soil washing 

The removal of metal contaminants from soils via leaching using various extractants and 

reagents is referred to as soil washing (Guo et al., 2016; Park & Son, 2017). In this process, 

polluted soil is dug out and mixed with the ideal extractant solution suitable for the heavy 

metal in question. This will then be mixed thoroughly for a prescribed period and processes 

such as precipitation, ion exchange and adsorption will aid the separation of the soils from 

the contaminated leachate. The now cleaner soil can then be backfilled into its site of origin 

after satisfying required regulatory standard. Soil washing is a relatively rapid process and 

tend to completely remove all the heavy metals from contaminated soils (Park & Son, 2017). 

The success and effectiveness of this technique is highly dependent on the ability of the 

extractant solution to dissolve heavy metal of concern in soil and this must be investigated 

thoroughly before the process is carried out. Synthetic chelates are widely regarded as the 

most effective extractants for this process because of their ability to set up stabilized 

complexes with a lot of heavy metals in wide ranges of pH (Saifullah et al., 2015).  

 

2.4.4.2 Immobilization  

Immobilization seeks to reduce the mobility and bioavailability of heavy metals in soil via the 

use of specified immobilizing agents. Immobilization of heavy metals can be achieved via 

processes such as adsorption, precipitation, and complexation reactions. By these processes, 

heavy metals can be redistributed from soil solution into solid particles and as result inhibiting 

their mobility and bioavailability in soils. Organic and inorganic amendments are the generally 

common materials used as soil immobilizing agents (Ashraf et al., 2017; Shahid et al., 2014). 

In recent times, biomaterials have been used as agents of heavy metal immobilization 

because they are readily available at relatively low cost. Biochar for example have been 

receiving increasing attention as use for immobilization of heavy metals. They are carbon-rich 
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porous charcoal formed as the solid fraction product of a pyrolysis process involving organic 

residues like wood, municipal waste, biosolids and crop residues. Studies have shown that the 

application of biochars to soil greatly increased heavy metal sorption abilities and reducing 

their mobility and bioavailability in soil (Al-Wabel et al., 2015; Puga et al., 2015; Yuan et al., 

2021). Biochars alter soil’s physical, chemical, and biological properties in ways that could 

affect their sorption behaviour. For example, it could increase soil pH which could aid 

precipitation and therefore affect heavy metal immobilization.  

 

2.4.4.3 Encapsulation 

This is also an immobilizing technique, but it is achieved by encapsulating the toxic metals in 

manageable blocks for safe disposal in landfill sites. Toxic metals can be bound by 

encapsulation in cement, lime or asphalt rendering them immobile and stops its spread to 

other materials. Cements are usually the preferred binding material because of its availability, 

versatility, and relative cost-effectiveness. Ordinary Portland Cement is a known metal 

retainer effective in stabilizing heavy metals in soils (Li et al., 2019). Another alternative 

established to be effective are Calcium aluminate cement (Navarro et al., 2013). 

Encapsulation by cement, lime and asphalt can be used simultaneously with immobilizing 

agents like polyvinylalcohol, agar and polyurethanes. The major limiting factor of this 

technique is the lack of readily available market for the solid block products resulting from 

the process (Mulligan et al., 2001).  

 

2.4.5 Biological remediation 

Biological remediation entails utilizing green remediation options as a solution for the 

problem of environmental degradation. It is defined as the use of microorganisms or plants 

for the removal or detoxification of organic and inorganic contaminants from the 

environment. It is a believed to be a relatively cost-effective clean-up option and this solution 

is deemed permanent because these biological agents tend to mineralize contaminants in the 

environment (Abioye, 2011). Biological remediation broadly makes use of microorganisms or 

plants (phytoremediation) as agents for removal or detoxification. 
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2.4.5.1 Microbial bioremediation 

This type of remediation employs the use of micro-biological agents (e.g., fungi, bacteria, 

microalgae) to clean up contaminated land or water bodies (Strong & Burgess, 2008). It 

involves conditioning or stimulating microorganisms in ways where they can be able to 

effectively degrade hazardous pollutants to levels where they are considered safe for the 

environment. The general concept is to bio-transform an already altered environment to its 

original state via series of biological processes. It seeks to take advantage of microorganisms’ 

ability to survive very polluted habitats via a series of mechanisms such as biosorption, 

bioaccumulation and biomineralization.  

Biosorption is a metabolically passive process that involves utilizing biological materials as 

sorbents for heavy metals via physicochemical or metabolically mediated uptake pathways. 

It differs from bioaccumulation because bioaccumulation is a metabolically active process and 

requires respiration as well as energy released from the living organism accumulating the 

contaminant (Chojnacka, 2010).  

The biomineralization concept revolves around microorganisms’ ability to alter the mobility 

and speciation of metals, including their mineral formation or dissolution (Gadd & Pan, 2016). 

Microorganisms are ubiquitous naturally occurring living organism found in the environment. 

They are natural helpers in decomposing, recycling, and correcting alterations to conditions 

in soils and water bodies and if its potential is adequately amplified, they can be one of the 

most efficient ways to reverse some of the contaminations caused by environmentally 

hazardous human activities. 

 

2.4.5.2 Phytoremediation 

This refers to any form of technology that makes use of plants to remediate contaminated 

environmental bodies. Even though the concept of phytoremediation was first introduced in 

1983 (Chaney, 1983), it has been in practice for the past 300 years. It is a practice that is 

considered very environmentally friendly, energy efficient, aesthetically pleasing, non-

invasive and cost-effective for remediating low-to-medium levels of metal contamination 

(Sabir et al., 2015). As a technology, phytoremediation can be used in isolation as well as in 

combination with other traditional techniques of remediating contaminated sites. Its 

efficiency however is dependent on several plant and soil factors such as bioavailability of 

metals in soil, soil physicochemical properties, plant, and microbial exudates as well as plant’s 
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ability to uptake, translocate, accumulate, sequester, and detoxify harmful metals (Peer, 

2005).  Phytoremediation is a general term used to describe markedly different mechanisms 

of plant action in relation to immobilization, degradation, and removal of metal contaminants 

from soils (Kushwaha et al., 2015). Phytoremediation is further categorized into three (3) 

subdivisions based on the mechanism of plant activity. They are phytostabilization, 

phytovolatilization and phytoextraction.  

 
Figure 2. 1. Schematic representation of different phytoremediation approaches in soils 
(Kushwaha et al., 2015)  

 

2.4.5.2.1 Phytostabilization  

During phytostabilization, plants are utilized to decrease metal mobility and bioavailability in 

soils via a stabilization mechanism (Sylvain et al., 2016). It is important to note that this 

process does not decrease metal concentration in contaminated sites. It merely renders 

metals non-motile and reduce metal off site movement thereby making them less harmful. 

Because the metals are restricted to the vadose zone of plants through this process, it 

prohibits its mobility (Bolan et al., 2011).  It differs from other forms of phytoremediation in 

that it does not remediate polluted soils, but it hinders the contamination of close areas. 

Where phytoextraction is not possible or desirable, this technique can be used. Plants achieve 

restricted metal movement through a number of processes: reduction in runoff due to 

presence of above ground biomass, reduction in erosion via stabilization of soils by plant roots 

and reduction of leaching due to upward water flow caused by plant transpiration (Khalid et 
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al., 2017). Its advantage is that it does not generate secondary contaminated waste that 

would require further disposal or management. To retain the desired stabilized conditions, 

phytostabilized soils would require regular monitoring (Bolan et al., 2011). Ideal plants for 

phytostabilization are plants with capacity to accumulate high concentration of metals onto 

its root with limited translocation to its aerial parts (Ali et al., 2013). Plants such as Festuca 

spp. and Agrostis spp. have been identified as good phytostabilization plants of soils in Europe 

polluted with Zn, Cu and Pb (Galende et al., 2014). Phytostabilization can be used 

simultaneously with other remediation techniques to boost immobilization. Use of stabilizing 

microorganisms and other organic soil amendment treatments may be ideal (Rajkumar et al., 

2013). 

 

2.4.5.2.2 Phytovolatilization  

Here, plants take up heavy metal contaminants from soil, converts and releases it to the 

atmosphere via transpiration as less toxic vapours. During this process, heavy metals are 

taken into volatile organic compounds but are released as biomolecules (Marques et al., 

2009). This phytoremediation method is mainly ideal for only a select number of metal(loid)s 

that can exist in a gaseous state in the environment. For example, Hg (Ghosh & Singh, 2005), 

Se (Bañuelos and Mayland, 2000) and As (Sakakibara et al., 2010) have been shown to safely 

occur in the atmosphere in a volatilized state. Brassica juncea and Arabidopsis thaliana have 

been evidenced to grow under high concentrations of Se and with high capability of 

converting and volatilizing Se in the atmosphere (Bañuelos and Mayland, 2000). The process 

of converting heavy metals into a volatilized less toxic form in plants is via specified 

mechanisms controlled by specific genes or enzymes. Only a few naturally occurring plants 

are capable of optimal phytovolatilization. This technique is therefore aided or enhanced 

greatly by genetic modification of selected plant species (Meagher, 2000).  

However, questions have been raised over the fate of these volatilized metal(loid)s in the 

atmosphere. Meagher (2000) though suggested that these volatile compounds are diluted 

and dispersed in the atmosphere and so pose little to no environmental threat. 
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2.4.5.2.3 Phytoextraction 

Phytoextraction refers to the use of plants to clean up metal(loid)s by means of uptake. This 

technology is solar-based and depends a great deal on the plant root’s capacity to take up 

metals, translocate to its aboveground parts for retention. This process leads to the decrease 

in metal concentration in soil and concentration of metal contaminants in the above ground 

parts of plants. While this technology guarantees the removal of metals from soils, its 

suitability is limited to low to moderate level of metal contamination as plant species are not 

capable of sustaining high levels of metal contamination for long period of time (Sabir et al., 

2015). Plants capable of accumulating high concentration of metal contamination into their 

shoot tissues with little to no visible toxicity consequence are generally referred to as 

hyperaccumulators (Ali et al., 2013).  

 

Hyperaccumulator plants have some general suitability characteristics such as (a) high growth 

rate with high biomass production, (b) high metal tolerance threshold, (c) ability to 

concentrate high volumes of heavy metal into its above ground tissues and (d) good rooting 

system (Khalid et al., 2017). To satisfy the criteria for being named hyperaccumulators, plants 

must be able to take up large volumes of metal contaminants and still able to thrive. What 

constitute ‘large volumes’ differ for different authors, and it also depends greatly on the kind 

of metals. Brooks et al. (1977) establish their threshold at > 1000 mg/kg for Ni. Other authors 

opined that hyperaccumulator plants should have a capacity to accumulate metals 100 – 500 

fold higher than the amount accumulated by non-hyperaccumulator plants with little to no 

effect on its productivity (Sheoran et al., 2016; Mahar et al., 2016).   

 

The advantages of phytoextraction over some other traditional remediation methods are (a) 

reduced disruption to soil and the environment, (b) very economical, (c) disposal site not 

required, (d) ideal for multi-metal contaminated areas, (e) Excavation and transportation of 

metal contaminated soils not required (Sheoran et al., 2016). It also has its limitations which 

are (a) very dependent on growing conditions of hyperaccumulator plants/microorganisms, 

(b) very dependent on plants tolerance to metal accumulation (c) relatively slower pace of 

remediation (Khalid et al., 2017). Other limitations of phytoextraction are that it only extracts 

bioavailable fractions of metal contaminants, negative stakeholder acceptability, the need to 

implement long-term field trials to ascertain the veracity of the technology and the need to 
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incorporate wider value propositions into remediation decision management (Moreira et al., 

2021). Additionally, phytoextraction only removes the bioavailable fractions of heavy metals 

in soils and not the total metal concentration, hence the need to incorporate a more risk-

based approach to contaminated land management which focuses on limiting contamination 

risks as against management schemes aiming at completely removing total metal 

concentrations from soil.  

 

The significance of phytoextraction as a remediation method cannot be overstated but careful 

attention should be paid to developing a sound methodology and considerable technical 

expertise especially when dealing with large scale tasks. 

 

The process of phytoremediation can be aided by several additional modifications to increase 

plant metal uptake capacity. Some of such modifications are, optimal agronomic 

management practices, genetic engineering, chelate aided phytoremediation and microbial 

assisted phytoremediation. 

 

• Genetic engineering of plants   

Some specific genes are involved in some plant physiological response like metal uptake, 

translocation to shoots and sequestering metals in plant vacuoles. When identified, these 

genes can be transferred to plant candidates of interest to improve its phytoremediation 

capabilities. Genes targeted should be in line with desired objective. For example, if the 

desired outcome is improved phytostabilization, genes of interest would be ones that 

enhance uptake of metals and sequestration of metals in plant roots. This technology is being 

used increasingly in plant science to improve specific plant properties of interest (Clark & 

Pazdernik, 2015; Kafle et al., 2022). 

 

• Chelate aided phytoremediation 

The process of phytoextraction is very dependent on metal bioavailability and is considered 

very time consuming in comparison with other physico-chemical remediation technologies. 

This can greatly limit the applicability of phytoextraction as an efficient remediation 

technique. Over the last decade, chelate-assisted phytoextraction has gained prominence as 

a solution to the problem of metal bioavailability and has been shown to greatly enhance the 
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rates of plants metal uptake and translocation (Saifullah et al., 2009; Evangelou et al., 2007). 

Chelating agents identified in the literature include humic substances, elemental sulfur, 

hydroxyethylene diamine triacetic acid (HEDTA), nitrilo triacetic acid (NTA), ethylene diamine 

tetraacetic acid (EDTA), low molecular weight organic acids (LMWOAs), ethylenediamine-N, 

N’-disuccinic acid (EDDS) and ammonium fertilizers (Saifullah et al., 2015; Shahid et al., 2012).  

 

Regardless of the well documented effectiveness of chelate-aided phytoremediation 

technology, there are persisting concerns about the environmental ramifications of the use 

of some chelating agents. For example, there are concerns about the use of EDTA due to its 

potential effects on soil microorganisms, groundwater contamination and issues relating to 

low decomposition (Cay et al., 2016). Owing to these environmental issues associated with 

the use of EDTA, NTA and EDDS are proposed as more environmentally friendly alternatives, 

even though they are possibly less effective. In general, the usage of this variant of 

phytoremediation has not garnered sufficient public acceptance due to limited efficiency, 

high running costs and potential leaching risks. 

 

• Microbial assisted phytoremediation 

Given the limitations of phytoremediation mentioned earlier in section 1.1, microbial-assisted 

phytoremediation is also a promising technology to remediate soils safely and efficiently from 

metal contamination. Microbial remediation can be a stand-alone technology that seeks to 

utilize microorganisms to induce absorption, oxidation, and a general reduction of 

metal(loid)s in soils. In association with plants, soil microorganisms can potentially promote 

plant growth and improve plants tolerance to metal stress (Khalid et al., 2017). These are 

generally referred to as plant growth promoting microorganisms. It is very established in the 

literature that some soil microorganisms not only aid plants growth, but also aid in protecting 

plants against adverse effects of metal contamination as well as positively impacting metal 

accumulation in hyperaccumulator plants (Weyens et al., 2009; Bhanse et al., 2022). 

Mechanisms of this technique include bioleaching and biomineralization, biosorption, 

enzyme-catalyzed transformation, redox reactions, and intracellular accumulation (Lloyd, 

2002, Bhanse et al., 2022). Metal-resistant rhizobacteria can induce the growth and stimulate 

metal-accumulation properties of plants via the production of substances like indole acetic 

acid (IAA), monocyclopropane-1-carboxylate (ACC) deaminase and siderophores (Rajkumar et 
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al., 2012). These metal-resistant rhizobacteria can also enhance the metal tolerance 

properties of host plants by inducing superoxide dismutase, thiol compounds and 

metallothionein (Khalid et al., 2017).  

 

Soil microorganisms can also aid bioavailability and metal mobility in soil via mechanisms such 

as production of compounds such as siderophores (known for their plant-promoting and 

metal-chelating properties), production of biosurfactants by alteration of soil redox 

conditions and lowering of soil pH (Ullah et al., 2015). However, the effects of microorganisms 

on plant accumulating properties of plants vary on case-by-case basis as there are studies that 

have shown where metal uptake have reduced due to the effects of some soil microorganisms 

(Ma et al., 2015; Ahemad, 2019). It is therefore important to explore options based on the 

given specific circumstance before adopting this method as a remediation technique. 

 

To make informed decision on the remediation technique to adopt for the remediation of 

metal contaminated soil, certain factors need to be put into consideration. One should 

consider the cost of running the technology, the effectiveness of the technology under high 

metal contamination levels, the time required to attain targeted levels of clean-up, its 

applicability on multi-metal contaminated sites, long-term effectiveness, and commercial 

viability of the technology. For this study however, phytoextraction is the technology of 

interest and this process is largely driven by the use of metal accumulators as described in 

section 2.4.5.2.3. 

 

2.5 Metal accumulator plants of interest 

As will be detailed in section 3.2 of chapter 3, metal accumulator plants of interest for this 

study are: Brassica juncea (Indian mustard), Glycine max (soybean), Helianthus annuus 

(sunflower), Miscanthus sinensis (silvergrass), Panicum virgatum (switchgrass), Salix spp. 

(willow), Populus spp. (poplar), and Typha latifolia (cattails). They are 8 of the most widely 

and commonly researched species based on the systematic review carried out in section 3.2. 

 
2.5.1 Brassica juncea (Indian mustard) 

The rapeseed-mustard (Brassica spp.) is one of the world’s most important oilseed crops; 

surpassed only by Soybean (Glycine max) in terms of global production. Global production of 
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Brassica spp. and its oil is estimated at 12 – 14 million megatonne (Mt) respectively (Bindhani 

et al., 2020). B. juncea is grown mainly under temperate climatic conditions but have been 

reported to grow well under tropical and subtropical conditions as a cold weather crop. They 

can tolerate annual precipitation distribution range of 500 to 4200mm and annual 

temperature ranging from 6 to 27◦C, preferring pH from 4.3 to 8.3 (Shekhawat et al., 2012). 

They are crops with high oil content and of high quality, high yield potential (1500 – 3000 

Kg/ha) and very good adaptability (Shekhawat et al., 2012). B. juncea has been described as 

a hyperaccumulator plant by Salt et al. (1996), Jiang et al. (2000) and more recently Halder & 

Anirban (2021) for their importance in the removal of toxic metals from the environment and 

for their fast growth rate and biomass production.  

 

2.5.2 Glycine max (Soybean) 

The soybean is an annual leguminous crop of Chinese origin. It’s a crop well adapted to 

different soil types but thrive best in well drained soils with pH ranging from 6.5 to 7 (Fehr, 

1980). They are primarily cultivated for protein and oil production but are very good source 

of feedstock for feed, fuel, biobased products and even food. As a result of increase in 

agronomic technology, the global production of soybean has increased in the past decade 

from 155.1 million Mt in 1999 to 201.9 million Mt in 2009 (Pratap et al., 2012). Current global 

production is at 384.01 million Mt (USDA, 2021). Soybean occupies the premier position of 

oilseed crops in terms of global production amounting to about 53% of global oilseed 

production share (Pratap et al., 2012). They are also reported to be very effective for 

phytoextraction of metals to clean up metal toxicity in the environment with reported 

removal rates ranging from 23.0 – 77.06% (Murakami & AE, 2009; Morar et al., 2018).  

 

2.5.3 Helianthus anuus (Sunflower) 

Sunflower is also one of world’s most important oilseed crop. The short-season crop is of 

North American origin and can be cultivated over a wide range of latitudes in clear contrast 

to other oilseed crops. Breeding efforts over the years have resulted in higher yielding 

varieties of seed and oil and it is currently the third most produced oilseed crop in the world 

with around 56.01 million Mt per annum (USDA, 2021). Even though sunflower is a 

moderately drought resistant crop (Hussain et al., 2018), they prefer moist well drained fertile 
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soils with heavy mulch and optimal soil pH range around 6.0 – 7.5 (Schoch et al., 2020).  They 

have been shown to have huge hyperaccumulation properties for managing toxic heavy metal 

pollution in the environment (January & Cutright, 2008). 

 

2.5.4 Miscanthus sinensis (Silvergrass) 

Silvergrass is a perennial rhizomatous grass plant with origins from Asia. It was grown 

originally as an ornamental plant since the 1800s and is currently considered a very promising 

bioenergy plant species. It is a sturdy plant grown from seeds or propagated via rhizome 

division/micropropagation and has the capacity to thrive in a wide range of soil types ranging 

from sand to soils rich in organic matter with ideal pH range at 5 - 7.5 (DEFRA, 2007). While 

they are susceptible to pests and diseases in Asia (area of origin), these kinds and levels of 

infestations are yet to be experienced or reported in the UK (DEFRA, 2007). With a net calorific 

value of 17MJ/kg, silvergrass can be used for small scale heat production, for co-firing in coal 

power stations and can help bolster large-scale electricity power stations (DEFRA, 2019). 

Silvergrass have also been demonstrated to be a good phytoremediation crop for metal 

extraction in soils (Bang et al., 2015; Yadav et al., 2021).  

 

2.5.5 Panicum virgatum (Switchgrass) 

Switchgrass is also a perennial warm season rhizomatous grass plant. It originated from North 

America and used primarily as an ornamental plant as well as for game cover and for soil 

conservation (Vogel et al., 2011). More recently however, it has been used as a biomass crop 

for ethanol and butanol production, as an agent for biosequestration of carbon dioxide 

present in the atmosphere and have also been used for electricity and heat production (Mazur 

et al., 2020). Switchgrass can be cultivated on a wide range of soils ranging from sand to clay 

loams but for optimal performance, well drained fine-textured soil with pH around 5 – 8 is 

recommended (Casler et al., 2011). They can also tolerate low soil nutrient and some levels 

of drought (Adkins et al., 2016) Switchgrass has been exposed to many screening as a 

potential crop for biofuel production and it has been identified as a major promising plant for 

use as feedstock for biofuel conversion (Parrish & Fike, 2005; Mclaughlin & Kszos., 2005). In 

addition to its bioenergy benefits, switchgrass have also been shown to be good metal 

remediation plants (Patela and Pandey, 2020; Li et al., 2011; Jeke et al., 2017). 
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2.5.6 Salix spp. (Willow) 

Willows are deciduous trees and shrubs usually found in most soils of temperate regions in 

the northern hemisphere. They are earlier grown primarily for its usefulness in manufacturing 

products likes chairs, cricket bats, craft papers, baskets etc. but are very useful for 

environmental efforts relating to conservation and erosion control as well as medicine and 

food (Mleczek et al., 2010). They are also a high yielding species. There have been reports of 

fertilized and irrigated willow grown in 3-year rotations with yields of over 27 oven dry tonne 

per hectare (odt/ha/yr.) in North America (Adegbidi et al., 2003) and about 30 odt/ha/yr. 

reported in Europe (Christersson et al., 1993).  

 

They have been identified as important species for sorption and tolerance against heavy 

metals due to their capacity to thrive under metal stress. Important features which make 

them desirable energy and phytoextraction plants are: high biomass productivity, tolerance, 

and capacity to adapt to soil impurities, capacity to selectively accumulate contaminants and 

amenability to new environmental conditions (Rosselli et al., 2003; Dickinson & Pulford, 

2005).  

2.5.7 Populus spp. (Poplar) 

As a short rotation coppice crop, poplar has many advantages. Its juvenile growth rate is very 

rapid, it makes for a good coppice plant with good resprout ability and relatively easy to 

propagate vegetatively (Dillen et al., 2010). They originate from North America but currently 

widely distributed across Europe, Northern Africa to Asia. They are also capable of thriving 

under different soil types and climates (Baldantoni et al., 2014). They are used primarily as 

raw materials for making doors, papers, plywood, adhesives and biochemicals. However, they 

have been shown to have huge potentials for use in carbon sequestration (Hansen, 1993), 

phytoremediation (Sebastiani et al., 2004) and bioenergy generation (Coleman & Stanturf, 

2006). Some species of poplar have been reported to survive in heavy metal contaminated 

soils and still produce high biomass (Giachetti & Sebasticani, 2006; Castiglione et al., 2009). 

 

Poplars are generally regarded as good energy crops because of their capacity to generate 

high biomass yield (Sebastiani et al., 2004) and its lignocellulosic composition makes it ideal 
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for bioethanol production (Sannigrahi et al., 2010).  In addition, its high heating value, reduced 

ash content and lignocellulosic composition also makes them a promising source of thermal 

energy via biomass combustion (Chalot et al., 2012; Sannigrahi et al., 2010). 

 

2.5.8 Typha latifolia (Cattails) 

Cattails is a rhizomatous perennial aquatic plant that is rooted in the soil. It grows as an 

emergent in shallow water and on exposed soils at the edges of canals, ponds, ditches, lakes 

and sometimes even by streams and rivers even though this happens less frequently. They 

are native to North and South America but distributed well across Africa, Europe, and Eurasia. 

Cattails can thrive in several climates including northern and southern temperate, tropical, 

and subtropical, dry continental and, humid coastal (Gucker, 2008). They can also thrive in 

different soil types such as silt, clay, loam, and sand substrates with tolerable soil pH ranging 

from 5.7 to 7.2 and have thrived with pH of up to 9.2 (Lieffers, 1983).  They can also thrive 

with fluctuating water levels and can withstand some level of flooding, at the same time they 

have also been described as fairly drought tolerant (Shay et al., 1986). 

 

An in-depth lignocellulosic composition analysis of Typha suggest it is a promising crop for use 

as biofuel feedstock (Rebaque et al., 2017). Cattails have also been reported to show good 

metal tolerance and effectiveness in reducing menacing levels of heavy metals and biosolids 

in soils and water bodies (Jeke et al., 2017). 

 

2.6 Multicriteria decision analysis application for phytoremediation 

Environmental decisions are hardly simple. Its complex nature means information needs to 

be drawn from multiple disciplines incorporating natural, social, and physical sciences as well 

as from politics and ethics to reach an optimal decision (Huang et al., 2011). When there are 

range of decision options especially regarding remediation, some form of decision support 

techniques (DSTs) may be required to aid the user make the most optimal decision given 

specific objectives. Decision support has been defined as “the assistance for, substantiation 

and corroboration of, an act or a result of deciding; typically, this deciding will be a 

determination of an optimal or best approach” (Bardos et al., 2001).  
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Over the years, a wide range of common decision support tools have been utilized for land 

contamination management (CLARINET, 2002). These techniques are Life Cycle Analysis (LCA), 

Cost Effectiveness Analysis (CEA), Cost-Benefit Analysis (CBA) and Multicriteria Decision 

Analysis (MCDA). Onwubuya et al. (2009) reported lack of knowledge on DSTs, insufficient 

detail on options and generic nature of existing tools as limitations to application of DSTs. 

Onwunbuya et al. (2009) also stressed the need for ease of use of these DSTs thus 

recommending a tiered approach which represents a simple and valid approach, 

incorporating sustainability standards. To encourage its use, it is recommended that gentle 

remediation-based DSTs should adopt the form of a simplistic checklist or a decision matrix 

(preferably integrated into existing national framework guidelines) at alternatives appraisal 

stage (Onwubuya et al., 2009). Multicriteria decision analysis is generally favoured for its 

clarity, transparency, meticulous structure, and its thorough appraisal of options (Carlon et 

al., 2006). It is also favoured to provide adequate structure for a synergistic consideration of 

economic, environmental, and technological factors necessary for the assessment and 

selection of decision alternatives and for coordinating stakeholder involvement in decision 

processes (Kiker et al., 2005). 

 

Multicriteria decision analysis (MCDA) lays out a methodical procedure to aggregate 

multidisciplinary inputs, inculcating cost/benefit considerations and stakeholder priorities to 

rank alternatives and make decisions (Wang et al., 2019). Some important MCDA methods 

are weighted sum model (WSM), weighted product model (WPM), Analytic Hierarchy Process 

(AHP) and Technique for Order of Preference by Similarity to Ideal Solutions (TOPSIS). 

 

WSM is the simplest and one of the most used MCDA approaches where the sum of the 

performance weights is applied to performance scores of individual alternatives and on all 

criteria to determine the optimal alternative (Andianggara et al., 2019). Its advantage lies in 

its capacity to make judgement more accurately due to it been based on pre-defined values 

and preference weight (Putra & Punggara, 2018). A major drawback is that sometimes it can 

be prone to data dependency bias (Tofallis, 2014). WPM on the other hand uses multiplication 

instead of additions where the score of each alternative is raised by the corresponding 

criteria’s weight (Putra & Punggara, 2018). It eliminates the problem of data dependency and 

can provide value and cost to the value of the alternatives, but it is limited in that its 
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interpretation of weight is less intuitive than WSM (Putra & Punggara, 2018). They show the 

exponential relative importance, and not proportional between variables (El Amine et al., 

2014). AHP decentralizes decision problems into a hierarchy of simpler subproblems and 

treated independently (Velasquez & Hester, 2013). It uses pairwise comparison to adequately 

compare alternatives as well as estimate criteria weight, but it is sometimes prone to self-

assessment bias that can potentially affect internal validity (Velasquez & Hester, 2013). 

TOPSIS is based on the principle of selecting the alternative with the shortest geometric 

distance to the positive ideal solution and the longest geometric distance to the negative ideal 

solution (Qin et al., 2008). Its advantage is that it is simple and easy to programme and use 

and the number of steps does not change regardless of the number of criteria, but it is limited 

in that it is difficult to weight suitability criteria and keep consistency of judgment especially 

with additional criteria (Velasquez & Hester, 2013). 

 

The application of MCDA in phytoremediation framework is increasingly gaining traction. In 

one of the earliest applications of MCDA to contamination management, Janikowski et al. 

(2000) utilizes a multilateral pairwise approach to examine options for contaminated land 

management in Katowice District in Poland and concluded that the two best management 

options are deep ploughing and phytoremediation, together with wilful and controlled 

cultivation. 

 

Witters et al. (2009) using an MCDA compared the performance of willow, energy maize and 

rapeseed based on four criteria which are: metal accumulation capacity, agricultural 

acceptance, potential for CO2 emission avoidance and gross agricultural income per hectare 

and concluded that even though short rotation coppice willow outperforms the alternative 

options in most categories assessed, its applicability in the short term is unlikely due to lack 

of short-term financial incentives for local farmers growing them. 

 

More recently, Wang et al. (2019) utilized two MCDA methods, AHP and TOPSIS based on 

three criteria (Plants physiological characteristics, natural environment conditions, polluted 

soil properties) to assess plant selection for the phytoremediation of petroleum 

contaminated soils in two shale gas fields in China and reported that Testuca arundinacea was 

the most ideal plant for the phytoremediation of petroleum contaminated soils. 
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Lu et al. (2019) evaluated planting patterns to attain optimal contaminant phytoremediation 

using MCDA. Nine planting patterns were designed using plant species like Setaria viridis, 

Echinochloa crus-galli and Phragmites australis and cropping systems such as monocropping, 

double intercropping and triple intercropping. Criteria employed are metal absorption 

capacity, residual contaminant concentrations, investment cost, heavy metal root tolerance 

and concluded that triple intercropping involving the three plants was the most ideal planting 

pattern for optimal remediation. 

 

Farzi et al. (2020) uses the TOPSIS MCDA method to screen 12 plants in the Chenopodiaceae 

family for their phytodesalination capacity. Criteria employed in this study were salinity 

mechanism, biomass production, geographical distribution in Iran, and flowering time. Plant 

species performances were weighted and ranked and Salsola kali, Bassia moricata and 

Atriplex tatarica emerged as the top performers of all the 12 plants assessed. 

 

Mohebian et al. (2022) evaluating for phytoremediation optimization for heavy metal and 

petroleum contaminated soils used a combination of Structural Equation Modeling (SEM) and 

MCDA Analytic Network Process (ANP) (a variation of the AHP but using network instead of 

hierarchy) to assess the most influential factors for phytoremediation and compared different 

plants performance alongside different soil textures to optimize phytoremediation of mixed 

contaminated soils. From the result synthesis, the study reported that Medicago sativa was 

ideal and fit for purpose and sandy clay loam is the most suitable texture for 

phytoremediation measures. 

 

Even though most phytoremediation-based application of MCDA in the literature are very 

case-specific and not holistic, its significance in decision making for remediation purposes 

cannot be excessively stressed as it presents a pathway to evaluating conflicting factors that 

influence the application of the technology and informs decision makers on the merits and 

demerits of alternatives. The choice of MCDA approach is important for deciding the optimal 

decision and choice should be based on the nature of the decision problem and the areas of 

application (Velasquez & Hester, 2013). Because of deficiencies in some methods, it is now 

commonplace to combine MCDA methods to address deficiencies of specific methods (Wang 
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et al., 2019). However, these methods can also be applied in their original form with great 

success if there is an adequate assessment of their strengths and weaknesses (Velasquez & 

Hester, 2013). 

 

2.7 Biomass valorization for energy 

Non-renewable energy consumption is the chief cause of carbon emissions, and this 

invariably leads to global warming associated consequences (Rijo et al., 2021). The recently 

conducted 2021 United Nations Climate Change Conference, COP26 sets an ambitious target 

of 25% reduction in carbon emissions by 2030 (UNFCCC, 2021). To achieve this, there must 

be a swift transition from fossil fuels to renewable alternatives. The finite nature of fossil fuels 

and the climate associated challenges it presents has made renewable energy technology 

even more appealing (Gielen et al., 2019). Important renewable energy sources include solar 

energy, geothermal energy, wind energy, hydropower, and biomass. They are referred to as 

renewables because they can be replenished naturally.  

 

Biomass is considered a clean, abundant, and renewable source of energy that is viewed as a 

viable organic substitute for the more destructive fossil fuel due to its potential to produce 

liquid chemicals (Gustavsson & Svenningsson, 1996). Biomass is referred to as any renewable 

organic material that can be derived from plants and animals (EIA, 2021). These include, wood 

and wood processing wastes, agricultural crops and waste materials, biogenic materials in 

municipal solid waste, animal manure and human sewage. The use of biomass as an energy 

source is increasing especially in developed countries for use as transportation fuel and to 

generate electricity. In 2020, biomass accounts for almost 5 quadrillion British thermal units 

(Btu) representing about 5% of US primary energy consumption (EIA, 2021). Consuming 

sectors of this energy derived from biomass include industrial, transportation, residential, 

electric power and commercial. The process of obtaining value from biomass in the form of 

renewable energy is what is referred to as biomass valorisation (Pfab et al., 2019). Biomass is 

valorized to generate energy via the following processes: 

• Direct combustion to produce heat energy 

• Thermochemical conversion to produce fuel (Solid, liquid, and gaseous) 

• Biological conversion for producing liquid and gaseous fuels 
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• Chemical conversion for producing liquid fuels. 

 

In addition to these direct biomass valorization benefits, by-products from these processes 

can also be utilized to derive more value.  

 

2.7.1 Direct combustion of biomass 

The solar energy absorbed by plants from the sun helps drive the process of photosynthesis 

which enables plants to live and thrive. This stored solar energy in plants (and the waste they 

produce) is referred to as biomass energy. One way to recover this energy is by burning 

biomass as a fuel (Tewfik, 2004). Some important features of biomass are that they can be 

economically produced in mass with little environmental consequences, and they are very 

abundant. Biomass also fix carbon dioxide in the atmosphere via the process of 

photosynthesis. While other biomass thermo-chemical conversion technologies are 

increasingly gaining traction, direct combustion of biomass still accounts for more than 95% 

of global bioenergy production (Demirbas, 2004). This is boosted by the traditional use of 

biomass for cooking and heating especially in rural settings of underdeveloped and 

developing countries.  

 

Earth’s total live biomass is estimated at about 550 – 560 gigatons of carbon, mostly from 

growth of wild plants (Bar-On et al., 2018) and this renewable resource represents about 35% 

of primary energy consumption in developing countries (Demirbas, 2007). Its successful 

application in developing countries indicate its future potential to provide a sustainable and 

cost-effective source of energy as well as aiding countries meet their emissions reduction 

goals (Demirbas, 2007; Solarin et al., 2018). 

 

Biomass combustion describes a series of chemical reaction which involves the oxidization of 

carbon to carbon dioxide and the oxidation of hydrogen to water. A deficiency in oxygen will 

lead to incomplete combustion and the consequent formation of associated products of 

incomplete combustion. The oxygen requirement is highly dependent upon the chemical and 

physical properties of the fuel. The combustion of the biomass is proportional to the 
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combustion products, the burn rate of the fuel, the necessary excess air needed for complete 

combustion and the temperature of the fuel (Demirbas, 2007).  

 

Characteristics of biomass influencing combustion are (i) ash content (ii) specific gravity and 

particle size (iii) extractive content (iv) moisture content (v) elemental (C, H, O, N) content 

and (vi) biochemical composition (cellulose, hemicellulose, lignin).  

On average, the ash content of wood is about 0.5% (Demirbas, 2002). The ash content of any 

given plant material is dependent on the type of plant and the kind of contamination of soil 

it has been grown on. Ash content is a critical factor to determine the calorific value of any 

given biomass; the higher the ash content of biomass, the less desirable it is as fuel (Demirbas, 

2002). For a profitable combustion process, the desired biomass particle size should be about 

0.6cm or more (Demirbas, 2007). Biomass is significantly less dense with a higher aspect ratio 

than coal and it is very difficult to reduce to smaller sizes. 

 

Moisture in biomass is expected to reduce its calorific value (Demirbas, 2002). Moisture 

content varies from plant to plant. In wood species moisture content ranges from 41.27 to 

70.20 (Demirbas, 2003). Moisture content is lowest in stems and more in roots and plant 

crowns. 

 

Another important biomass feature affecting combustion is the extractive content. This 

describes the proportion of combustible organic material present in biomass (Kataki & 

Konwer, 2001). The heating value of plant parts devoid of extractive contents are found to be 

less than those with the extractive parts. The higher the extractive content in biomass, the 

more desirable it is as fuel (Demirbas, 2002). 

 

The physical and chemical composition of fuel can also give an indication of its combustion 

capacity. There is a relationship between the heat content and oxidation states of natural 

fuels and carbon atoms generally trumps the small fractions of hydrogen content (Demirbas, 

2007). The higher the carbon content of a woody biomass, the higher its heating value 

(Tilman, 1978). Biomass cell walls are made of cellulose, hemicellulose, and lignin. The heating 

value of biomass fuels increase with increasing lignin content.  
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2.7.2 Biological conversion for producing liquid and gaseous fuels 

Biological conversion entails the use of fermentation to convert the biomass into ethanol and 

the production of renewable natural gas using anaerobic digestion (EIA, 2021). Ethanol is used 

as fuels for vehicles. Renewable natural gas (biomethane or biogas) is produced at sewage 

treatment plants (in anaerobic digesters), and during livestock and dairy processes (Silva et 

al., 2021). They can also be obtained from solid waste landfills. When treated properly, 

renewable natural gas can be a veritable like for like substitute for fossil fuel natural gas (EIA, 

2021). 

 

2.7.3 Chemical conversion for producing liquid fuels. 

This is hinged greatly on the process of transesterification which involves the conversion of 

triacylglycerides from various feedstocks (waste cooking oil, nonedible oil seeds, animal fats) 

and single cell oils or microbial lipids into fatty acid methyl esters (FAME) which is then used 

to produce biodiesel in the presence of alcohol (Bardhan et al., 2022) 

 

2.7.4 Thermochemical conversion to produce fuel 

This describes a thermal degradation process which involves heating biomass feedstock 

materials in closed pressurized vessels at high temperatures to produce fuel and other 

products (Sikarwar et al., 2016). Thermochemical conversion include gasification and 

pyrolysis and they differ based on the amount of oxygen present and the process 

temperatures used during the conversion process (EIA, 2021).  

 

2.7.4.1 Gasification  

Gasification involves controlled heating of biomass from 800 – 900 oC with the insertion of 

controlled amount of oxygen and/or steam into vessel to make carbon monoxide and 

synthetic gas or syngas rich in hydrogen (EIA, 2021). Growing biomass is known to remove 

carbon dioxide from the atmosphere; therefore, this method has a low net carbon emission 

especially when carried out in combination with carbon capture, storage, and utilization in 

the long term.  
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Biomass gasification consists of series of intricate processes beginning with drying the 

feedstock, then pyrolysis, followed by controlled partial combustion of intermediates, and 

gasification of resulting products (Sikarwar et al., 2016). The gasification process is carried out 

in the presence of a gasifying media like air, steam (H2O), oxygen (O2) or carbon dioxide (CO2) 

inside a gasifying reactor (Sikarwar et al., 2016). The heating value of the gas products from 

the process depends very much on the gasifying agent in use. For example, the calorific value 

of the product gas in air gasification is around 4 – 7 MJ Nm−3 (Megajoules per normal cubic 

metre) but when gasifying agent like pure O2 is utilized, calorific value can go as high as 12–

28 MJ Nm−3 (Rapagnà et al., 2000). Besides the gasifying agents, other factors that affects the 

quality and properties of the gasification products are feedstock material and dimensions, 

reactor’s temperature and pressure, reactor’s design and the presence of sorbents and 

catalysts (Parthasarathy & Narayanan, 2014).  

 

Multiple useful products can be derived from biomass gasification such as: synthetic gas 

(syngas), biofuels, power, heat, fertilizers, and biochar. Syngas can also be further subjected 

to additional processing via the Fischer-Tropsch process to convert to dimethyl ether, 

methanol, and other chemicals (Sikarwar et al., 2016). Gasification can accommodate 

different groups of biomass feedstocks such as herbaceous biomass, woody biomass, 

manures, and marine biomass (Basu, 2010). Gasification process usually involves designing 

the operational process to give a desired product and this is chiefly driven by the type of 

biomass feedstock used and any optimization employed where necessary. 

 

Although the primary motivation of using biomass gasification is to boost resource efficiency 

by utilizing a wide variety of waste materials as feedstock and to mitigate CO2 emission rates, 

its application could also pose potential environmental risks. One such problem is the 

potential emission of particulate matter, carbon monoxide, oxides of sulphur (Sox), oxides of 

nitrogen (Nox) and volatile organics (San Miguel et al., 2012). When exposed to humans via 

inhalation, ingestion and dermal contact, these pollutants can pose serious health risks 

(Kampa & Castanas, 2008). However, the effects are far less dire as emissions are very low 

(with an efficient gas clean-up and conditioning unit) in comparison to biomass combustion 

and fossil fuel combustion (Lewtas, 2007). 
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2.7.4.2 Pyrolysis  

Energy from biomass are fuels that can be in forms of bio-solids, bioliquids and biogas and 

these different types of energy forms can be produced via different kinds of thermal 

conversion treatment. Pyrolysis is one of such conversion technology.  

 

Pyrolysis is a term used to describe the thermal degradation of biomass in the absence of 

oxygen (Uddin et al., 2018). It is a process that entails the fissure of carbon-carbon bonds to 

the formation of carbon-oxygen bonds, with required standard temperature of about 400 – 

550 °C and possibly higher in some cases (Chen et al., 2014). These processes occur within the 

pyrolysis reactor. The key difference of this process in relation to biomass combustion and 

gasification is that the process of thermal decomposition is carried out in the absence of 

oxygen. Its benefits among other thermal conversion technology are that there are less 

emissions released, it produces solid carbonized products (biochar), liquid products (bio-oils, 

tars), and gas products containing a mixture of CO2, H2, CO and CH4 and all its by-products are 

reusable (Uddin et al., 2018). Any of these pyrolysis products can be maximized by 

adjustments to the conditions in the pyrolysis reactor (Santos et al., 2011). Broadly, there are 

three kinds of pyrolysis processes in practice: slow pyrolysis, fast pyrolysis, and flash pyrolysis 

(Uddin et al., 2018). 

 

2.7.4.2.1 Slow pyrolysis 

Slow pyrolysis prioritizes the production of charcoal at slow biomass heating temperature 

above 277°C and maximum temperature range of 677°C in the absence of oxygen (Laird et 

al., 2009). This pyrolysis variation is characterized by a longer residence time typically ranging 

from 5 to 30 minutes and a low heating rate of 5 to 7°C/minimum (Uddin et al., 2018). Here, 

biomass is slowly pyrolyzed at low heating rates with minimal production of the liquid and 

gaseous products and maximal production of char.  

 

2.7.4.2.2 Fast pyrolysis 

This is the most common of all the pyrolysis types and it prioritizes the production of bio-oil 

which is its major product. Biomass feedstock decomposes very rapidly generating minimal 

coal and gas and maximizes bio-oil production. Here, the rapid decomposition of the 
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carbonaceous biomass is undertaken in the absence of oxygen at moderate to high heating 

rates (upwards of 10-200°C/s) with residence time at around 0.5 – 10 seconds and reactor 

temperature at ranging from around 577 – 977°C (Balat et al., 2009). 

 

2.7.4.2.3 Flash pyrolysis 

Compared to other pyrolysis variations, flash pyrolysis, or ultra-fast pyrolysis thermally 

decomposes biomass at extremely rapidly at higher heating rates (>727°C/s) with residence 

time lower than 0.5 s and reactor temperature at around 777 – 1027°C (Balat et al., 2009).  

 

2.7.5 Pyrolysis products 

As earlier mentioned, the products of pyrolysis are primarily char, gases, and condensed 

vapours which is transformed into viscous liquid (bio-oil) at room temperature.  

 

2.7.5.1 Bio-oil 

Bio oil, sometimes called pyrolysis oil is a viscous dark browned liquid derived from a pyrolysis 

process with similar elemental composition as the biomass (Uddin et al., 2018). It is the main 

product of fast and flash pyrolysis.  It is a complex mixture of oxygenated compounds, water 

and in some cases, dissolved alkali, and coal particles from the generated ash. Its content 

composition is determined hugely by the biomass type, the apparatus, process conditions and 

how efficient the separation of the coal and condensed liquid was (Uddin et al., 2018).  

 

While bio-oils can be used as fuels for boilers, engines, and turbines to generate heat and 

power, further modifications can be made to use as transport fuels and chemicals for 

industries (Demirbas, 2004). It is important to research more efficient optimization pathways 

in reactor design to maximize its production. 

 

2.7.5.2 Biochar  

Biochar is a term used to describe a substance made from the carbonization of organic 

material (also called biomass) under high temperature in the absence (or near absence of) 

oxygen. Its production is maximized when slow pyrolysis is adopted, and it is seen as an 

emerging avenue to improve food security in countries and mitigate climate change and its 
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effects (Lehmann & Joseph, 2015). Its applicability is mainly associated to soil enrichment 

giving some benefits such as soil fertility improvement via soil pH alteration, nutrient 

retention via cation adsorption, reduction in greenhouse gas emissions, adsorption of toxic 

metals and organic pollutants, and productivity improvement (Mašek et al., 2013; Bolan et 

al., 2021). 

 

2.7.5.3 Syngas 

Syngas is a product of thermochemical conversion of organic materials. It is sometimes seen 

as an intermediate product because it can be further converted via different mechanisms to 

produce other forms of energy products such as electricity and high quality gaseous and liquid 

fuels used as transport fuels (Börjesson & Ahlgreen, 2012). When slow pyrolysis is adopted, 

about 10 – 35% of biogas is produced (Uddin et al., 2018).   

The yield of syngas is greatly influenced by the pyrolysis temperature applied, and yield is 

maximized using flash pyrolysis at very high temperatures (Uddin et al., 2018). Kantarelis & 

Zabaniotou (2009) reported a 78.87% gas yield at 900°C using a downstream fixed bed 

pyrolysis reactor. Tang & Huang (2005) also reported a 76.64% syngas yield using flash 

pyrolysis in a radio frequency plasma pyrolysis reactor. 

 

Syngas is mainly composed of carbon monoxide and hydrogen. It could also contain trace 

amounts of nitrogen, carbon dioxide, water, methane, ash, tar etc. its content depends 

greatly on the biomass feedstock used and the pyrolysis conditions they are exposed to 

(Fernández & Menéndez, 2011). 

 

2.8 Combing phytoremediation with bioenergy production 

Phytoremediation is a technology that has been in contemporary practice and is still a 

promising environmentally friendly way of dealing with metal contaminants. Its potential is 

yet to be fully explored. Incorporating biomass production to the process has made the 

technology even more appealing, as the utilization of biomass for fuels has been touted as 

one of the most attractive options for dealing with increasing energy demand globally. 

Dealing with metal-polluted biomass remains the critical issue with the process and this has 

been explored by many authors who has shown huge potential for the incorporation of 
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phytoremediation with bioenergy generation as a synergistic process (Yadav et al., 2018; 

Dastyar et al., 2019; Ali et al., 2020).  

 

Biomass derived from phytoremediation can be valorized economically to produce forms of 

bioenergy like biogas or biofuels (Gomes, 2012). However, the presence of contaminants in 

biomass presents potential risks relating to concerns around the contaminants being 

reintroduced back into the soil due to poor management and disposal practice (Edao, 2017). 

Hence the need for options like biomass pre-treatments to reduce pollutant motility and 

transfer or via the use of adsorbers. 

 

To manage the problem of reincorporating pollutants back into the environment, Han et al. 

(2018) put forward the utilization of adsorption-pyrolysis technology as a means of recovering 

valuable metals from biomass after the phytoremediation process. Using Broussonetia 

papyfera biomass as their study material, the biomass was exposed to contaminated soil and 

water samples obtained from mining and smelting sites. They were exposed for 0 – 180 

minutes and at a range of pH (2, 4 and 6) to maximize adsorption. After pyrolysis at 1000°C, 

the authors reported that metal-rich B. papyfera is a good recovery material for heavy metal 

via the adsorption-pyrolysis process and performance increases with increasing pH as the 

highest sorption value was observed at a pH of 6.0. 

 

He et al. (2019) investigated the behaviour of 12 metal(loid)s present in Avicennia marina 

(obtained from phytoremediation) in pyrolysis products at temperatures ranging from 300 to 

800°C. On analysis of the derived leachate from phytoremdiation-obtained biochar, they 

reported that pyrolysis was effective in the reduction of metal bioavailability and motility and 

that the biochar can be useful as potential soil amendments. Optimum pyrolysis temperature 

was reported as between 400°C to 500°C. the study also reported that the presence of metals 

in biomass had no negative effect and may well have indications of positive effects as it 

showed increased biochar and gas-yield with less bio-oil yield. As was stated earlier in section 

2.5.4.2.1, slow pyrolysis supports increased char yield with reduced bio-oil yield. 

 

Pre-treatment of biomass prior to pyrolysis is theoretically a way to influence pyrolysis 

product properties, the distribution of heavy metals during pyrolysis, and the stability of 
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heavy metals in pyrolysis product. He et al. (2020) put the theory to test by utilizing A. marina 

obtained from phytoremediation and treated with ferric salts (FeCl3 and Fe(NO3)3). The 

authors reported that the application of ferric salt treatments to metal-contaminated 

biomass catalysed the pyrolysis process, inhibited the bioavailability and motility of metals in 

biochar, allowed the running temperature at 500-700°C with little risks while optimally 

enabling a value-added successful phytoremediation-pyrolysis process. 

 

In addition, when biomass undergoes combustion, many useful by-products can be derived 

from it, therefore this was tested by Pogrzeba et al. (2018). They investigated the suitability 

of Sida hermaphrodita (an energy crop) to phytoextract some heavy metals in soils and also 

carried out a follow-up gasification experiment with the derived biomass to determine its 

calorific value. The authors reported that S. hermaphrodita was useful to accumulate metals, 

but this is dependent on their bioavailability and fertilizer application caused a reduction of 

metal accumulation in plants. They reported a slight reduction in calorific value for 

contaminated plants when compared with the noncontaminated ones. Additionally, the 

authors concluded that the ashes from incineration can be safely used in agriculture and 

forestry as fertilizers especially in locations carrying out phytoremediation exercises.  

 

The above-reviewed publications suggest the concept of linking phytoremediation with 

thermochemical conversion of biomass for fuel production has significant potential to foster 

sustainability by valorising contaminated biomass into biofuels free of metals and leaving by-

products harm-free, at the same time allowing for metal recovery where necessary. However, 

this study aims to take it one step further by utilizing metal-enriched pyrolysis by-product 

(biochar) for wastewater treatment. Species also need to satisfy important criteria for both 

metal accumulation and bioenergy generation. Some important identified criteria from the 

literature are metal accumulation potential (Dotaniya et al., 2022), growth rate (Sanodiya et 

al., 2022), rooting system (Li et al., 2022), metal tolerance (Gülçin et al., 2021), biochemical 

composition (Sharma et al., 2022), biomass production (Rheay et al., 2021) and second 

generation attribute (Grifoni et al., 2021). 
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2.9 Biochars and their environmental significance 

As described in section 2.7.5.2, biochars are a product of a controlled combustion process 

(pyrolysis) carried out in the absence of oxygen. Its source materials are usually exclusively 

limited to organic biological residues such as, crop residues, wood, poultry litter etc. These 

carbonaceous materials have capacity to absorb and retain plant nutrients in soil, therefore 

increasing soil fertility (Lehmann, 2007). This practice of incorporating biochar to topsoil is an 

ancient technology for the improvement of soil structure (Maroušek et al., 2017).  The 

environmental potential of biochars have been continually explored over the last two decades 

to understand and identify its most efficient application conditions on case-specific basis. 

Studies have explored feedstock types (e.g., plant residues, sewage sludge, food waste etc.) 

(Zhao et al., 2019), process parameters (e.g., retention time, temperature, particle size, pre-

treatments etc.) (Leng & Huang, 2018), and other environmental factors (e.g., pollutant types, 

lignin content etc.) (Singh et al., 2020). Overall, results have revealed the benefits around its 

usage and its potential for further exploration in real-time field applications. Its interaction 

with topsoil when used as sediments for soil improvement and stabilization are influenced by 

physical, biological, and chemical factors (Maroušek et al., 2015). 

 

 

♦ Physical factors 

It has been reported that biochar reduces soil bulk density, increases its soil water holding 

capacity and accelerates its permeability (Asai et al., 2009). Because biochar has lower bulk 

density than most mineral soils, therefore its application on soils tend to reduce the soil’s 

overall bulk density (Verheijen et al., 2010). Low bulk density is an indicator of high soil 

porosity and reduced compaction which is beneficial for plant growth and yield (USDA, 2022). 

Also, the dusty and porous nature of biochar is beneficial for soil porosity and aeration in 

topsoil (Maroušek et al., 2017). Smetanová et al. (2013) also reported that the wettability of 

soils increases when incorporated with biochars, therefore reducing its erodibility. Verheijen 

et al. (2010) indicated that the water retention capacity of biochar enriched soils is influenced 

greatly by the connectivity and distribution of pores in the soil, which is influenced by soil 

structure, texture, and organic matter content.  
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Activated biochar generally consists of about 95% micropores having diameter less than 2 

nanometre (nm). Since biochar porosity consists mainly of micropores, the quantity of 

additional water available for plants will be determined to a large extent by the feedstock 

type and the size of soil particles (soil texture) (Tseng & Tsen, 2006). The water storage benefit 

of biochar applications on soils will therefore depend greatly on modifications around the 

ratio of micro- meso- and macro- pores in the root zone of plants. In addition, application of 

dark carbonaceous biochar on topsoil increases the amount of solar energy absorbed (Krull 

et al., 2004), thus increasing soil temperatures which in turn increases soil biota activity and 

consequently increased vegetation period (Maroušek et al., 2015). 

 

Reports suggests it is the porosity (average pore size distribution, particle size, specific 

volume, surface area etc.) that defines to a large extent the physical characteristics of 

biochars (Maroušek et al., 2017). Its application in soils may increase the net surface area of 

the soil and therefore act as an ideal substrate for a variety of soil micro animalia and micro 

flora (Chan et al., 2007). The structure carbon matrix of biochar with high porosity and 

extensive surface area is a veritable indicator of its potential as sorbent for managing and 

controlling environmental contaminants (Zhang et al., 2020). The physical characteristics of 

biochar (especially its surface area) are significantly influenced by the temperature dynamics 

experienced during the pyrolysis process (Leng et al., 2021). 

 

♦ Biological factors 

Soil productivity can be influenced greatly by activities of soil microorganisms. Fine biochar 

structure incorporated in soil can be a hub or refugia for beneficial soil microorganisms, such 

as bacteria or mycorrhizae and these can affect the binding of beneficial nutritive anions and 

cations (Atkinson et al., 2010). The soil is home to varied biological communities generally 

classified as algae, archaea, arthropods, bacteria, fungi, nematodes, protozoa and other 

invertebrates and their functions are varied and complex. Even within a biological community 

(e.g., fungi), functional groups within the community, i.e., pathogens, saprophytes and 

mycorrhizae may react differently to the application of biochar (Thies & Rilig, 2012). 

Generally, basal respiration and microbial efficiency in soils can be increased by biochar 

application, and there is evidence of increased N2 fixation by symbiotic and free living 

diazotrophs due to biochar application in soil (Rondon et al., 2007). Mycorrhizal abundance 
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(which can be linked to plant yield maximization) can also increase by biochar application 

which can be due to biochar effects in altering soil’s physicochemical properties, or indirect 

effects on mycorrhizae as a result of its effects on other interacting microbes (Maroušek et 

al., 2017).  

 

Jin (2010) observed an increase in microbial biomass with biochar application and opined that 

biochars may increase microbial carbon use efficiency which they attributed possibly to 

changes in the composition of microbial community caused by biochar application and an 

increased fungal to biochar ratio observed with soils with higher biochar content. Jin (2010) 

also reported an increase in P and N use in relation to C explained by changes to the dynamics 

of soil enzyme activities due to biochar application. The decreased activity of enzymes 

mineralizing C could possibly have contributed to labile C stabilization in biochar-containing 

soils. The increased need for P and N acquisition and the reduced need for C due to biochar 

application indicates a shift in microbial community composition and structure in soils with 

biochar. Bailey et al. (2011) on the other hand reported that application of biochar to soil 

biota resulted in a reduction of the activities of soil enzymes, indicating that the sorption 

reaction between biochar and substrates may have disrupted enzyme activities. The effects 

of biochar on soil enzymatic activities are varied but are usually linked to the interaction 

between biochar and soil biota of interest (Maroušek et al., 2017). 

 

♦ Chemical factors 

A well-known property of biochar is their tendency to increase soil’s cation exchange capacity 

(CEC) and pH. When aged, biochar is high in CEC, thus enhancing its potential for use as 

binding agent for minerals and organic matter (Verheijen et al., 2010). However, when 

disintegrated by soil preparation practices and weathering, it is currently unknown how much 

changes will occur in biochar CEC. Increased CEC is usually caused by surface area increase for 

cation adsorption or charge density increase per unit surface of organic matter, which results 

in greater level of oxidation or a synergy of both scenarios (Atkinson et al., 2010). Similar to 

temperature effects on physical properties of biochar, process parameters typically influence 

the chemical properties of biochars and consequently influences their potential use (Sohi et 

al., 2010).  
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Its sorption capacity is one of the most beneficial attributes of biochar and it is determined 

greatly by the relative carbonized and non-carbonized fractions and their associated bulk and 

surface properties (Chen & Chen, 2009). Its affinity to organic compounds is 10 -1000 times 

stronger than to natural organic matter and it is regarded as a ‘supersorbent’ (Maroušek et 

al., 2017). Cederlund et al. (2016) reported adequate sorption of pesticides. De Jesus et al. 

(2017) reported that the application of biochars to soils improves its capacity to adsorb 

polycyclic aromatic hydrocarbons from soils. Other studies have shown successful 

immobilization of chlorine and other organic chemicals (such as polychlorinated biphenyl, 

phenols, and halogenated hydrocarbon) by biochars (Chen et al., 2019). Qiu et al., (2021) also 

reported that biochar application can also be effective for the immobilization and removal of 

heavy metals from soils. the study also showed that by modified partitioning of metals, their 

bioavailability and phytotoxicity can be significantly reduced. Kammann et al. (2015) also 

demonstrated improved capture and delivery of phosphate and nitrate anions by biochar 

application.  

 

These properties of biochar highlighted its importance and promise as a material for waste 

management technology. Biodegradable waste can be converted to biochar as a recycling 

option and these biochars can be used to effectively remove contaminants from aqueous 

solution (Inyang et al., 2012; Ahmad et al., 2014).  

 

2.9.1 Biochar for wastewater treatment  

Given the highlighted problems associated with human misuse of natural resources, the 

consequent pollution associated with it has caused damage to water resources. Factories 

release dangerous effluents that pollute water resources with organic compounds, pesticides, 

detergents, and heavy metals (Abdolali et al., 2014; Verma et al., 2020). Consequently, there 

has been associated health effects to humans and other living organisms, as well as potential 

irreversible environmental damage. The removal of these contaminants is of utmost 

importance, but traditional means of clean-up are expensive and have been deemed to lack 

efficiency (Rangabhashiyam et al., 2014). Therefore, sustainable alternatives for wastewater 

treatment are continually sought. 
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Adsorption by biochar is an eco-friendly, economical, and efficient means of water treatment 

that is a veritable solution option for dealing with contaminants in water bodies (Abdolali et 

al., 2014). Biochars from agriculture are especially ideal as biosorption material as they come 

cheap and requires little processing to become useful (Thakur et al., 2022). They are 

advantageous in that they have high calorific value and are very available (Yaashika et al., 

2019). They are considered efficient for removing contaminants from water, soils, and waste 

from effluents (Xiang et al., 2020). Feedstocks from agricultural residues contain 

hemicelluloses, cellulose, carbohydrates, protein, and lipids whose constituent functional 

group can be activated during the pyrolysis process to enhance their pollutant adsorption 

capacity (Qambrani et al., 2017).  

 

The continual boom and development of the industrial sector has contributed immensely to 

the rapid proliferation in quantity and types of wastewater contaminants, making it a 

dominant source of wastewater contamination. Biochar has become a viable option for 

removal of contaminants from industrial wastewater, for both inorganic and organic 

compounds.  

 

Dyes are an important environmental contaminant of concern as they constitute a large 

portion of industrial wastewater emanating from textile industries. Biochar treatment for 

these sets of contaminants is also favoured and some sorption successes have been reported 

with Pradhananga et al. (2017) reporting a favourable sorption efficiency using a nanoporous 

bamboo cane-derived biochar for the sorption of two sets of wool carpet dyes. Zazycki et al. 

(2018) also reported success utilizing a low-cost pecan nutshell biochar for the removal of 

Reactive Red from water.  

 

Phenols and Polycyclic hydrocarbons (PAHs) are also emerging contaminants of concern in 

industrial wastewater. Chen & Yuan (2011) utilized biochar made from orange peel pyrolyzed 

at temperatures ranging from 150 – 700C to sorb 1-naphtol and naphthalene and 

demonstrated adsorption success up to saturation. Valili et al. (2013) also reported the 

favourable sorption capacity of biochar from malt spent rootlets pyrolyzed at 800 C, 2-folds 

above the raw materials. Using biochar produced from sewage sludge pyrolyzed at 500 C, Dos 

Reis et al. (2017) reported very high sorption capacity for hydroquinone removal.  
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To ascertain the technical feasibility of biochar as a sustainable treatment option for polluted 

wastewater, some important considerations are treatment efficiency, scale-up capability, 

process stability, ease of implementation, health, and safety considerations, as well as 

capacity to combine with other treatment techniques (Kamali et al., 2021).  

 

♦ Scale-up capability 

It is important that treatment technologies developed at lab-scales be able to transition to 

deal with more complex conditions in the presence of real-world effluents (Piccinno et al., 

2016). There has been some successful application of larger scale optimization for biochar 

production process (Yi et al., 2018; Cuong et al., 2020). However, there is desire for more 

studies on the optimization of wastewater treatment using biochars. Also desired is the ability 

of the technology to combine with other treatment technologies at larger scales. He et al. 

(2018) in their review on biochar combination of standard municipal wastewater treatment 

concluded that such combinations are effective especially during colder seasons when the 

concentration of nutrients in effluents is higher because of reduced activity level of nitrifying 

and denitrifying bacteria in wastewaters with low temperature.  

 

♦ Process stability 

A major drawback of utilizing biological treatments is the problem of low stability when 

dealing with toxic non-biodegradable effluents such as those from pulp and paper mills 

(Kamali et al., 2019). The adsorption capacity of biochar depends greatly on their properties 

(for example, specific surface area). Biochars may lose their efficacy over time due to the 

occupation of their available surface area by pollutants over a period (Kamali et al., 2021). 

Therefore, an understanding of the properties of biochar-based materials is vital to avoid 

failures or any drop in performance. 

 

The ease of implementation of the biochar technological process can also affect its stability 

and reliability. When the adoption of biochar technology is desired, efforts should be made 

to make the process, the facilities and equipment required to be less complicated to make 

the process more attractive for implementation. 
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♦ Health and safety considerations 

Since the desire of most biochar-based treatment process for wastewater is to implement at 

larger scales, it is vital to prevent possible associated risks to workers and to attain its 

sustainability agenda. Whilst the route of human exposure to biochar has not been studied in 

any detail so far, the dust generated from biochar production can be very problematic and is 

seen as the predominant route for exposure of humans to biochar (Kamali et al., 2021). Like 

most dust particles, biochar dust may create toxic effects to the respiratory tracts but its 

effects on specific exposed organs is not well understood.  

 

However, the presence of toxic elements in the biochar matrix may be a cause for concern 

when dealing with biochars. Controlling the production conditions and process may alter its 

overall effects and toxicity. Anyika et al. (2016) in a study assessing the concentration of toxic 

and non-toxic elements in biochars as it relates to the adopted production temperature. The 

authors reported that biochars produced under 650°C contains less toxic and non-toxic 

elements and there is therefore less exposure to any toxic effects of biochar production. 

Other factors like origin of the biochar origin (Devi & Saroha, 2014) can also contribute to the 

possibilities of toxic effects. 

 

An ecotoxicological study on the effects of biochar on human liver, lung cell lines and on 

Drosophilia melanogaster (fruit fly) was carried out by Yang et al. (2019) and they reported 

that biochar effect on the viabilities of flies were negligible but has potential to inhibit cell 

growth. these studies are however insufficient to give a definitive statement of the effects of 

biochar on human bodies. However, adequate risk assessment should be carried out when 

embarking on large scale biochar projects and respiratory protective equipment should be 

worn during biochar production to reduce the risks associated with human exposure. 

 

2.9.2 Efficiency of biochar treatment for heavy metals in wastewater 

In addition to soils and sediments, water and wastewater treatment is an important fragment 

of carbonaceous materials application. Reports from recent studies have shown evidence of 

high levels of synthetic and emerging organic contaminants in aquatic systems (Petrie et al., 

2014; Sorensen et al., 2015). These include personal care products, pharmaceuticals, dyes, 
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and toxic pesticides. Studies have also reported persistent prevalence of inorganic pollutants 

on water environments (Li et al., 2017). When dealing with pollutants in water systems, 

adsorption is one recognized, fast, and universal treatment mechanism. It’s a process where 

a substance (adsorbate) becomes attached to the surface of another (the adsorbent). Among 

available water treatment techniques, the process has been reported as one of the most 

efficient for treatment of water containing organic and inorganic contaminants (Rashed, 

2013; Gwenzi et al., 2017). The use of different types of sorbents and their viabilities have 

been explored and have been effective at varying degrees (Gupta et al., 2009). It has also 

been shown that carbon-based adsorbents are the most cost-effective materials for the 

remediation of wastewater containing organic and inorganic pollutants (Ali, 2010). The use of 

activated carbon and other traditional techniques for remediation of contaminants in the 

aqueous phase comes at a high financial cost and concerns of the inevitable deposition of 

chemical residues with further environmental consequences and no economic value (Oliveira 

et al., 2017). Typical biochar has been identified as a low-cost carbon-based adsorbent with 

huge potential for sustainably removing organic and inorganic contaminants from aqueous 

solutions (Park et al., 2016).  

 

Research efforts exploring the efficiency of various types of biochar feedstock for heavy metal 

removal in polluted streams has intensified in recent times. Niazi et al. (2018a) utilized pristine 

Japanese oak wood derived biochar for sorption studies involving arsenite (As(III)) and 

arsenate (As(V)). The authors reported higher sorption for As(V) than for As(III) at 84% and 

81% respectively. When modifications were applied to the biochar, the authors reported that 

their capabilities were extended to handle concerning heavy metals. They concluded that 

heavy metal removal by this biochar is influenced by biochar origin, experimental conditions, 

and its modifications.  

 

Adsorptive capacity of biochar for heavy metals is also determined greatly by the pyrolysis 

temperature adopted (Kamali et al., 2021). Niazi et al. (2018b) tested this theory using Perilla 

leaf-derived biochar and compared sorption effectiveness for biochars produced at 300°C and 

for those produced at 700°C for the removal of As(III) and As(V). The authors reported that 

biochars prepared at 700°C were more effective as adsorbents than ones produced at 300°C. 
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Reason given was the ones produced at 700°C have higher specific surface area and is surface 

aromaticity is more favourable for the adsorption of As than the ones produced at 300°C. 

 

The influence of biochar modification on sorption properties of biochar was tested by Boshir 

et al. (2016) where they compared different kinds of biochar modification and their 

effectiveness for contaminant removal in wastewater. They reported that steam modification 

was not very effective in improving sorptive capacity of biochar, but chemical modification 

was much more effective. Boshir et al. (2016) opined that impregnation with nanomaterials 

and alkali treatment are the most effective techniques to improve adsorption capacity of 

biochar for environmental contaminants. The biochar’s adsorption capacity and the 

adsorbate removal mechanism are greatly influenced by the type and concentration of the 

functional groups (such as -C-O, -CH3, -OH, -COOH) present on the biochar surface (Qambrani 

et al., 2017). These functional groups are responsible for the surface complexation of the 

pollutants which results in their eventual removal from the contaminated media (Niazi et al., 

2018a). 

 

There are instances where the modification of the biochar structure can adversely affect 

certain properties (for example, the specific surface area), but still enhance the potential of 

biochars for certain desired outcomes. For example, even though clay integration onto the 

surface of the biochar may have reduced its specific surface area, its adsorption capacity was 

still increased considerably given the high ion exchange capacity of clay-based materials for 

several cations (Yao et al., 2014).  

Another modification option applicable is the integration of magnetic compartments to 

biomass prior to pyrolysis. Yi et al. (2020) in their review concluded that the application of 

magnetic biochars in wastewater treatment can considerably improve its effectiveness 

against environmental contaminants. Tan et al. (2017) added magnetic composites Fe2+/Fe3+ 

to rice straw prior to pyrolysis to form haematite (γ - Fe2O3), but still retaining the biochar 

functional groups, OH, COOH, C = O, C = C, and C-O-C. the authors reported that this 

integration of magnetic compartments significantly improved the adsorption of cadmium.  

 

Effluents released by industrial facilities are usually laden with a mixture of different types of 

environmental contaminants. Therefore, a key parameter to gauge the efficiency of any 
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treatment technique is its ability to remove a wide range of contaminants (Kamali et al., 

2021). Studies on the production of high-quality biochar capable of simultaneously removing 

various heavy metals from water and wastewater is of high interest in the literature. This 

report will look to explore the simultaneous removal of competitive heavy metals using metal 

enriched sunflower-derived biochar. Choice of sunflower was based on the MCDA outcome 

from chapter 4. Additional details of biochar applicability for wastewater treatment and its 

application in this study is reported in chapter 6 of this thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 58 

CHAPTER THREE 

METHODOLOGY 
3.1 Introduction 

In the previous chapter, literature relevant to the overarching themes was reviewed and key 

knowledge gaps were identified which were highlighted in the introductory chapter of the 

report. In this chapter, focus is placed on the designed methodology to achieve the aim and 

objectives drawn from the identified research gaps. This chapter will explore the choice of 

materials, justification of methods where necessary, as well as experimental and analytical 

procedures. Data for this thesis were obtained from systematic reviews, greenhouse 

experiments, column experiments and subsequent laboratory analyses. The study was carried 

out in different strands where the findings of one phase feeds into the next (See Fig 3.1). 

 

 
Figure 3. 1. Research methodology flowchart 
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3.2 Methodology for Multicriteria Decision Analysis  

3.2.1  Systematic review protocol 

 
An overview of different classifications of MCDA was elucidated in section 2.6 of chapter 2. 

The MCDA method employed in this research is the Weighted Sum Model or Simple Additive 

Weighting. This MCDA systematic review approach was adopted to measure value of different 

decision alternatives and making comparisons to get an optimum result. In broad terms, 

measuring value involves identifying specific decision problem, criteria selection, identifying 

candidates, measuring performance, scoring, weighting criteria, aggregation, and results 

interpretation (Thokala et al., 2016). Similarly, for this research, the processes employed for 

gathering information from the relevant databases are summarized in Table 3.1.  

 

Table 3. 1 Overview of steps in Multicriteria decision analysis process 

 Steps Description 

1. Decision problem identification Define objectives, identify type of decision, preliminary 

candidate screening 

2. Defining criteria Identify criteria and performance index to evaluate 

performance 

3. Measuring performance by data Gather relevant data from literature about the candidates 

under study 

4. Weighting criteria Weight according to defined priority preferences 

5 Aggregation Compute performance data with criteria weightings to obtain 

an overall score for comparison  

6 Results and interpretation Record and interpret output to aid decision making 

 

3.2.2  Defining the decision problem 

A crucial part of this study is in selecting appropriate species that could be used for the 

synergistic process. The most suitable species should primarily have the capability to take up 

large amounts of metal contaminants into their tissues as well as possess adequate 

lignocellulosic properties. To elicit information to aid decision making about possible plant 

species, a preliminary selection process was adopted. These information about potential 
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species were systematically sourced primarily from electronic scientific databases like 

SCOPUS, Clarivate Analytics’ Web of Science and Google scholar. The procedure followed is a 

standard Preferred Reporting Items for Systematic Reviews and Meta Analyses (PRISMA) 

protocol as described by Moher et al. (2015). This is summarily illustrated in Figure 3.2. Key 

search words such as “phytoremediation crops,” “hyperaccumulators” “bioenergy crops” 

“phytoremediation for heavy metals” were imputed into the search databases and gave 

accumulated hits of over 10,000. When these were narrowed to more targeted search terms 

such as “phytoremediation and bioenergy,” “bioenergy crops for phytoremediation,” the 

accumulated number of hits reduced drastically to 112. Careful analysis and synthesis of these 

articles from diverse journals which involved excluding articles unrelated to metal 

contaminants, excluding articles unrelated to energy considerations further reduced these 

articles to 76. From 76 hits, 29 species were most prominent and reoccurring. From these, 8 

most widely and commonly researched species were selected, and these are: Helianthus 

annuus (sunflower), Brassica juncea (Indian mustard), Glycine max (soybean), Miscanthus 

sinensis (silvergrass), Populus spp. (poplar), Salix spp. (willow), Panicum virgatum 

(switchgrass) and Typha latifolia (cattails). Poplar and willow were considered at genus level 

while others at species level because of their woody characteristics. These species selected 

would be further exposed to more in-depth analysis informed by secondary literature to 

ascertain the most suitable for a synergistic phytoremediation study. 

 
Figure 3. 2. PRISMA chart highlighting the systematic review process 
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3.2.3  Defining criteria/indicators 

 
To effectively make decisions on any issue(s), it is vital to define suitability or performance 

criteria and describe how they relate to the parameters on which the decisions are to be 

made. Here, suitability criteria are defined as the major factors guiding a decision or judgment 

process (e.g., a species’ hyperaccumulation potential reveals how good the species can be for 

phytoextraction). Criteria are backed up by key suitability indicators. Indicators here are 

defined as measures through which a species’ individual suitability criteria can be evaluated 

(e.g., a good indicator for a species’ hyperaccumulation potential is a translocation factor). In 

this study, only the most important indicator per criterion (as suggested by the literature) was 

selected as the barometer for comparisons. As indicated in section 2.8 of the literature 

review, selected suitability criteria used, and their associated indicators are highlighted in 

Table 3.2. 

 

Table 3. 2 Suitability criteria and their key performance index 

Criteria Key performance indicators 

(KPI) 

Examples where these 

KPIs were used 

Pollutant accumulation Translocation factor Tangahu et al., 2011, 

Ramana et al., 2021a. 

Dotaniya et al., 2022 

Growth rate Crop growth rate (CGR) Tangahu et al., 2011, 

Tanotra et al., 2022, 

Sanodiya et al., 2022 

Root system Root depth Tripathi et al., 2016, Li et 

al., 2022 

Metal tolerance Metal tolerance index Tangahu et al., 2011, 

Zvobgo et al., 2018; 

Gülçin et al., 2021 
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Biochemical composition Lignocellulosic biomass Pandey et al., 2016; 

Grifoni et al., 2021 

Sharma et al., 2022 

Second generation attribute Competition with food uses Tripathi et al., 2016; 

Thomas et al., 2022; 

Grifoni et al., 2021 

Biomass production (tons per 

acre) 

Total dry biomass (matter) 

yield 

Tangahu et al., 2011; 

Afegbua & Batty, 2018; 

Rheay et al., 2021 

Thermal energy potential Calorific value in MJ per kg Pandey et al., 2016; 

Angelova & Zapryanova, 

2021; Grifoni et al., 2021 

Drought tolerance Yield index Gavuzzi et al., 1997; 

Tripathi et al., 2016; 

Ramana et al., 2021b 

 

 
3.2.4  Data collection for different criteria and KPIs 

 
To collate information for the different established criteria, data were sought from published 

literature. Key databases utilized were the Clarivate Analytics’ Web of Science database and 

the Scopus data base. Collating data from multiple sources can be a complex process. Factors 

and circumstances influencing results may differ, setting inclusion and exclusion criteria can 

be problematic and factoring time and spatial differences and how they could affect the 

output presents some challenges. Data were collected for the different categories, analysed 

and the means were calculated for simple performance comparison, and these were ranked. 

Unique exclusion criteria were set for the different suitability category as described in the 

subsections below: 

 

3.2.4.1 Translocation factor (TF) 

Bioconcentration factor and translocation factor are the common metric used to measure a 

plant species ability to accumulate contaminants (Takarina et al., 2017). While 



 63 

bioconcentration gives an indication of species’ ability to remove contaminants from soil, the 

translocation factor gives an indication of species ability to transfer contaminants from roots 

to the aboveground part of plants. The desire of most phytoremediation process is to 

concentrate contaminants in the aboveground part of plants so this can be harvested away 

to attain adequate removal. This makes TF the key performance indicator. Also, species with 

high TF tends to have high bioconcentration factor (Takarina et al., 2017). 

 

To gather scientific data for the translocation factor, the review protocol depicted in Figure 

3.3 was followed. Results for the TF was created by gathering translocation data from a wide 

spectrum of published literature. Search terms were mainly inputted into selected scientific 

databases in this format: Species name, “translocation index/factor” and the transition metal 

in question. For example, “Translocation factor, Sunflower, Cadmium” together. These terms 

are however imputed arbitrarily. The search generated varying amounts of hits depending on 

the species involved and the kind of metal in focus. However, some common exclusion criteria 

were used for all searches within this category. These include every output unrelated to heavy 

metals, articles where biological/chemical treatments were applied to improve plant growth 

or metal uptake and articles involving phytoextraction in water bodies. These exclusion 

criteria narrowed the articles to the amount present in the raw data section of the appendix 

page as depicted in the matrix cells. In some articles, the translocation values are described 

as ‘translocation factors’, in other ones, they are described as ‘translocation index.’ 

The translocation data garnered were then entered as raw data in a spreadsheet format 

where every species in the matrix was cross referenced against every metal in focus and every 

individual data collected was imputed.  

It is important to note that in some articles, the translocation data were already calculated, 

in some others however, the metal concentrations in the root and in the shoot were used to 

compute the translocation value for the species as they relate to a particular metal. 

Translocation factor/index value are computed by assessing the metal accumulation in both 

plant shoots and roots. This is expressed mathematically as follows (Zacchini et al., 2009):  

𝑇𝑇𝑇𝑇 = 𝐶𝐶𝑠𝑠
𝐶𝐶𝑟𝑟

× 100 ………………………………………………………………Equation 3.1 

 

where Cs and Cr represent metal concentration in plant shoots and roots respectively. 
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Figure 3. 3. PRISMA chart highlighting systematic review process for Translocation factor 

 
3.2.4.2  Calorific value 

 
The calorific value of any fuel describes the amount of heat energy derived from the complete 

combustion of a unit quantity of that fuel (Erol et al., 2010). To generate Calorific value data 

for the selected species, the systematic review protocol in Figure 3.2 was again followed. The 

Web of Science and Scopus databases were also used. For this category, the phrase “Calorific 

value” was imputed into the search bar in quotes followed by the species in focus. For 

example, “Calorific value” Sunflower. This was done for all the species in the matrix. This 

search yielded results in their hundreds for most of the species. However, when some 

exclusion criteria were applied, this reduced the results significantly to numbers where 

meaningful comparison can be made.  

 

Exclusion criteria employed: Results were restricted to studies involving some form of green 

remediation technology. Also, calorific value considered were only for plant biomass (Straws), 

not oils or seeds. This is because post remediation interest is on plant biomass, and it should 

be the basis of any decision to be made.  
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3.2.4.3 Biochemical composition (% dry wt) 

 
Plants cell walls are primarily made up of three organic compounds: cellulose, hemicellulose, 

and lignin. For bioenergy purposes, the desired kind of biomass is one with high lignocellulosic 

content (Isikgor and Bercer, 2015). For this study, comparisons were made on the 

lignocellulosic contents of the different plant species. These comparisons were made by 

collecting data from multiple articles, collate and average them to make comparison. The 

lignocellulosic contents of the plant species were measured from the dry matter of the 

biomass and expressed in percentages. 

To collect data, the protocol as depicted by the review flow chart in Figure 3.2 was followed. 

The scientific databases Web of Science and SCOPUS were again employed, and different 

search terms were inputted into the search bar in different manners. Examples of search 

formats used are, search like: “Sunflower lignocellulosic content,” “Poplar biochemical 

composition,” “Cattail cellulose/lignin content.” Varying but similar percentage lignocellulosic 

contents were reported in different articles for the different species. To reduce the very large 

amount of hits that resulted from these searches, some exclusion criteria were set. These 

were collated and the mean values were computed. 

 

3.2.4.4 Biomass production 

Biomass production describes the quantity of a species biomass yield per unit area (in this 

case, tonnes per hectare) (Klass, 1998). This however should not be mistaken for species yield 

per unit area, as yield can sometimes be described in terms of fruits, seed or even oil yields. 

For this research, focus was solely on dry matter yields.  

 

The systematic review protocol in Figure 3.2 was again employed. To obtain biomass 

production data for the different species in the matrix, the scientific databases, Web of 

Science and Scopus were used. This time, more diverse search terms were applied. Phrases 

such as “Sunflower biomass productivity”, “Soybean biomass yield”, “Poplar biomass 

production” etc. were imputed into the search databases. Again, this yielded varying degrees 

of hits depending on the species in question. Common exclusion standards were utilized for 

all species. For example, scenarios where biomass yield were modelled and not measured 
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were excluded, review papers were not considered as source, articles where chemical and 

biological agents were used to improve production were excluded, hydroponics experiments 

were excluded (only field scale computations were considered), only dry matter yields were 

considered as well. Also, yield values expressed in tonnes per acre were converted to tonnes 

per hectare. 

 

3.2.4.5 Root system 

The maximum root depth of the different species was investigated and compared, and 

judgements were made on the plants with the deepest rooting system. Data for this category 

were mainly an adaptation from Canadell et al. (1996). In their study, they searched global 

maximum rooting depth data, spanning about 300 observations, covering over 250 woody 

and herbaceous species. Globally, species maximum rooting depth ranged from 0.3m to 68m. 

The study investigated rooting depth to species level detail. Maximum rooting depth of five 

of the eight study species were also recorded in the published database.  

In a quest for more recent publications on species rooting depth, a thorough search on 

“maximum rooting depth” of these species was carried out on the Web of Science and 

SCOPUS databases, and no study captured as much detail as the one reported in Canadell et 

al. (1996). The closest was Schenk and Jackson (2002) but their investigations on rooting were 

more about vertical root profiles of different regions in space.  

However, maximum rooting depth was investigated independently for the other three species 

in the matrix (B. juncea, Miscanthus and Typha). In the same manner, the databases were 

searched thoroughly following the review protocol demonstrated in the Figure 3.2 flow chart 

and the ones recording the highest root depth were recorded. These maximum depths were 

compared across all species. Root length measure was in metres. 

 

3.2.4.6 Second generation attribute (SGA) 

IEA Bioenergy (2009) defined first generation biofuels as biofuels that are readily available on 

the market. For example, biofuels from sugarcane, corn and pure plant oil. The feedstock from 

these biofuels in most cases are also useful as food or contains food residues. Second 

generation biofuels on the other hand are biofuels that are produced from cellulose, 

hemicellulose, and lignin. They are not grown primarily as food crops. Examples are bio-oil 



 67 

from pyrolysis or cellulosic ethanol. This category is important because sometimes plants 

bioenergy uses competes with their food uses. The aim therefore is to select plant species 

with the least competition with food uses. The basis for judgement was sourced from the 

Plant for a Future (PFAF) database, https://pfaf.org/user/Default.aspx (PFAF, 2019). The PFAF 

database is a compilation of over 7000 plant species, describing their most important 

characteristics, their edible and medicinal uses. This database is compiled from thousands of 

research articles been put together over a 10-year period. Plant species are assigned edibility 

ratings. A plant species’ edibility rating describes how important the plant is as a food source. 

For this research, the higher the eligibility rating, the lesser its second-generation attribute. 

However, most of the species in the matrix are not primary food sources. The edibility ratings 

of the different species were compared, and their second-generation appeal were compared 

and ranked. This criterion however was not included in the matrix as this is an arbitrary 

subjective measure that is almost impossible to score quantitatively. The top performers from 

the MCDA analysis can be qualitatively accessed afterwards based on their second-generation 

attribute to ascertain the sustainability value in their usage for phytoremediation. 

 

3.2.4.7 Crop growth rate (CGR) 

A species’ growth rate is defined as a measure of its increase in size, mass or quantity over a 

given time. As discussed earlier, there are several measures of growth rate in plant species 

but for this study, the crop growth rate (CGR) (gm-2d-1) will be used to estimate rate of change 

in plant mass per unit time. The growth parameter employed in the estimation is the dry 

weight as proposed by Hunt (1979) thus: 

 

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑑𝑑𝑑𝑑2−𝑑𝑑𝑑𝑑1
𝑃𝑃×(𝑡𝑡2−𝑡𝑡1)   ………………………………………………………...Equation 3.2 

 

where dw1 and dw2 are dry weights taken at two separate times and t1 and t2 represents time 

1 and time 2 respectively. P is the area of land used for planting.  

 

The systematic review protocol in Figure 3.2 was followed to gather relevant information. 

Search terms used were in this manner; “crop growth rate” and name of species (usually both 

common name and scientific name), for example “crop growth rate” sunflower or “crop 

https://pfaf.org/user/Default.aspx
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growth rate” Miscanthus as the case may be. Some exclusion criteria were set for this 

category. Articles using models to estimate CGR were excluded, hydroponic studies were 

excluded, and studies involving species stands younger than a year were excluded.  

 

3.2.4.8 Yield Index (YI) 

As stated previously, a species drought tolerance is described as its capacity to maintain 

productivity under drought conditions. This was described as Yield Index by (Gavuzzi et al., 

1997). Expressed mathematically as: 

 

𝑌𝑌𝑌𝑌 = 𝑌𝑌𝑌𝑌
Ῡs

………………………………………………………...Equation 3.3 

 
where Ys is the plant yield under stress and Ῡs is the plant yield under optimal conditions. 

The higher the YI value, the greater its tolerance to drought conditions.  

 

Productivity is usually defined in terms of yield. Plant yield on the other hand can be defined 

in terms of grain, oil, biomass, or seed yield but for the purpose of this study, focus is placed 

solely on biomass yield as the research objective is centred on generating sizeable biomass 

yield to be used as feedstock for a pyrolysis procedure. Study interest is on comparing the 

different species ability to produce optimum biomass yield under drought conditions. 

Drought here is determined by means of water potential. 

 

A system’s water potential tells us about the measure by which water molecules can move 

within it, as measured in Megapascal (MPa). Its maximum value is zero. As it moves towards 

the negative gradient, water potential reduces accordingly. Lower water potential therefore 

represents higher drought with the maximum water potential at zero. 

To obtain data for drought tolerance index, the same protocol as shown in the review 

flowchart in Figure 3.2 was employed. The same scientific search databases employed for 

other criteria were used. Search terms used were “drought tolerance”, “drought resistance” 

together with the plant species of choice. All data not using water potential as their means of 

measuring drought tolerance were eliminated from consideration. Data were aggregated, 

their means calculated, and comparisons were made. However, for the drought tolerance, it 

was difficult to make a fair comparison because species were not exposed to the same degree 
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of drought. A simple ratio of productivity with drought/productivity without drought would 

not adequately give a fair account of drought tolerance if the level of drought is not 

considered. At this moment, no mathematical equation has been derived to factor varying 

levels of drought for even comparisons, this would be a limitation of the study at this point. 

However, judgements can be made by a qualitative assessment of plant productivity in the 

presence of different levels of water stress. 

 
3.2.4.9 Metal Tolerance Index (MTI) 

Tolerance index (TI) represents the relative growth rate of the plants and is equal to the 

growth in metal-containing solutions divided by the growth in control solutions, the quantity 

multiplied by 100. TI of fresh weight, dry weight or root length could be used to quantify 

plants metal tolerance (Wilkins, 1978). The higher the TI, the better the tolerance. However, 

because plants are exposed to different levels of metal contamination, to make an even 

comparison, it becomes necessary to adapt a modified metal tolerance index by introducing 

a concentration factor (CF) that reflects the phytotoxicity threshold of the metal in question, 

thus: 

 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑇𝑇𝑌𝑌 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑡𝑡𝑅𝑅𝑅𝑅𝑅𝑅 𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑𝑡𝑡ℎ 𝑔𝑔𝑅𝑅𝑡𝑡𝑅𝑅 𝑔𝑔𝑜𝑜 𝑚𝑚𝑅𝑅𝑡𝑡𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑡𝑡𝑅𝑅𝑅𝑅𝑅𝑅 𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑𝑡𝑡ℎ 𝑔𝑔𝑅𝑅𝑡𝑡𝑅𝑅 𝑔𝑔𝑜𝑜 𝑐𝑐𝑔𝑔𝑐𝑐𝑡𝑡𝑔𝑔𝑔𝑔𝑅𝑅

× 𝐶𝐶𝑇𝑇   ………………… .Equation 3.4 

Where 𝐶𝐶𝑇𝑇 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑐𝑐𝑀𝑀𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐𝑀𝑀𝑐𝑐𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑐𝑐 𝑢𝑢𝑢𝑢𝑀𝑀𝑀𝑀 / 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑝𝑝ℎ𝑦𝑦𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑦𝑦𝑀𝑀𝑐𝑐𝑀𝑀𝑀𝑀𝑦𝑦 𝑀𝑀ℎ𝑐𝑐𝑀𝑀𝑢𝑢ℎ𝑀𝑀𝑀𝑀𝑀𝑀  

 

The results for metal tolerance were derived from the raw data by means of the formula 

above. These raw data were obtained by imputing search terms like “metal tolerance” “heavy 

metal resistance” together with the species of choice into the search databases. 

 

3.2.5 Multicriteria decision matrix 

This study utilizes data from a wide range of published literature, aggregate them to form an 

annex of information on whose basis decisions were made on suitable species for sustainably 

managing metal pollution. 

Information from available published literature were also harnessed to determine a set of 

criteria and indicators suitable for benchmarking performances of selected phytoremediation 
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species for transition metal control. Species suitability were measured differently for different 

criteria as was discussed in earlier sections. 

 

Since data collected were from multiple sources and measured at different scales, it is 

important that these collated data be normalized using a standard normalization technique 

to bring all the data to a common scale for easier comparison. There are a number of 

normalization techniques in common use in the literature and some are summarized in Table 

3.3 according to conditions of suitability. 

 

Table 3. 3. Normalization techniques  

Normalization 
method 

Formulae  When to use Literature 

Multiples of 
median (MoM) 

MoM (value) = Result 
(value) / Median 
(population) 

Where results of 
individual tests are 
highly variable 

Palomaki & 
Neveux, 2001 

Min-max 
normalization 

(value – min / max – min) Where distribution is 
uniform across a fixed 
range 

Kiran & 
Vasumathi, 2020 

Decimal scaling v’ = ( v / 10j )  
where j is the smallest 
integer such that 
Max(|v’|)<1 

Where the distribution 
conforms to the power 
law 

Patro & Sahu, 
2015  

Z-scores Value – μ / SD Where distribution has 
minimal extreme outliers 

Cheadle et al., 
2003 

 

For this study, the performance measures in cells (see section 4.3.2) were derived by 

obtaining and collating corresponding data from the literature, then normalizing these data 

by calculating their min-max normalization values. Min-max normalization is a useful way of 

normalizing scores so that the best possible outcome for each criterion has a score of one and 

the worst outcome, a score of zero with every other value in between having a decimal score 

between zero and one. Min-max normalization (also referred to as feature scaling) seeks to 

perform a linear scaling of the raw data and tends to preserve the relationships among the 

raw data values (Kappal, 2019). The general formula is given in Table 3.3. Min-max normalized 

values were obtained by subtracting the minimum raw score of each criterion from each 

species’ performance raw score for that criterion and dividing the result by the difference 

between maximum and minimum score for that criterion (See Table 4.10 footnote). Min-max 
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normalization is advantageous in that assigned weights can be interpreted as ‘importance’ of 

the attribute (Liu, 2011). Essentially, each weight represents the significance of the attribute 

in relation to the overall utility scoring. In contrast, Z-score for instance implies that each 

assigned weight represents the effect of changing the outcome in an attribute by one 

standard deviation, which is more difficult to interpret (Liu, 2011). For this study, weights are 

to be assigned to criteria according to levels of importance making min-max normalization 

practicable. With regards to outliers, min-max normalization deals with this by replacing any 

outlier value lower than the minimum value with the minimum value and replaces any value 

higher than the maximum value with the maximum value (Kappal, 2019). In addition, for min-

max normalization, the overall utility scoring of the transformed values is around the same 

scale which cannot be guaranteed with z-score normalization. This bounded range of 

normalized data will result in smaller standard deviation and consequently suppresses outlier 

effects. Preliminary MCDA matrix using z-score normalization showed an uneven distribution 

of scores with a wider range in differences (see appendix for z-score MCDA matrix). 

 

The matrix uses the simple additive weighting (or weighted sum model) as described by 

(Tofallis, 2014). There are no expected problems of data dependency as highlighted by Pavlicic 

(2000) where the removal of a set of data for some candidates can alter the results and 

consequently ranking of other candidates.  

 

The cells in Table 4.10 (in result section) contains the normalized value scores of the different 

species as it relates to the respective indicators investigated. These scores when put together 

and compared gives an indication of the suitability of species options. Criteria and their 

corresponding indicator can be weighted according to preferences of different individuals and 

stakeholders or according to clearly defined aims and objectives. For this study, priority 

weighting was given to growth rate, biomass production, metal accumulation and metal 

tolerance. Fast growth was considered crucial to this matrix because of the desire to attain 

maximum biomass production within the shortest possible time, as a major criticism of 

phytoremediation is that it takes a long time to attain remediation targets. Also, due to time 

constraints associated with planting season and the University calendar. Biomass production 

was also prioritised in the weighting as biomass is key to any bioenergy related project as the 

goal is to attain as much biomass as possible to be converted via a thermochemical treatment 



 72 

to gain valuable bioenergy and usable by-products. Metal accumulation and tolerance is given 

priority also because the overarching aim of the research is to extract metal contaminants 

from contaminated sites using accumulator plants.  

 
3.3 Methodology for Phytoremediation study 

As depicted in the flow chart in figure 3.1, the top performer in the MCDA was used as a 

model plant to carry out a phytoremediation study. 

3.3.1  Soil properties  

3.3.1.1 Soil pH 

Soil pH was determined by using a calibrated glass pH electrode probe. Sieved soil samples 

were measured (10 g) and put into a clean beaker, 10ml of deionised water was added to it. 

Stirring of the mixture was carried out using a sterilized glass rod and left to stand for 30 

minutes. Afterwards, the calibrated pH electrode probe was placed in the mixture suspension 

and the pH reading was taken. This was replicated three times for certainty. 

 

3.3.1.2 Soil texture 

Standard ‘feel’ test as described by Thien (1979) was used to determine the texture of the 

soil. Prior to test, drops of distilled water were added to soil to form individual balls till 

appropriate for test. 

 

 

3.3.1.3 Soil moisture content (SMC) 

To determine moisture content, 10g of soil was placed in a muffle furnace and heated at 

105°C for 24 hours, afterwards cooled in a desiccator and weighed. Soil moisture content was 

computed thus:  SMC =  𝐼𝐼𝑐𝑐𝑅𝑅𝑡𝑡𝑅𝑅𝑅𝑅𝑅𝑅 𝑑𝑑𝑅𝑅𝑅𝑅𝑔𝑔ℎ𝑡𝑡−𝑜𝑜𝑅𝑅𝑐𝑐𝑅𝑅𝑅𝑅 𝑑𝑑𝑅𝑅𝑅𝑅𝑔𝑔ℎ𝑡𝑡
𝑜𝑜𝑅𝑅𝑐𝑐𝑅𝑅𝑅𝑅 𝑑𝑑𝑅𝑅𝑅𝑅𝑔𝑔ℎ𝑡𝑡

 𝑋𝑋 100 ………………….Equation 3.5 

 

3.3.1.4 Soil organic matter (SOM) 

Samples used to determine SMC were further heated at 450°C for 6 hours till sample becomes 

ash completely, then allowed to cool in desiccators, then weighed. SOM was determined thus: 

%𝑆𝑆𝑆𝑆𝑀𝑀 = 𝐼𝐼𝑐𝑐𝑅𝑅𝑡𝑡𝑅𝑅𝑅𝑅𝑅𝑅 𝑑𝑑𝑅𝑅𝑅𝑅𝑔𝑔ℎ𝑡𝑡−𝑜𝑜𝑅𝑅𝑐𝑐𝑅𝑅𝑅𝑅 𝑑𝑑𝑅𝑅𝑅𝑅𝑔𝑔ℎ𝑡𝑡
𝑜𝑜𝑅𝑅𝑐𝑐𝑅𝑅𝑅𝑅 𝑑𝑑𝑅𝑅𝑅𝑅𝑔𝑔ℎ𝑡𝑡

 𝑋𝑋 100………………………………………….Equation 3.6 
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3.3.1.5 Cation exchange capacity (CEC) 

To determine soil CEC, standard method as described by USEPA method 9081 (USEPA, 1986) 

was adopted. Air dried soil (5g) was weighed and put in 50ml centrifuge tubes, then 30ml 

(1M) of sodium acetate was added to the tubes. These were placed in ultrasonic bath and 

agitated for 10 minutes then samples were centrifuged for 5 minutes at 3000 x g. The resulting 

supernatant was then decanted. Afterwards, 30ml of ethanol was added to the tube, shaken, 

centrifuged again and then decanted. This was repeated to ensure elimination of excess 

sodium acetate. The resultant soil sample was extracted using 20ml (1M) of ammonium 

acetate following the protocol as described earlier. This was replicated thrice, then the 

resultant supernatant was filtered, collected in a volumetric flask, and filled with distilled 

water up to the 100ml mark. To determine cation concentrations, an already calibrated 

inductive coupled plasma optical emission (ICP-OES) was used. 

 

Data analysis and computations: 

   𝑆𝑆𝑀𝑀𝑆𝑆𝑝𝑝𝑀𝑀𝑀𝑀 𝑐𝑐𝑀𝑀𝑐𝑐𝑐𝑐𝑀𝑀𝑐𝑐𝑀𝑀𝑐𝑐𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑐𝑐 =
�𝐶𝐶 𝑥𝑥 𝐷𝐷 𝑥𝑥 𝑉𝑉

𝑆𝑆 �

𝑅𝑅
                              ……………………..Equation 3.7 

Where: 

          C= Concentration from extract (ppm or mg/L) 

          D= Dilution factor 

          V= Volume of extractant 

           S= Dry weight of soil sample (mg) 

           R= Relative atomic mass of element (Na- 22.99, Mg= 24.3, K= 39.1 

𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑐𝑐 𝑀𝑀𝑦𝑦𝑐𝑐ℎ𝑀𝑀𝑐𝑐𝑎𝑎𝑀𝑀 𝑐𝑐𝑀𝑀𝑝𝑝𝑀𝑀𝑐𝑐𝑀𝑀𝑀𝑀𝑦𝑦 �cmolcKg
L

� = Na + Mg + K + Ca……………………Equation 3.8 

 
3.3.2 Enumeration of soil microorganisms 

To determine soil microorganism numbers, plate count method was employed. Soil sample 

(1g) was weighed and added to 9ml of deionized water, shaken and covered in a plastic bottle 

to make up 10-1 dilution. One ml of the soil solution was taken out of the bottle and 

transferred to another bottle of 9ml distilled water to form the 10-2 dilution. This process was 

repeated to get through to 10-7 dilution. Aseptic techniques were then used to transfer 1ml 

of solution to petri dishes containing approximately 20ml appropriate molten agar, inverted 
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and incubated at 25°C for 4 days. Glycerol Yeast Extract Agar (GYEA) was used for 

actinomycetes, Tryptic Soya Agar (TSA) was used for bacteria and Sabouraud Dextrose Agar 

(SDA) was used for fungi. 

 

3.3.3 Heavy metals determination 

To determine total metal concentration, the EPA 3051a protocol (USEPA, 2007a) was 

followed. 0.5g of air-dried soil sample was weighed and put in a Teflon tube, then 9ml of nitric 

acid (HNO3) and 3ml of hydrochloric acid (HCl) were added to tube. This was then placed in a 

closed microwave oven (CEM, Model Mars Xpress). Samples were kept in this closed system 

for 10 minutes at 175°C in accordance with the method protocol, then left to cool before 

being centrifuged at 3000 x g for 5 minutes. Afterwards samples were filtered into a 50ml 

volumetric flask using Whatman’s No 42, then filled to the 50ml mark using distilled water. 

Samples were safely kept in fridge at 4°C in preparation for analysis. 

 

To take triplicate readings for soil sample extract and a blank sample, a Thermos ICP-OES (iCAP 

6000) was used. Calibration of the instrument was carried out using a mixed metal standard 

solution having concentrations ranging from 0.1 mg/kg to 10 mg/kg. Glassware and plastics 

used were treated using dilute (1:1) nitric acid for 24 h and rinsed with MilliQ water prior to 

use. Quality control measures taken are the analysis of loam soil certified reference material 

CRM (SQC001-050G (lot 011233)) and the use of laboratory reagent blanks. Recovery 

percentage of metal concentrations based on CRM ranged from 92.1 to 108.45%.  

 

3.3.4 Preparation of Bacillus aryabhattai AB211  

B. aryabhattai AB211 was isolated and kindly provided by C. Bhattacharyya (Bose Institute, 

India). It is used to investigate plant growth and phytoremediation promoting potential 

together with H. annuus seedlings in pot trials. Seeds of H. annuus were sown in pots 

containing 1kg of sieved soils each as the other treatments described in section 3.3.1 B. 

aryabhattai AB211 culture was grown in M9 minimal media for 72 hours to attain about 108 

cfu/ml.  After plant germination, the rhizospheres of 10-day-old seedlings were inoculated 

with the isolate (inoculation with about 108 cfu/ml of AB211 culture; and in soil) at a ratio of 
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10ml to 100g of soil. 100ml of bacteria medium was used per pot. Initial metal concentration 

was kept at figures shown in Table 3.4 

 

3.3.5  Soil and metal stock preparations 

Air dried sieved loam soils were obtained from Kettering Soil Limited (UK). Approximately 30 

kg of soil were weighed to be put in 30 pots. Based on general plant toxicity thresholds of Pb, 

Cd and Zn which is reported as 120, 32 and 160 mg/kg respectively by EPA (2007), the current 

study aims to keep initial concentrations at 300, 50 and 600 mg/kg for Pb, Cd and Zn 

respectively. These concentration levels represent upper critical soil concentration levels for 

plants (Kabata & Pendias, 1984). Analytical grade of lead nitrate [Pb(NO3)2], zinc chloride 

(ZnCl2) and cadmium chloride (CdCl2) were dissolved separately in a litre of deionized water 

to make stock solutions (with expected concentrations at 50 mg/kg, 300 mg/kg and 600 mg/kg 

for Cd, Pb and Zn, respectively) for the different metal salts. Total soil quantity required for 

experiment was 30 kg, i.e., 3 kg of soil per treatment which equates to 1 kg of soil per pot as 

shown in Table 3.4. To attain 50 mg/kg of Cd in 3 kg of soil, 0.245g of CdCl2 was dissolved in 1 

L of distilled water by stirring continuously until metal is completely dissolved in water, then 

mixed with 3kg of soil to spike in a 10 kg/L ratio. To attain 300 mg/kg of Pb in 3 kg of soil, 

1.44g of Pb(NO3)2 was dissolved in water and mixed with soil. For Zn, 3.774 g of ZnCl2 was 

required to attain 600mg/kg of Zn in 3kg of soil as shown in Table 3.4. 

 

3.3.6 Experimental protocol 

The experiment uses a completely randomized design involving three metal types, Cd, Pb and 

Zn with H. annuus the plant being the subject of experimentation. Plant choice is based on 

the outcome of the MCDA study in chapter 4. All H. annuus seeds were obtained from Mr. 

Fothergill’s seeds, Kentford. The different treatments enumerated in Table 3.4 were applied 

to H. annuus. All 30 pots were filled with 1kg mass of soil each. Ten seeds of H. annuus was 

sown on each pot. Soil was irrigated regularly to keep at field capacity ideal for plant growth. 

At week 10, plant samples were harvested and separated into roots, stems, and leaves, then 

oven dried in the laboratory at 65 ±2°C for 72 hours. Roots were rinsed in warm deionized 

water to remove every soil debris present. Important data (dry weight, bioconcentration 
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factor, translocation index, metal tolerance index) investigated with the matrix were 

measured empirically using standard methods. 

 

Table 3. 4 Phytoextraction experimental design summary 

Treatments Replicates Soil quantity Weight of metal salt required (g) Target metal 
conc. 

Cd 3 1kg x 3 = 3kg 0.245g of CdCl2 50mg/kg 

Pb 3 1kg x 3 = 3kg 1.44g of Pb(NO3)2 300mg/kg 

Zn 3 1kg x 3 = 3kg 3.774g of ZnCl2 600mg/kg 

Cd+Pb+Zn 3 1kg x 3 = 3kg CdCl2 (0.245g) + Pb(NO3)2 (1.44g) + ZnCl2 (3.774g) Sum of all 3 

Control 3 1kg x 3 = 3kg Blank Blank 
AB211 3 1kg x 3 = 3kg Blank Blank 
Cd + AB211 3 1kg x 3 = 3kg 0.245g of CdCl2 50mg/kg 
Pb + AB211 3 1kg x 3 = 3kg 1.44g of Pb(NO3)2 300mg/kg 
Zn + AB211 3 1kg x 3 = 3kg 3.774g of ZnCl2 600mg/kg 
Cd+Pb+Zn+AB211 3 1kg x 3 = 3kg CdCl2 (0.245g) + Pb(NO3)2 (1.44g) + ZnCl2 (3.774g Sum of all 3 
Total 30 pots 30 kg   

 

3.3.7 Calculating important parameters 

3.3.7.1 Bioconcentration factor (BCF)  

The BCF is defined as the ratio of metal concentration in the plant to the metal concentration 

in the soil (Zhuang et al., 2007). It is defined mathematically as: 

 

BCF = 𝑀𝑀𝑅𝑅𝑡𝑡𝑅𝑅𝑅𝑅 𝑐𝑐𝑔𝑔𝑐𝑐𝑐𝑐𝑅𝑅𝑐𝑐𝑡𝑡𝑔𝑔𝑅𝑅𝑡𝑡𝑅𝑅𝑔𝑔𝑐𝑐 𝑅𝑅𝑐𝑐 𝑝𝑝𝑅𝑅𝑅𝑅𝑐𝑐𝑡𝑡 𝑡𝑡𝑅𝑅𝑌𝑌𝑌𝑌𝑡𝑡𝑅𝑅𝑌𝑌 (𝑚𝑚𝑔𝑔 𝑘𝑘𝑔𝑔  𝐷𝐷𝐷𝐷)
𝑀𝑀𝑅𝑅𝑡𝑡𝑅𝑅𝑅𝑅 𝑐𝑐𝑔𝑔𝑐𝑐𝑐𝑐𝑅𝑅𝑐𝑐𝑡𝑡𝑔𝑔𝑅𝑅𝑡𝑡𝑅𝑅𝑔𝑔𝑐𝑐 𝑅𝑅𝑐𝑐 𝑌𝑌𝑔𝑔𝑅𝑅𝑅𝑅 (𝑚𝑚𝑔𝑔 𝑘𝑘𝑔𝑔 𝐷𝐷𝐷𝐷)

…………………………………..Equation 3.9 

 

For plants, BCF values above 1 are generally referred to as hyperaccumulators (Zhang et al., 

2002). 

 

3.3.7.2 Translocation factor (TF) 

This is used to ascertain the ability of plants to translocate metals from its roots to the above 

ground harvestable shoots (Nirola et al., 2015). It is calculated mathematically thus: 

 

 𝑇𝑇𝑇𝑇 =  𝑀𝑀𝑅𝑅𝑡𝑡𝑅𝑅𝑅𝑅 𝑐𝑐𝑔𝑔𝑐𝑐𝑡𝑡𝑅𝑅𝑐𝑐𝑡𝑡 𝑅𝑅𝑐𝑐 𝑅𝑅𝑎𝑎𝑔𝑔𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔𝑡𝑡𝑐𝑐𝑑𝑑 𝑌𝑌ℎ𝑔𝑔𝑔𝑔𝑡𝑡𝑌𝑌
𝑀𝑀𝑅𝑅𝑡𝑡𝑅𝑅𝑅𝑅 𝑐𝑐𝑔𝑔𝑐𝑐𝑡𝑡𝑅𝑅𝑐𝑐𝑡𝑡 𝑅𝑅𝑐𝑐 𝑔𝑔𝑔𝑔𝑡𝑡𝑌𝑌

 𝑦𝑦 100…………………………………….Equation 3.10 
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3.3.7.3 Metal tolerance index (MTI) 

This is defined as the mean weight of plants exposed to heavy metal stress divided by the 

mean weight of the control (Baker at al., 1994). 

 

 𝑀𝑀𝑇𝑇𝑌𝑌 = 𝐷𝐷𝑔𝑔𝐷𝐷 𝑑𝑑𝑅𝑅𝑅𝑅𝑔𝑔ℎ𝑡𝑡 𝑔𝑔𝑜𝑜 𝑚𝑚𝑅𝑅𝑡𝑡𝑅𝑅𝑅𝑅 𝑝𝑝𝑅𝑅𝑅𝑅𝑐𝑐𝑡𝑡𝑌𝑌
𝐷𝐷𝑔𝑔𝐷𝐷 𝑑𝑑𝑅𝑅𝑅𝑅𝑔𝑔ℎ𝑡𝑡 𝑔𝑔𝑜𝑜 𝑐𝑐𝑔𝑔𝑐𝑐𝑡𝑡𝑔𝑔𝑔𝑔𝑅𝑅

 𝑋𝑋 100………………………………………………..Equation 3.11 

 
 
3.3.8 Statistical analysis 

 
The statistical tests used are the Analysis of variance (ANOVA) and Tukey’s post-hoc test to 

compare treatments. This is because comparisons were made for more than two data sets 

(multiple treatments) with a single dependent variable (e.g., % dry weight) at a time. Tests 

were used to compare biomass production, metal tolerance and accumulation efficiency of 

sunflower when exposed to different metal treatments and to compare metal accumulation 

efficiency of sunflower with and without the bacterial strain B. aryabhattai AB211. All 

statistical analyses were carried out using the Minitab version 17 software. Means/median 

differences were deemed statistically significant at p ≤ 0.05. All experiments were subjected 

to normality and equal variance assumption tests. 

 

3.4 Methodology for pyrolysis study 

3.4.1 Measuring the calorific value of biomass sample prior to pyrolysis 

The calorific values of the plant biomass samples were measure via calorimetry. This involves 

the total combustion of a known quantity of biomass sample inside an oxygen bomb 

calorimeter under carefully controlled conditions (Hunce et al., 2019). To determine the 

calorific value, 0.5 g of dry biomass sample was squashed and put into the bomb calorimeter 

(IKA, C6000), and this was filled with excess oxygen under pressure to ensure total 

combustion. The calorimetric bomb was then immersed in a container filled with water (2150 

ml), with the initial temperature of the water at 18 ± 0.5 °C. The water bath temperature was 

measured with a temperature probe at 10s intervals. The temperature variations during 

combustion were used to work out the quantity of heat energy released. Results of this 

process were expressed in MJ per kg. 
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3.4.2 Estimating pyrolysis product 

The sunflower biomass derived from the phytoremediation study in chapter five was 

prepared for use in the pyrolysis study. Biomass for the three different metal treatments (Cd, 

Pb, Zn) were homogenized to get adequate quantity for pyrolysis. Homogenized samples 

were washed with deionized water to remove debris, then air-dried. Total heavy metal 

content of homogenized biomass samples was measured using the USEPA 3051a protocol 

described in section 3.3.3. 

 

Biochar was produced through pyrolysis of dried sunflower biomass under oxygen limited 

conditions. Shredded (<5cm) dried biomass samples were sent to BEACON Biorefining Centre 

of Excellence, University of Aberystwyth and pyrolysis was undertaken using a small-scale 

benchtop tube furnace (see figure 3.2). Biomass was slowly pyrolyzed at 500 °C with a 2-hr 

residence time in a N2 environment and heating rate of 10°C/min, recognized as process 

parameter conditions for optimum biochar yield production (Granados et al., 2022).  

 

Biochar yield was estimated thus: 

𝐵𝐵𝑀𝑀𝑀𝑀𝑐𝑐ℎ𝑀𝑀𝑐𝑐 𝑦𝑦𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 (%) = 𝐷𝐷𝑅𝑅𝑅𝑅𝑔𝑔ℎ𝑡𝑡 𝑔𝑔𝑜𝑜 𝑎𝑎𝑅𝑅𝑔𝑔𝑐𝑐ℎ𝑅𝑅𝑔𝑔
𝐷𝐷𝑔𝑔𝐷𝐷 𝑑𝑑𝑅𝑅𝑅𝑅𝑔𝑔ℎ𝑡𝑡 𝑔𝑔𝑜𝑜 𝑎𝑎𝑅𝑅𝑔𝑔𝑚𝑚𝑅𝑅𝑌𝑌𝑌𝑌

 𝑦𝑦 100……………………………..Equation 3.12 

 

Bio-oil yield data was obtained based on adaptation from Tang et al. (2020) where machine 

learning tools were used to estimate the bio-oil yield based on the feedstock type and 

pyrolysis parameters. This was done because due to the size of biomass obtained from the 

phytoremediation process (120g), pyrolysis needed to be done using a bench scale tube 

furnace (see Figure 3.4) designed primarily for char production. In the same vein, syngas data 

was derived based on simulation using a computer-based model Aspen Plus V9 given the 

process parameters enumerated above.   
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Figure 3. 4. Bench scale tube furnace at BEACON Biorefining Centre 

 

3.5 Methodology for Column experiments for wastewater treatments. 

3.5.1 Material preparation and characterization  

Biochar samples when received were grounded with agate mortar to achieve homogenization 

and sieved to 0.5 – 1 mm sized particles. This was washed with deionized water to remove 

impurities and resident ash debris and then dried at 80 °C to prepare for further analysis. 

Stock solutions of 50 mg/L, CdCl2, 100 mg/L Pb(NO3)2, 150 mg/L of ZnCl2 were prepared by 

dissolving the appropriate amount of metal salt in deionized water. 

 

Biochar pH was determined by adding biochar to deionized water in a 1:20 mass ratio, then 

stirred and allowed to stand for 10 minutes before taking pH reading using a pH meter (Inyang 

et al., 2012). See 3.3.4.1. Total heavy metal content of the pre- and post-sorption biochar was 

measured using the USEPA 3051a protocol described in section 3.3.6. 

 

Heavy metal content of the post-sorption leachate was measured following the EPA 3015a 

protocol (USEPA, 2007b). 22.5 ml of metal contaminated aqueous solution was sampled out 

in Teflon tube and 2.5 ml of concentrated nitric acid was added to meet the 9:1 ratio between 

sample volume and nitric acid volume as recommended by the EPA 3015a method. Samples 

were mineralized in closed microwave oven (CEM, Model Mars Xpress) and the procedure 

described in 3.3.6 was followed afterwards. 
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To determine the speciation of metal in post-sorption biochar, a sequential extraction 

procedure was carried out following a four-step process adopted from von Gunten et al. 

(2017).  

Step 1: Acid extractable fraction (F1): 0.5g of dried biochar sample was weighed in an 

analytical weighing scale and put in a 50 ml centrifuge tube. 20 ml of 0.1M acetic acid was 

added to biochar sample and shaken in a rotational shaker for about 16 hrs then centrifuged 

for 15 minutes at 10,000 relative centrifugal force (rcf). 10 ml of the supernatant was collected 

carefully using a syringe and was filtered using 0.2 µm nylon membranes. Extreme care was 

taken because of the light and buoyant nature of floating biochar particles on the surface of 

the supernatant after centrifugation. Residual liquid and solid samples were flushed using 

ultrapure water via a vacuum filtration system using 0.2 µm nylon membranes to retrieve the 

remaining solids. These solids were then transferred back to tubes (aided by dispersal using 

ultrapure water) and oven-dried at 60°C 

Step 2: Reducible fraction (F2): Residual oven-dried solids were extracted further following 

steps as described above but with 20ml of 0.1M hydroxylamine chloride (NH2OH·HCl) 

(previously adjusted to pH 2 using nitric acid). Liquid from extraction were recovered via 

centrifugation and solids were washed as described above. 

Step 3: Oxidizable fraction (F3): 5 ml of 30% H2O2 was added to sample and was allowed to 

stand for an hour at room temperature then another 5 ml of 30% H2O2 was added to tubes 

then heated on a heating block for anther hour. Afterwards, 25 ml of 1M ammonium acetate 

(previously adjusted to pH 2 using nitric acid) was added and the solution was mixed for 

approximately 30 minutes. Sample was centrifuged again, supernatants recovered, and 

samples were washed again as has been described above for the final extraction step.  

Step 4: Residual fraction (F4): The leftover biochar was put into ceramic trays and burned in 

furnace for 6 hrs at 500°C. Residual ash was then transferred to Teflon tube for acid digestion. 

Extreme care was taken when transferring ash from ceramic trays not to lose solid mass. 

Digestion was carried out following USEPA 3051a protocol as described earlier in 3.3.6. The 

procedure was carried out in triplicates. 
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3.5.2 Column leaching experiment 

A column leaching experiment was carried out with plastic column (15 cm height, 3.5 cm inner 

diameter) to investigate the effect of sunflower-derived metal-enriched biochar on the 

removal of metal contaminants from aqueous solution. Initially, nylon membrane filter 

(0.2µm) was placed at the bottom of the column to prevent adsorbent loss during 

experiment. Membrane filters were used as these does not adsorb metal ions as has been 

reported for Whatman’s filter paper (Engin et al., 2010). Afterwards, a 2 cm of fine gravel 

(5mm) and a known mass of biochar (10cm) was packed into the column, then another 2 cm 

layer of fine gravel was placed on top of the biochar layer to block materials into column. Prior 

to the start of experiment, the column was run in a downward stream with deionized water 

to saturation to get rid of any trapped air between particles (Lim & Aris, 2014). The top of the 

column was pierced with a sterile Intrafix 150 cm infusion set (BBraun) then connected to a 

peristaltic pump which was used to set and maintain flow rates adopted in the procedure. 

See Figure 3.5 for column schematics. The duration of the experiment was 38 hr at which 

point leachate was taken with an approximate flow rate of 0.22 ml/min. Leachate samples 

were further filtered using nylon membrane filters (0.2 µm). Post-sorption biochar was 

washed with deionized water and dried for analysis. Filtrate was acidified with concentrated 

(65%) nitric acid to pH ≤ 2 and stored at 4 °C for analysis. Cd, Pb and Zn concentrations of the 

acidified filtrate samples were analysed using USEPA 3015a digestion method described in 

section 3.5.1, followed by an ICP-OES analysis. 
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Figure 3. 5.  Schematics of column experiment  

 

3.5.3 Batch adsorption isotherm experiment 

Metal-rich biochar samples from pyrolysis experiment was used to carry out a multi-metal 

batch adsorption isotherm experiment to further investigate heavy metal removal efficiency 

and to understand the adsorption behaviours of metal ions (Cd2+, Pb2+, and Zn2+) from heavy 

metal contaminated water. The experiments were carried out in room temperature 21 ± 2 °C 

and in triplicates.  0.2 g biochar (adsorbent) was added to a 200 ml conical flask containing a 

100 ml of metal (Cd2+, Pb2+, and Zn2+) solutions. The metal concentrations were set from 10 

mg/L to 200 mg/L. The concentrations were set following procedures described in 3.5.2. Initial 

pH of metal solutions was set at 5 by adjusting with nitric acid and sodium hydroxide. This 

was set so to keep metal ions stable in the solution without precipitation (Ding et al., 2016). 

The mixture in flask was placed in a rotary shaker and shaken for 24 h to ensure adequate 

adsorption/desorption. Heavy metal concentrations in the supernatant were measured via 

ICP-OES 
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3.5.4 Statistical analysis 

As with section 3.3.8, the statistical tests used are also the Analysis of variance (ANOVA) and 

Tukey’s post-hoc test to compare treatments. Tests were used to compare the capacity of 

metal-enriched sunflower-derived biochar to remove metal contaminants from wastewater 

under different heavy metal treatments. Also, the statistical analyses were carried out using 

the Minitab version 17 software. Means/median differences were deemed statistically 

significant at p ≤ 0.05.  
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CHAPTER FOUR 

DEVELOPING A MULTI-CRITERIA DECISION MATRIX FOR SPECIES SELECTION 
 

4.1 Background 

As mentioned in section 1.1 of this report, this study seeks to explore the applicability of 

phytoremediation as a medium to manage toxic metal contamination in soils. To maximize 

benefits from a phytoremediation process, Pandey et al. (2016) proposed combining 

phytoextraction with an energy generation process. Generating energy from the 

phytoremediation process by utilizing energy crops for metal extraction can be a useful way 

of gaining added value from the process (e.g., Tripathi et al., 2016; Raikova et al., 2019; Rheay 

et al., 2021; Wang et al., 2021). The first stage in the process is a bio-extraction function which 

involves utilizing plants to extract metal contaminants from the soil. Its effectiveness depends 

greatly on the bioaccumulation potential of the species, growth rate and yield generation 

attributes (Tangahu et al., 2011). The efficiency of the bioenergy generation process also 

depends on the species’ lignocellulosic properties, biofuel properties and calorific value 

(Pandey et al., 2016). Additional efficiency parameters for both processes are species’ 

tolerance to diverse kinds of abiotic stresses, cost, and second-generation attribute (Tripathi 

et al., 2016). For the success of these combined processes, the types of species selected is 

crucial. Species selected should possess a significant number of these attributes. To achieve 

the desired outcomes in this regard, identifying and selecting the best plant species is critical. 

The process of selecting plant species must consider all the underlying suitability criteria for 

the plant species and determine the most suitable fit. A multicriteria decision analysis (MCDA) 

tool may satisfy this requirement. It provides a platform to evaluate all the complex suitability 

criteria for different plant species in a comprehensive and verifiable manner and allows for 

informed decision making given the outcomes of the assessments. 

 
The goal of decision makers is always to choose the optimal option. In reality however, true 

optimal decisions usually only exist where there is a single criterion for consideration. 

Unfortunately, most world problems come with multiple complex and conflicting criteria on 

which basis decisions are to be made. Where there are multiple criteria, a framework for 

breaking down these complexities into smaller components for better assimilation becomes 

necessary. A multi-criteria decision analysis (MCDA) seeks to structure and solve decision 
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making problems involving multiple defining criteria. Ultimately, its aim is to make decision 

making easier. It is a useful tool for breaking complex decision-making problems into smaller 

components, weighing, analyzing smaller pieces, and making judgements, then 

reconstructing back to a whole to paint a vivid picture for a more informed decision making. 

 

In a published scoping study on environmental appraisal techniques and guidance by the UK 

Department of the Environment, Transport and the Regions (DETR, 1999), a major 

recommendation for future action was a continuous provisioning of guidance for the 

development of multi-criteria analysis framework. This popular tool essentially combines a 

range of options for a designated objective(s), gather and synthesize information for these 

options, make comparisons, trade-offs, etc. to arrive at a comprehensive easy-to-assimilate 

framework for decision makers. The multi-criteria analysis tool has been employed in recent 

times to handle decision-making problems relating to the environment, energy and 

sustainability (Zavadskas et al., 2015; Soltani et al., 2015), tourism (Akincilar and Dagdeviren, 

2014), information technology and manufacturing (Oztaysi, 2014), supply chain and logistics 

(Rajesh and Ravi, 2015), construction and project management (Monghasemi et al., 2015), 

amongst others. 

 

A few studies (e.g., Rheay et al., 2021; Wang et al., 2021; Raikova et al., 2019 Jiang et al., 

2015; Tripathi et al., 2016) have evaluated specific bioenergy crops (based on 

hyperaccumulation and biofuel potentials) as candidates for a synergistic association with 

phytoremediation. However, there is a lack of across-board analytical review, involving 

multiple species, as well as considering multiple suitability criteria to determine suitable 

candidates for a synergistic approach to metal pollution clean-up. Developing a more robust 

selection process would vastly improve our understanding of comparative plant species 

behaviour under different conditions and exposures. In addition, the outcome is more 

reliable as the candidates have been exposed to more suitability checks. 

 

Managing environmental contamination issues requires a plethora of decision-making. To 

make these kinds of decisions, a range of factors such as project objective, stakeholder inputs, 

scientific findings etc. are often considered. To determine the species best suited to attain the 

synergistic goal of phytoremediation and bioenergy generation, it is necessary to develop a 
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selection mechanism that considers the aforementioned set of criteria. An MCDA approach 

appears to be a suitable mechanism to attain this goal. It is an approach that helps synthesize 

available information, compare different objectives and technologies, make necessary trade-

offs to arrive at a coherent, integrative resolution. 

 

4.2 Aim and objectives 

This part of the study aims to recognize the complex nature of decision making as it relates to 

desired outcomes of multiple stakeholders and develop a multi-criteria analysis matrix based 

on a set of established criteria to determine which phytoremediation species is (are) best 

suited for the purpose of phytoremediation and bioenergy generation.  

Some objectives set to achieving this aim are: 

• To identify suitable plant species and relevant suitability criteria for a 

phytoremediation and bioenergy-generation synergy. 

• To identify the key performance index for set criteria and gather relevant data from 

available scientific databases. 

• To develop a multicriteria matrix based off quantitative data collected from studies 

published in these scientific databases. 

• To assign weights based on criteria priority ratings and make decisions according to 

established research objectives. 
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4.3 Results and discussion 

Results were gathered from over 190 journal articles reviewed (See section 3.2.4). Data were 

collected for the different categories of plants, their designated criteria and corresponding 

key performance indicators (in brackets) the analysed and the means calculated for simple 

performance comparison, and these were ranked. Mean values were calculated by summing 

performance data of the species investigated (from selected articles) and divide by the total 

number of observed data in selected articles (for each criterion) (see raw data in appendix for 

articles).  

 

Mean =  𝑆𝑆𝑡𝑡𝑚𝑚 𝑔𝑔𝑜𝑜 𝑅𝑅𝑅𝑅𝑅𝑅 𝑡𝑡ℎ𝑅𝑅 𝑔𝑔𝑎𝑎𝑌𝑌𝑅𝑅𝑔𝑔𝑅𝑅𝑅𝑅𝑡𝑡𝑅𝑅𝑔𝑔𝑐𝑐𝑌𝑌
𝑇𝑇𝑔𝑔𝑡𝑡𝑅𝑅𝑅𝑅 𝑐𝑐𝑡𝑡𝑚𝑚𝑎𝑎𝑅𝑅𝑔𝑔 𝑔𝑔𝑜𝑜 𝑔𝑔𝑎𝑎𝑌𝑌𝑅𝑅𝑔𝑔𝑅𝑅𝑅𝑅𝑡𝑡𝑅𝑅𝑔𝑔𝑐𝑐𝑌𝑌

 ……………………………………………..Equation 4.1 

 

Species are ranked based on performance scores for every criterion investigated and the 

difference in performance scores need not be statistically significant to be ranked higher or 

lower. Rankings are necessitated as part of the model development procedure and its design 

expectation is for it fit well even when applied to different species under different objectives 

or priorities. Rankings gives an indication of performance prior to the application of weights 

(based on stakeholder priorities). 

 

On data quality, the Yield Index is the KPI with the least reliability as already highlighted in 

3.2.4.8. While yield index is a good measure of drought tolerance for specific case studies 

(Anwar et al., 2011), there is implicit difficulty to make a fair comparison when species were 

not exposed to the same degree of drought. Because difference in drought exposure levels 

will have a profound effect on species’ drought tolerance capacity, the greatest uncertainty 

of the matrix lies here. Tolerance data may skew in favour of conditions where drought level 

is low. To manage this, tolerance data from the literature were collected from conditions with 

similar drought exposure levels. This was included as part of the exclusion criteria for drought 

tolerance data. However, this significantly reduced the number of studies evaluated and thus 

the robustness. For this study, it may be ascribed to poor data quality due to the unavailability 

of more input data which means a better formula for aggregating more diverse drought 

tolerance level is needed or more input data are needed rather than the approach being not 

well founded. 



 88 

 

4.3.1 Species performance according to specified Criteria/KPIs 

4.3.1.1 Pollutant accumulation (translocation factor) 

After obtaining multiple raw data on the translocation values from different studies as 

indicated in PRISMA chart in Figure 3.3, the translocation data for different species with 

respect to the metals were then collated and aggregated and then the mean was calculated 

to get a single mean translocation factor value for each species and metal, and these were 

structured in a matrix to make for easy comparison. Comparisons were made and species 

were ranked based on average performances accordingly. Results in Table 4.1 showed that 

soybean had the best performance based on mean translocation factor, followed by poplar, 

Indian mustard, and sunflower. Comparatively, cattails and switchgrass were the least 

performing plant species with the lowest averages on metal accumulation percentages. The 

TF values in the literature are very varied and are influenced by a myriad of factors such as, 

environmental factors, metal bioavailability, metal type and concentration (Nirola et al., 

2015). The values given are an aggregation of data exposed to different sets of factors that 

may have influenced uptake levels in different ways. Derived data should be regarded as 

merely indicative as factors affecting results are largely unknown for aggregated data and it 

is important that translocation data be sourced according to conditions that fit desired 

objective.  

 

Generally, TF values > 1 are regarded as hyperaccumulators. However, where the level of 

metal concentration is low, this condition is easier to meet than in heavily polluted conditions 

like an abandoned mine soil. Baker & Brooks (1989) opined that those plants accumulating 

>1000 mg kg-1 of Co, Cr, Cu, Pb and 10,000 mg kg-1 of Zn or Mn are referred to as 

hyperaccumulators, implying that TF values are more qualitative rather than quantitative. 

Ideally, phytoremediation projects should factor in quantitative considerations as well the 

qualitative ones when seeking the ideal species. However, there is lack of universally 

established metal concentration thresholds for all heavy metals to base the 

‘hyperaccumulator’ status on, therefore the qualitative aspect remains the most common in 

the literature. While the ideal TF value for species hyperaccumulation should > 1, species with 

TF values < 1 can still be ideal for phytostabilization (Yoon et al., 2006). 
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Table 4. 1. Mean translocation factor for the different species 

Species Mean translocation factor 
 Cd Cr Cu Ni Pb Zn 

Sunflower 83.83 7  64.22  69.07 55.43  103.15 

Indian 
mustard 

65  68.25  77.3  48.73 75.53 72.2 

Soybean 56.3 43.5  147.4  24  146 125 

Silvergrass 41.5 89 37.65 55.15 28 49.73 

Poplar 129 19.3 71.9  38.1  28.25  121.65 

Willow 12.5 17.63 28.15 35.8 11.8 154 

Switch 
grass 

19.95 37 52 12 18.23 28 

Cattails 12  25  20.75 27.5 9  35  

See Appendix for complete raw data showing range around the means presented here.  

 

4.3.1.2  Calorific value 

On applying specified exclusion criteria, results showed species’ multiple calorific values from 

different studies. These values were aggregated, and their means were computed to get a 

single value for each species from which comparisons were made and calorific values were 

ranked from highest to lowest. The calorific value in the results section is expressed in Mega 

Joules per Kilogram (MJ Kg-1). As shown in Table 4.2, the calorific value for the different 

species shows marked similarity even though it appears poplar and willow are the best 

performers with soybean and switchgrass being the least performers. Calorific value data 

ranged from 17.25 to 20.46 MJ Kg-1. The difference in mean calorific values between 

silvergrass, sunflower and Indian mustard appears very miniscule on aggregation, but the 

overall range of the raw data was more varied. However, the range is consistent with calorific 

values of fast-growing grasses and forbs (Demirbas, 2002; Llorente et al., 2006, Sannigrahi et 

al., 2010). Even though the difference in calorific value is not significant, ranking was still 

carried out as part of the model development and testing, and data could potentially differ 

more significantly with different species.  The calorific values recorded represents a range 

deemed ideal for potential bioenergy crops (Dominguez et al., 2017). These values are 

however lower than the calorific value for alternatives like coal (22.7 MJ Kg-1) (Boundy et al., 

2011) but are within the range of forest shrubs and trees that are generally good indication 
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of adequate heating energy potential (Boundy et al., 2011). Saidur et al. (2011) also reported 

that the heating value of species correlates well the lignin content of the lignocellulosic 

biomass. Higher lignin content in plants usually means higher heating value which makes 

lignin an important constituent of plants’ biochemical composition.  

 
Table 4. 2. Mean calorific value of the different species 

Species Calorific value Rank Selected references (See Appendix for full 
reference list) 

Sunflower 18.81 4 Demirbaş, A., 2002; Werther et al., 2000; 
Magasiner, N. and de Kock, J.W., 1987 

Indian 
mustard 

18.80 5 Maiti et al., 2007; Llorente et al., 2006; Werther et 
al., 2000. 

Soybean 17.25 8 Werther et al., 2000; Şensöz, & Kaynar, İ., 2006 
Silvergrass 18.84 3 Sannigrahi et al., 2010; Wilén et al., 1996; Illerup & 

Rathmann, 1997; Hallgren et al., 1999. 
Poplar 20.46 1 Blunk et al., 2000; Kitani & Hall, 1989; Gaur & 

Reed, 2020 
Willow 19.77 2 Aylott et al., 2008; Miller, R.S. and Bellan, J., 1997 
Switch grass 17.40 7 Miles et al., 1995; Agblevor et al., 1997 
Cattails 18.58 6 Dubbe et al., 1988. 

 
 
4.3.1.3 Biochemical composition (% dry wt) 

These were collated and the mean values were computed. To determine the species with the 

higher lignocellulosic content, emphasis was placed on the different organic polymers in this 

order: lignin, cellulose, and hemicellulose. Species with a higher lignin/cellulose ratio are 

generally considered more lignocellulosic. These species were then ranked from 1-8 on best 

to worst lignocellulosic content and detailed alongside their respective references as shown 

in Table 4.3. To rank, lignocellulosic data were weighted in this ratio: Lignin (50%), cellulose 

(30%) and hemicellulose (20%). Lignin is given priority because higher lignin content usually 

correlates with higher heating value (Saidur et al., 2011). Woody species (which typically have 

higher lignin content) have higher calorific value than herbs and straws (Amezcua-Allieri & 

Aburto, 2018). Biomass with high cellulose content is also important because bio-oils are 

mainly derived from them (Jahirul et al., 2012). Poplar and willow were the best performers 

as these are woody plants with high lignocellulosic potentials. Indian mustard and switchgrass 

performed the least on this criterion.  
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Table 4. 3. Mean lignocellulosic content of the different plant species from published data 

 
 
 
4.3.1.4 Biomass production 

All the yield values from the different articles were collated and their means were calculated 

to give a single mean yield value per species. This was done so that meaningful comparisons 

can be made. Species were ranked according to average performance and the respective 

references were also captured. For a synergistic phytoremediation/bioenergy project to be 

successful, biomass yield of the species should be ideally high. The more the biomass 

production, the higher the volume of feedstock for valorization. Also, higher biomass 

production is also essential for higher metal accumulation (Jiang et al., 2015). As shown by 

their mean yield values highlighted in Table 4.4, sunflower had the best performance, then 

silvergrass and cattails. These herbaceous species are especially advantageous for their high 

biomass yield (which can get over 20 t DW ha-1 yr-) (Rabêlo et al., 2018), which can then be 

harvested and used as a bioenergy source (Balsamo et al., 2015), in addition to their 

usefulness as phytoremediation plants. 

 

 

Species Cellulose Hemicellulose Lignin Weighted 
score 

Rank Selected references (See 
Appendix for full reference 
list) 

Sunflower 41.47 29.33 20.33 24.84 3 Salasinska et al., 2016; 
Demirbaş, A., 2002 

Indian 
mustard 

40.15 26.28 7.6 10.84 8 Maiti et al., 2007; Simbaya et 
al., 1995 

Soybean 49.83 18.83 8.67 15.43 7 Reddy & Yang, 2009; 
Weizheng et al., 2014 

Silvergrass 51.58 23.82 13.86 21.77 4 Brosse, 2012; Leemhuis, & 
de Jong, 1997 

Poplar 46.4 21.63 24.38 25.84 2 Sannigrahi et al., 2010; 
Leemhuis, & de Jong, 1997 

Willow 51.34 24.36 21.21 27.31 1 Szczukowski, 2002; 
Leemhuis, & de Jong, 1997 

Switch grass 38.35 33.58 7.8 17.26 6 Howard et al., 2003; Lemus 
et al., 2002. 

Cattails 47.58 21.2 12.4 17.92 5 Elhaak, 2015; Vetayasuporn, 
2007 
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Table 4. 4. Mean biomass yield of the different species 

 
 

4.3.1.5 Rooting system 

Data for this category were mainly an adaptation from Canadell et al. (1996) as explained in 

section 3.2.4.5. However, for the other three species (Indian mustard, silvergrass and cattails) 

not covered in the global comprehensive study, the protocol described in Figure 3.3 was 

followed. As shown in Table 4.5, sunflower and switchgrass had the best maximum root 

depth, followed closely by willow, silvergrass and poplar. A major drawback of 

phytoextraction is that implementation is usually on sites where contamination is shallow. 

This is further exacerbated by the fact that over 47% of the agricultural land in Europe has a 

problem of low rooting depth of plants (Gerwin et al., 2018). Deeper roots mean deeper levels 

of contamination can be accessed to improve treatment efficiency. In addition to their 

usefulness for phytoremediation, plants root depth has significant implications for carbon and 

nutrient cycling, ecosystem hydrological balance and plant’s ability to tolerate harsh 

environmental conditions like drought (Paz et al., 2015). This can also enhance 

phytoremediation indirectly. Generally, roots of trees grow deeper to create hydraulic control 

and clean up deeper lying soil contaminations (EPA, 2022). For this study however, it was 

shown that mammoth sunflower can have very deep taproot systems with hairy secondary 

roots that can go about 2.7 m below the ground (Weaver, 1926). This can aid phytoextraction 

to a large extent. While forest trees generally have deeper, more developed roots, their slow 

growth rate makes them undesirable for phytoremediation, unless for large scale long-term 

projects.   

Species Biomass 
production 
(Tons/ha) 

Rank Selected references (See Appendix for full reference 
list) 

Sunflower 16.40 1 Ion et al., 2014; Ibrahim, 2012 
Indian 
mustard 

9.65 6 Maiti et al., 2007; Blunt, 2006 

Soybean 11.07 5 Malek et al., 2012; DPIF, 2008 
Silvergrass 12.67 2 Iqbal et al., 2015; Jorgensen, 1996 
Poplar 9.54 7 Aylott et al., 2008; Walle et al., 2007 
Willow 9.51 8 Aylott et al., 2008; Walle et al., 2007 
Switch grass 11.69 4 Hattori & Morita, 2010; Wullschleger, et al., 2010. 
Cattails 12.65 3 Dubbe et al., 1988; Suda et al., 2009. 
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Table 4. 5 Mean root depth of the different species  

 

4.3.1.6 Second generation attribute (SGA) 

As earlier stated, data were obtained from the PFAF database; a compilation of plant 

information spanning over 7000 plant species with information on plant uses and their most 

important features. Based on the PFAF database, edibility ratings are assigned to plants. 

Edibility ratings shown in table 4.6 are an adaptation from PFAF (2019) where they ranked 

plant species from 1 – 5 (minor to great) based on their desirability as food for humans. The 

lower the edibility ratings, the higher their second-generation attribute. The edibility ratings 

of the different species were compared, and their second-generation appeal were compared 

and ranked in Table 4.6. Poplar, willow and silvergrass had the best SGA. However, most of 

the species under review are not considered primary food sources for most people. 

 

 Table 4. 6 Plant species food uses and edibility rating. (source: PFAF, 2017) 

Species Maximum rooting depth (m) 
Depth Rank 

Sunflower 2.7  1 
Indian mustard 1.2  7 
Soybean 1.8  6 
Silvergrass 2  4 
Poplar 1.9  5 
Willow 2.2  3 
Switch grass 2.7  1 
Cattails 1  8 

Species Food uses Edibility 
rating 

Rank 
Seeds/Fruits Leaves/Flowers Roots/Tubers Stems 

Sunflower Edible Edible Not Edible 5 8 
Indian 
mustard 

Edible Edible Not Edible 4 5 

Soybean Edible Edible Not Not 4 5 
Silvergrass Not Not Not Edible 1 1 
Poplar Not Not Not Edible 1 1 
Willow Not Not Not Edible 1 1 
Switch 
grass 

Not Not Not Not 2 4 

Cattails Edible  Edible Edible Edible 4 5 
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4.3.1.7 Crop growth rate (CGR) 

Species’ CGR data from the searches were collated, analysed and their means were 

computed. These CGR data were compared according to performance and ranked. The higher 

the mean CGR value, the higher the performance rating. While biomass yield is important for 

every phytoremediation/bioenergy project, how quickly a species attain the desired yield 

level is equally important. Growth rate describes an increase in biomass over a unit of time.  

As highlighted in Table 4.7, silvergrass, sunflower and switchgrass had the best growth rates 

while poplar and willow being woody crops has the least growth rate among species under 

comparison. Herbaceous plants typically grow faster than woody plants and when 

contaminated with heavy metals, some perennial grasses like silvergrass and switchgrass can 

still sprout even after shoot harvest (Gilabel et al., 2014).  

 

 Table 4. 7 Mean plant species crop growth rate 

 
 

4.3.1.8 Yield index (YI) 

Sourced data for drought tolerance were aggregated, their means computed, and 

comparisons were made. Data on species water stress tolerance and their associated ranking 

are in the appendix section. As seen in Table 4.8, sunflower, Indian mustard and soybean had 

the best drought tolerance. Drought tolerance however is relative to the level of drought the 

plants are exposed to. When continually exposed to higher levels of drought, at some point, 

the plants will die. Drought tolerance is becoming a critical criterion due to the associated 

Species CGR (gm-2d-1)  Rank Selected references (See Appendix for full 
reference list) 

Sunflower 9.11 2 Panneerselvam & Arthanari, 2011; Tribouillois et 
al., 2015 

Indian 
mustard 

4.76 6 Panda et al., 2004; Tribouillois et al., 2015 

Soybean 8.52 4 Buttery, 1969; Addo-Quaye et al., 2011; Rahman et 
al, 2011 

Silvergrass 24 1 o Di Nasso et al., 2011; El Bassam, 2010 
Poplar 0.11 8 Lamers et al., 2006 
Willow 0.06 7 Lamers et al., 2006 
Switch grass 8.77 3 El Bassam, 2010; o Di Nasso et al., 2011. 
Cattails 6.83 5 Kvet (1971); Dykyjova (1971) 
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environmental impacts of climate change and the cost implications of adopting high-powered 

irrigation systems especially in poorer communities (Rauf, 2016). Apart from cattails, most of 

the species compared have decent resistance to water stress at maturity. The effect on 

productivity is minimal. 

 

Table 4. 8 Mean Yield index of the various plant species 

 

4.3.1.9 Metal Tolerance Index (MTI) 

Few studies have been carried out on metal tolerance for the various plants and metals under 

investigation so the data available were collected, collated, averaged, the min-max values 

were derived, and comparisons were made. The mean data and ranks of the different species 

were summarized in section 4.9. Switchgrass had the best metal tolerance, followed by woody 

crops poplar and willow. Woody plants when established tends to tolerate heavy metal 

contamination more and they are particularly more advantageous over herbaceous plants in 

this regard as they are not restricted by multi-element polluted sites (Rabêlo et al., 2021) 

 

 
 
 
 
 
 
 
 
 
 
 

Species Mean 
DTI 

Rank Selected references (See Appendix) 

Sunflower 62.65 2 Ahmad et al., 2009; Saensee et al., 2012 
Indian 
mustard 

65.63 1 Moghaddam & Pourdad et al., 2010; Moradshahi et al., 
2004 

Soybean 62.53 3 Ohashi et al., 1999; Sunaryo et al., 2016 
Silvergrass 58 4 Mann et al., 2013 
Poplar 54.75 5 Larchevêque et al., 2011; Tschaplinski et al., 1994 
Willow 48.80 6 Nakai et al., 2010 
Switch grass 43.67 7 Barney et al., 2009 
Cattails 19.77 8 Asamoah & Bork, 2010; Dubbe et al., 1988 
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Table 4. 9 Average metal tolerance index of the various plant species 

 

4.3.2 Multi-criteria analysis matrix 

Based on the selected phytoremediation species, a decision matrix was developed according 

to the selected suitability criteria and their corresponding performance index earlier 

highlighted. Based on the various assigned weight of the criteria, aggregate weighted scores 

were generated, from which judgement can be made on species overall performance. 

Exploratory analysis of table showed no problems of data dependency (i.e., robustness) 

(Pavlicic, 2000). Rankings are regarded as robust when the addition or removal of an 

alternative(s) does not alter the classifications of the other alternatives (Cinelli et al., 2014).   

Sunflower and silvergrass emerged as top candidates in that order for a combined use as both 

phytoremediation crops and bioenergy source as shown in Table 4.10. Indian mustard and 

cattails were the two worst performers based on the studies aggregated. While the Indian 

mustard is a good phytoextraction species, they are deficient as energy crops. Their 

lignocellulosic content, poor rooting depth makes them relatively undesirable for a combined 

phytoextraction/bioenergy use. Cattails are good for biomass production, have poor drought 

tolerance and are average at most other criteria. Also, the total scores are also influenced by 

the weights of the criteria and not solely on performance (see Table 4.10 and 4.11). Table 

4.11 shows species performances when priorities are not given to specific criteria. Overall 

rankings of species performance changed with application of priority weightings. This also 

gives an indication of the sensitivity of the matrix to weightings. However, full scale sensitivity 

analysis was not carried out in this study. 

 

 

Species Average 
MTI 

Rank Selected references (See Appendix) 

Sunflower 430 6 Shi & Cai, 2009; Rivelli et al., 2012 
Indian mustard 98.22 7 Lee, 2003; Singh et al., 2017 
Soybean 94.36 8 Malan & Farrant et al., 1998 
Silvergrass 255.72 4 Guo et al., 2016; Arduini et al., 2006;  
Poplar 354.70 3 Zacchinni et al., 2011; Utmazian et al., 2007  
Willow 412.06 2 Zacchinni et al., 2011; Hakmaoui et al., 2006 
Switch grass 114.54 1 Chen et al., 2012; Zhang et al., 2015 
Cattails 199.68 5 Ye et al., 1997 
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Table 4. 10. Multicriteria decision matrix when normalized and weighted 
Criteria Key indicator Plant species  

Weighting 
score 

Sunflower Indian 
mustard 

Soybean Silver 
grass 

Poplar Willow Switch 
grass 

Cattails 

Pollutant 
accumulation 

Translocation 
factor 

0.0921 0.1009 0.1500 0.0624 0.1013 0.0474 0.0138 0.0000 0.15 

Growth rate 
(Short 
rotation) 

Crop growth 
rate (CGR) 

0.1134 0.0589 0.1060 0.3000 0.0006 0.0000 0.1091 0.0848 0.30 

Root system Root depth 0.0500 0.0059 0.0235 0.0294 0.0265 0.0353 0.0500 0.0000 0.05 

Metal 
tolerance 

Metal 
tolerance 
index 

0.0060 0.0012 0.0000 0.0481 0.0776 0.0947 0.1000 0.0314 0.10 

Biochemical 
composition 

Lignocellulosic 
biomass 

0.0414 0.0000 0.0139 0.0332 0.0455 0.0500 0.0195 0.0215 0.05 

Biomass 
production 
(tons per acre) 

Total dry 
biomass 
(matter) yield 

0.2500 0.0051 0.0566 0.1147 0.0011 0.0000 0.0791 0.1139 0.25 

Thermal 
energy 
potential 

Calorific value 
in MJ per kg 

0.0243 0.0241 0.0000 0.0248 0.0500 0.0393 0.0023 0.0207 0.05 

Drought 
tolerance 

Yield Index 0.0467 0.0500 0.0466 0.0417 0.0381 0.0316 0.0260 0.0000 0.05 

Total scores  0.6239 0.2460 0.3967 0.6541 0.3407 0.2983 0.3999 0.2724 1 
Rankings  2 8 4 1 5 6 3 7  

The cells in the matrix contains species min-max normalized and already weighted values and gives an indication 
of species performance in relation to each individually defined criterion. Min-max is measured as 
 Min-max = (x-min)/(max-min) where min and max are the minimum and maximum values given its range 
Aggregate weighted score = W1X1 + W2X2…WnXn. where W = relative weight and X = min-max 

 

Table 4. 11. Multicriteria decision matrix when normalized but not weighted 

Criteria Key indicator Plant species  
Weighting 
score 

Sunflower Indian 
mustard 

Soybean Silver 
grass 

Poplar Willow Switch 
grass 

Cattails 

Pollutant 
accumulation 

Translocation 
factor 

0.6137 0.6725 1.0000 0.4160 0.6754 0.3163 0.0918 0.0000 0.15 

Growth rate 
(Short 
rotation) 

Crop growth 
rate (CGR) 

0.3780 0.1963 0.3534 1.0000 0.0021 0.0000 0.3638 0.2828 0.30 

Root system Root depth 1.0000 0.1176 0.4706 0.5882 0.5294 0.7059 1.0000 0.0000 0.05 

Metal 
tolerance 

Metal 
tolerance 
index 

0.0601 0.0115 0.0000 0.4808 0.7757 0.9465 1.0000 0.3138 0.10 

Biochemical 
composition 

Lignocellulosic 
biomass 

0.8282 0.0000 0.2787 0.6636 0.9107 1.0000 0.3898 0.4299 0.05 

Biomass 
production 
(tons per acre) 

Total dry 
biomass 
(matter) yield 

1.0000 0.0203 0.2264 0.4586 0.0044 0.0000 0.3164 0.4557 0.25 

Thermal 
energy 
potential 

Calorific value 
in MJ per kg 

0.4860 0.4829 0.0000 0.4953 1.0000 0.7850 0.0467 0.4143 0.05 

Drought 
tolerance 

Yield Index 0.9346 0.9996 0.9320 0.8333 0.7624 0.6327 0.5209 0.0000 0.05 

Scores (norm..)  5.3006 2.5007 3.2611 4.9358 4.6601 4.3865 3.7295 1.8965 1 
Rankings  1 7 6 2 3 4 5 8  
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4.3.3  Result synthesis 

Findings from the preliminary selection procedure carried out in section 3.2.2 suggests that 

all eight species evaluated in the study have in the least some bioremediation and 

phytoremediation properties. The study however was to establish which ones best combine 

both characteristics. The major energy generation properties identified are calorific value, 

biochemical composition, and biomass production. On the other hand, metal tolerance and 

translocation index are the primary important properties of a good phytoremediation crop. 

However, other important properties of an ideal phytoremediation crop like growth rate, 

drought tolerance and root system were factored in.  

 

Sunflower shows very good calorific value, the ideal biochemical composition ratio and great 

biomass productivity. It also shows it has some beneficial phytoremediation properties with 

good translocation index and some strong performance in relation to metal tolerance. 

Silvergrass also shows similar performances in these combined properties. A popular and 

important phytoremediation crop like Indian mustard showed good phytoremediation 

capabilities but falls short in important bioenergy properties (lignocellulosic content, biomass 

yield) in relation to the other plants. Even though this research was tailored towards 

comparing species against multiple properties, its findings can aid decision making for specific 

plant property needs.  

 

4.3.4 Application 

The gathering of quantitative data from multiple research projects globally is usually 

contentious because results are influenced by multiple, sometimes unforeseen factors. For 

example, comparing growth rates of same species grown at different environmental 

conditions may be misleading as these conditions play a significant role on how these species 

grow. For most studies, precautions to address this problem are put in place, exclusion criteria 

are set, adjusted equations are developed but it is difficult to state with utmost certainty that 

this problem is eliminated. However, very meaningful inferences can be drawn from these 

findings when the limitations are recognized and steps to minimize these limitations are put 

in place. 
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A multicriteria decision matrix in its simplest form summarizes findings based on information 

gathered after an evaluation of a plethora of conflicting criteria. In some cases, these 

information on given criteria are merely opinions and not backed by quantitative data. In 

these cases, utility scores are assigned to criteria which are sometimes derived by 

collaborative stakeholder consultations and analysis or sometimes questionnaire inputs or 

even computer modelling. However, for this study, quantitative data were derived from 

multiple independent research globally. It is also important to note that criteria for the most 

part, are seldomly considered equally. Some are considered more important than others in 

decision making, hence the need to assign weights. The weights assigned to criteria greatly 

determines to a large extent the outcome of the analysis (See Table 4.10 and Table 4.11). 

 

In scenarios involving quantitative data comparison, it is recommended that an independent 

study be carried out where possible, exposing all options to the same conditions to make a 

fairer comparison with limited external influence. This however is often impossible in cases 

of multiple options, hence the need for a multicriteria analysis for an informed evidence-

based decision-making. 

 

The chapter aimed to explore the feasibility of MCDA as a tool for deciding the best plant 

species for synergy between two primary uses: phytoremediation and bioenergy generation. 

Results showed varying degrees of species’ strengths in relation to the specified criteria and 

their weaknesses where present. However, the broader study aims to go beyond just 

evaluating MCDA as a tool for exploring decision making options to making decision based on 

the findings and seeking to validate the outcomes of the MCDA process. 

The top candidates from the MCDA process were sunflower and silvergrass but only sunflower 

will be further explored via a phytoremediation study in chapter five to seek to validate its 

metal accumulation properties and a pyrolysis process to assess its bioenergy generation and 

biochar potential. This was due to the challenges of germinating silvergrass as germination 

takes approximately 10 – 90 days (given the short planting window in the spring). 
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4.3.5 Conclusion 

A systematic MCDA process which involved developing a matrix to summarize numeric data 

sourced from scientific databases was used to select plant that best combine 

phytoremediation and bioenergy generation properties. For this study, sunflower and willow 

emerged as the best candidates for optimal phytoremediation and energy generation. 

A look at the multicriteria matrix scores assists the process of making decisions because they 

compile plant species options quantitatively for all relevant criteria and KPIs. An MCDA should 

only be used when selection options are many and the feasibility of carrying out independent 

studies is low. The use of more advanced MCDA methods is widespread among experts, but 

its usage is sometimes associated with lack of transparency in terms of their decision rules 

(i.e., their workings are difficult to grasp by non-specialists) (Kaliszewski & Podkopaev, 2016). 

The Weighted Sum Model as utilized in this study to offer a simplistic, easy to grasp level 

ground to interpret and make inferences on results and rankings of decision alternatives. By 

this, decision makers can interpret results in much simpler terms than offered by more 

advanced MCDA methodology. By bounding data within a common scale, the model also dealt 

well with outliers.  The model can be further optimized by the application of a variety of 

different weighting to fully analyse its sensitivity. The weighting process helps incorporate 

stakeholder priorities to the selection process. Also, the suitability criteria employed in study 

is not designed to be exhaustive. Additional suitability criteria can be considered according to 

the user’s specified objectives (for e.g., tolerance to flooding, soil pH, water balance etc.). The 

model is also designed to be adaptive to other forms of phytomanagement like 

phytostabilization, rhizofiltration or regeneration of brownfield sites. 
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CHAPTER FIVE 

5.0 PHYTOEXTRACTION OF METAL-CONTAMINATED SOIL USING HELIANTHUS ANNUUS  
(SUNFLOWER) 
 
5.1 Background 

With the large and increasing size and scope of metal related environmental problems, the 

phytoextraction of metals from soils and water presents a huge economic opportunity for 

green sustainable remediation. As mentioned in Section 1.1 of this thesis, considering human 

population increase, scarcity of agricultural land, increased rate of mining and 

industrialization and consequently a significant jump in the rates of metal accumulation in the 

earth crust, an efficient and sustainable means of remediating contaminated land is in 

pressing need. Metal pollutants are different from most organic contaminants as they do not 

biodegrade and so pose serious threat to living things and the environment alike, as some of 

them are carcinogenic and mutagenic compounds with destructive properties (Wu et al., 

2018). At very high concentrations, metals can have very negative effect on plants growth and 

productivity. 

 

Plants tolerance to metal contaminants differ markedly; most plants react poorly to the 

presence of metals in their tissues as these contaminants cause disruptions to plant cellular 

activities (Peixoto et al., 2001). Because of this, desired plants for phytoextraction are usually 

hyperaccumulators. Hyperaccumulator plants are known for their ability to concentrate high 

volumes of essential and nonessential contaminants on to their tissues (Baker and Brooks, 

1989). Because these metals cannot be degraded, the clean-up process usually requires 

removal or extraction. Therefore, plants with capabilities to extract metals from soils are what 

is desired. In addition to hyperaccumulating properties, the desired plant should also meet 

other important criteria like fast growth rate, high biomass production and metal tolerance 

as earlier described in section 1.1 of chapter 2.  

 

Helianthus annuus (sunflower) is an annual plant indigenous to Native America, belonging to 

the Asteracea family. The stem of the plant can grow up to 3m with flowering head diameter 

possibly reaching up to 30cm in diameter (Alaboudi et al., 2018). From the multicriteria 

analysis study carried out in Chapter 4, H. annuus has been shown to possess good 
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phytoremediation properties like fast growth rate, resistance to metal contaminants, good 

metal accumulation potential and good biomass production. In addition, they have also been 

shown to have good bioenergy features like high calorific value and good lignocellulosic 

properties. This study is therefore aimed at assessing the metal-remediation properties of H. 

annuus using some widely studied heavy metals. In addition, it aims to aid metal uptake by 

maximizing the growth performance of H. annuus using some biological growth promoting 

mechanism.  

 

A veritable means by which the growth performance and metal accumulation of plants can 

be enhanced is via its combination with growth promoting microorganisms, specifically 

bacteria. Plant growth promoting bacteria (PGPB) or plant growth promoting rhizobacteria 

(PGPR) as they are sometimes called, are beneficial plant bacteria that generally influence 

plant growth positively. They can affect plant growth directly by aiding the synthesis of 

phytohormones and increasing nutrient availability for plants or they can affect plants 

indirectly by suppressing the effect of phytopathogens (Kong & Glick, 2017). Most of these 

plant-microorganism interactions happen in the rhizosphere. Common rhizobacteria such as 

Pseudomonas and Bacillus spp. are usually found in the rhizosphere of a host of plants. 

Pseudomonas spp are the most widely researched rhizobacteria as plant growth promoters 

(Godino et al., 2016). When compared to Pseudomonas, Bacillus spp. are significantly less 

studied but have still been widely explored in the literature for their plant growth promoting 

properties (Sansinenea, 2019) as well as their ability as metal accumulation enhancers (Jan et 

al., 2022) 

 

Bacillus aryabhattai is a soil bacterium first isolated and identified in 2009 from cryotubes 

used to collect air samples (Shivaji et al., 2009). Some of its strains has since been isolated 

from soils of rice, sugarcane, and dense forest soils (Pailan et al., 2015; Tanamool et al., 2013; 

Chanasit et al., 2014).  They have also been isolated from an urban tunnel (Park et al., 2012), 

and from deep sea water (Wen et al., 2015). Its plant growth promoting ability have been 

demonstrated in studies using model plants like Xanthium italicum (Lee et al., 2012) and Zea 

mays (Bhattacharyya et al., 2017). Plant biomass production (especially under biotic or abiotic 

stress) is an indirect means of measuring plants metal tolerance and ultimately gives an 

indication of plants metal accumulating potential.  Given its growth promoting potential, B. 
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aryabhattai’s capacity to enhance metal accumulation via its association with plants have not 

been previously tested. This study will seek to promote productivity and consequently, metal 

uptake of H. annuus using B aryabhattai strain, AB211. 

 

5.2 Aim and Objectives 

The aim of this chapter is to examine the phytoremediation potential of H. annuus for the 

remediation of soils contaminated with Cd, Pb and Zn. Some objectives set to achieve this aim 

are: 

• To observe the growth response of H. annuus in soils contaminated with Cd, Pb and 

Zn in relation to metal-free ones. 

• To quantify the above ground tissue metal concentration of H. annuus in soils 

contaminated with Cd, Pb and Zn and consequently determining their metal uptake 

and tolerance levels.  

• To investigate the response of H. annuus to the addition of Bacillus aryabhattai strain 

(AB211) to both metal-contaminated and uncontaminated soils.  

 
 
5.3 Result and discussions 

5.3.1 Soil properties  

The soil utilised for the study is Kettering soil classified as loam soil with pH ranging from 

neutral to slightly basic, determined with the aid of a standard ‘feel’ test (Thien, 1979). The 

mean values of the different soil properties tested are enumerated in Table 5.1. The physico-

chemical properties of this soil are well established in literature (typically Soil organic matter 

(SOM), 3-7%, pH, 6.8-7.3) (Lowe et al., 2016; Moragues-Saitua et al., 2019). The measured 

SOM and pH match expected values in literature, 3.9±0.2 and 6.8±0.03 respectively. The 

influence of soil pH on nutrient availability and uptake is very profound, with most soils used 

for crop production having soil pH ranging from slightly acidic to slightly basic (pH 6-8) (Läuchli 

& Grattan, 2017). Even though SOM makes up a small percentage of most soils, its effect on 

soil productivity is very significant as it influences soil water holding capacity, stability, 

structure, and nutrient storage (Bauer & Black, 1994). Agricultural lands typically have SOM 

ranging from 1-6% (Bauer & Black 1994). The measured physical properties of Kettering soil 

as shown in Table 5.1 are at a level very ideal for plant and microbial growth. It has been 
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reported that during a combined plant-microbial phytoremediation process, the presence of 

microbes can alter plants physiological processes thereby impacting their adaptation to stress 

(Ren et al., 2019). These strains at the right numbers can potentially change the rhizosphere 

structure of soils in ways that enhance biomass production of plants and thereby improving 

plant remediation performance (Ashraf et al., 2017). It is essential that soils used for 

phytoremediation purposes have the ideal population of soil microorganisms to attain 

optimum results. The initial microbial counts of dry soil shown in Table 5.1 are considered to 

fall within the ideal range (He & Yang, 2007). 

 

Table 5. 1. Soil properties of Kettering soil used for phytoremediation experiment 

Soil sample Kettering 

pH 6.8 ± 0.03 

Temperature (0C) 22.5 ±0.04 

Soil organic matter (%) 3.9 ± 0.2 

Soil moisture content (%) 15.63 ± 0.2 

Pb (mg/kg) 0.020±0.002 

Zn  (mg/kg)  0.029±0.002 

Bacteria (cfu g-1) 3.9 x 104 

Fungi (cfu g-1) 5.2 x 103 

Actinomycetes (cfu g-1) 5.8 x 104 

CEC 11.67 ± 0.03 

Dry bulk density 1.34 

 
 

5.3.2 Effects of heavy metal stress on H. annuus growth 

When plants are exposed to high concentrations of heavy metal contamination, there is an 

increased likelihood for damage to several metabolic activities necessary for plant health, 

leading to potential death of plants. Plants exposure to excess levels of heavy metals can lead 
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to inactivation of photosystems (Paunov et al., 2018), inhibition of physiologically active 

enzymes (Gadd, 2007), and the destruction of mineral metabolism (Janas et al., 2010). As 

mentioned earlier in Section 3.3.4.4 of this thesis, biomass production is a crucial criterion for 

any good phytoremediation species as it is directly linked to its ability to take up toxic metal 

contaminants at high rates. From the MCDA study carried out in Chapter 4 of this thesis, H. 

annuus emerged as a top performer. The MCDA results suggests H. annuus have good 

biomass productivity, fast growth rate and a capacity to remove metals from contaminated 

soils.  

 

The growth of sunflower under different levels of heavy metal contamination was observed. 

Dry biomass and metal tolerance index (Figure 5.1 & Table 5.2) highlighted the effects of a set 

of heavy metals on the growth of sunflower plants. Experiment was run for 10 weeks as this 

represents the typical duration to achieve sunflower bloom and maturity (Andersen, 1975). 

Plants in experiment were fully matured with emerged flowers by week 10. 

Plants appears to show healthy growth patterns in the control as well as for the treatment 

inoculated with only B. aryabhattai AB211. Plants amended with Zn also showed relatively 

more metal tolerance than the rest of the plants with metal treatments, followed closely by 

Pb tolerance. However, for plants grown in Cd and Cd+Pb+Zn soils, the effects are very 

pronounced. There is visible stunted growth and discoloration. These plants have significantly 

less root and shoot biomass as well as very low metal tolerance index. This marked difference 

is consistent for both the regular sunflower plants and the ones inoculated with B. aryabhattai 

AB211. Even though the plants with B. aryabhattai AB211 performed slightly better, the 

growth patterns observed across different levels of metal treatments are similar and 

consistent.  

 

The prevalence of heavy metals stress affected the growth and metabolism of sunflower 

plants at varying degrees. Concentrations of Cd and Cd+Pb+Zn above the documented 

threshold (EPA, 2007) led to visible stunted growth, depleted biomass production and some 

discoloration. This is consistent with findings reported in other phytoremediation works with 

sunflower and other plant species (Alaboudi et al., 2018; Gajewska & Sklodowska, 2007; 

Tewari et al., 2002).  The presence of Cd in soils have also been reported to have negative 

effect on growth of soybean and chickpea (Dowdy & Ham, 1977; Hasan et al., 2007). The 
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combined effect of Cd, Pb and Zn are similar in indicative effects to Cd. Plants were adversely 

affected by the presence of multiple metals as shown. With a tolerance index of 10.87 %, the 

effects were no different from when Cd is in effect in isolation. Sunflower had the best 

tolerance when treated with Zn than in any of the metals under study as shown in the data in 

Table 5.2, with its tolerance index at 74.35%. With a metal tolerance index of 45.65 % and 

45.44 % (for treatment with B. aryabhattai AB211), plants amended with Pb showed average 

tolerance. Early patterns of growth showed minimal Pb effects, but the effect became more 

pronounced as plants grew older. Plants amended with Pb have been reported to have 

cumulative, slow, and subtle effects at the early stages of contamination (Sharma and Dubey, 

2005). The substantive elements of these results are consistent with some of the findings in 

the multicriteria analysis matrix earlier developed in chapter 4. 

 

5.3.3 Effects of AB211 strain on plant growth under different metal treatments 

The effects of metal contamination were investigated for different metal treatments in the 

presence and absence of a bacterial strain, B. aryabhattai AB211. Evidence from Figure 5.1 

and Table 5.2 suggests plants with the bacterial strain B. aryabhattai AB211 appears to be 

more resilient to metal stress than ones without especially for Cd and the combination of Cd, 

Pb and Zn. Root development appears more profound in plants with the strain than those 

without. From dry weight evidence in Table 5.2, sunflower again shows very pronounced 

resilience to Pb and Zn contamination even at documented phytotoxic levels (EPA, 2007) both 

in the presence and absence of the bacterial strain. However, growth performance was 

significantly better for Pb, and Zn sunflower species inoculated with B. aryabhattai AB211 

strain than for those without, H0 (p<0.05). Again, the effect of Cd and a combined effect of 

Cd, Pb and Zn are similar. Also, there was no significant difference in dry weight in the 

combined treatment (Cd+Pb+Zn) with strain and without strain even though treatment with 

strain was slightly higher in biomass production than without, after 10 weeks, H0 (p>0.05). 

The combined effects of all treatments with B. aryabhattai AB211 and those without shows a 

significant difference in total dry biomass production after 10 weeks (p<0.05). However, when 

shoot production is separated from root production, there is no significance in root 

production for plants with B. aryabhattai AB211 and those without (p>0.05).  
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On evidence, the bacterial strain B. aryabhattai AB211 has significant effect in promoting 

plants growth and help plants build comparative resilience to metal contamination. Plant 

growth promoting bacteria (PGPB), B. aryabhattai AB211 may have directly promoted growth 

by aiding and facilitating the acquisition of resources in soils or via plant hormones level 

modulation but can also be indirectly via reducing the inhibitory effects of some soil 

pathogens that could have stifled plant growth (Glick, 1995; Glick, 2012). Bhattacharyya et al. 

(2017) carried out a genome sequencing and annotation study as well an experimental 

demonstration and reported that B. aryabhattai AB211 is metabolically diverse and possess 

properties that is tremendously beneficial to plant growth. As reported in section 5.1 of this 

thesis, it has also been shown to promote growth in plants like Xanthium italicum (Lee et al., 

2012) and Zea Mays (Bhattacharyya et al., 2017). The mechanism of plant growth promotion 

is discussed in more detail in Section 5.3.4. 

 

 

 
Figure 5. 1. Dry weights of sunflower plants grown in soils with different variations of Cd (50 
mg/kg), Pb (300 mg/kg) and Zn (600 mg/kg) contamination after 10 weeks. Data are given as 
means of three replicates ± Standard deviation (SD). Cd: cadmium, Pb: lead, Zn: zinc, AB: B. 
aryabhattai AB211. Treatment bars that do not share a letter are significantly different 
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Table 5. 2. Biomass production of H. annuus under different metal treatments and their 
associated metal tolerance index 

Treatments Dry matter yield (g) Metal tolerance index 

(%) Shoot (Mean ± SD) Root (Mean ± SD) 

Control  4.00 ± 0.43 0.60 ± 0.14 _____ 

Cd 0.51 ± 0.31 0.09 ± 0.05 13.04 

Pb 1.85 ± 0.22 0.25 ± 0.08 45.65 

Zn 2.70 ± 0.21 0.72 ± 0.22 74.35 

Cd+Pb+Zn 0.44 ± 0.07 0.09 ± 0.04 11.52 

AB211 4.92 ± 1.02 0.67 ± 0.04 _____ 

Cd+AB 0.93 ± 0.19 0.20 ± 0.06 24.57 

Pb+AB 2.16 ± 0.09 0.38 ± 0.03 55.22 

Zn+AB 3.90 ± 0.24 0.64 ± 0.13 98.70 

Cd+Pb+Zn+AB 0.40 ± 0.07 0.10 ± 0.01 10.87 

Data are given as means of three replicates ± Standard deviation (SD). Cd: cadmium, Pb: lead, Zn: zinc, 

AB: B. aryabhattai AB211.  

 

5.3.4 Heavy metal accumulation of H. annuus under different metal treatments and the 

role of PGPB, B. aryabhattai AB211 

The metal accumulating potential of H. annuus and the effect of B. aryabhattai, AB211 on its 

phytoextraction capabilities were tested using pot trials in a greenhouse. Species 

bioconcentration factor and translocation factor are generally good indicators of their 

hyperaccumulating potential (Eribo et al., 2022). To be termed a hyperaccumulator plant, a 

plant species typically requires its translocation factor and bioconcentration factor above 1 

(Ghori et al., 2016). In this study, bioconcentration and translocation factors for H. annuus 

not inoculated with B. aryabhattai AB211 ranges from 0.81 – 0.94 indicating the suitability of 

H. annuus as an accumulator for heavy metal, even though it just falls short of the required 

hyperaccumulator status. However, when inoculated with B. aryabhattai AB211, 

bioconcentration and translocation factors ranged from 1.0 – 1.31, which represents a 19 – 

37% improvement to its metal accumulation, therefore attaining hyperaccumulator status. 

The disparity in accumulation between ones with the B. aryabhattai AB211 and those without 
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was much more in Cd contaminated plants than in others (p<0.05). On the capacity to 

accumulate heavy metal, H. annuus performance was in the order, Cd > Pb > Zn. This hierarchy 

of accumulation rates is also supported by Niu et al. (2007) who reported the rate of 

accumulation of Cd (20 mg/L) to be higher than Pb (100 mg/L) also using H. annuus as its 

model phytoremediation species. On dry weight evidence, Cd was also among the most 

affected with metal accumulation, may be in part due to the faster rate of accumulation on 

to its plant tissues.  

 

 

 
Figure 5. 2 Metal accumulation of sunflower plants grown in soils with Cd (50 mg/kg), Pb 
(300 mg/kg) and Zn (600 mg/kg) contamination after 10 weeks. Data are given as means of 
three replicates ± Standard deviation (SD). Cd: cadmium, Pb: lead, Zn: zinc, AB211: B. aryabhattai 
AB211. Treatment bars that do not share a letter are significantly different 
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Table 5. 3. H. annuus bioconcentration and translocation factors 

Treatments Bioconcentration factor (Mean 

±SD) 

Translocation factor (±SD) 

Control  ---- ---- 

Cd 0.83 ± 0.03 d 0.81 ± 0.03 d 

Pb 0.88 ± 0.01 c 0.89 ± 0.10 c 

Zn 0.85 ± 0.07 c, d 0.94 ± 0.04 c 

AB211 ---- ---- 

Cd+AB211 1.31 ± 0.06 a 1.05 ± 0.03 a 

Pb+AB211 1.16 ± 0.04 b 1.08 ± 0.04 a 

Zn+AB211 1.15 ± 0.03 b 1.00 ± 0.02 b 

Data are given as means of three replicates ± Standard deviation (SD). Cd: cadmium, Pb: lead, Zn: zinc, 

AB211: B. aryabhattai AB211. Treatments that do not share a letter are significantly different (P<0.05). 

Note: Bioconcentration factor = 𝑀𝑀𝑅𝑅𝑡𝑡𝑅𝑅𝑅𝑅 𝑐𝑐𝑔𝑔𝑐𝑐𝑐𝑐𝑅𝑅𝑐𝑐𝑡𝑡𝑔𝑔𝑅𝑅𝑡𝑡𝑅𝑅𝑔𝑔𝑐𝑐 𝑅𝑅𝑐𝑐 𝑝𝑝𝑅𝑅𝑅𝑅𝑐𝑐𝑡𝑡𝑌𝑌
𝑀𝑀𝑅𝑅𝑡𝑡𝑅𝑅𝑅𝑅 𝑐𝑐𝑔𝑔𝑐𝑐𝑐𝑐𝑅𝑅𝑐𝑐𝑡𝑡𝑔𝑔𝑅𝑅𝑡𝑡𝑅𝑅𝑔𝑔𝑐𝑐 𝑅𝑅𝑐𝑐 𝑌𝑌𝑔𝑔𝑅𝑅𝑅𝑅

 𝑦𝑦 100………………..Equation 5.1 

Translocation factor = 𝑀𝑀𝑅𝑅𝑡𝑡𝑅𝑅𝑅𝑅 𝑐𝑐𝑔𝑔𝑐𝑐𝑐𝑐𝑅𝑅𝑐𝑐𝑡𝑡𝑔𝑔𝑅𝑅𝑡𝑡𝑅𝑅𝑔𝑔𝑐𝑐 𝑅𝑅𝑐𝑐 𝑌𝑌ℎ𝑔𝑔𝑔𝑔𝑡𝑡
𝑀𝑀𝑅𝑅𝑡𝑡𝑅𝑅𝑅𝑅 𝑐𝑐𝑔𝑔𝑐𝑐𝑐𝑐𝑅𝑅𝑐𝑐𝑡𝑡𝑔𝑔𝑅𝑅𝑡𝑡𝑅𝑅𝑔𝑔𝑐𝑐 𝑅𝑅𝑐𝑐 𝑔𝑔𝑔𝑔𝑔𝑔𝑡𝑡

𝑦𝑦 100. ……………………………….Equation 5.2 

Metal uptake by plant was measured using the mass balance method (i.e., weighting metal 

uptake in plant shoots/roots according to their respective masses). See Table 5.4 and 5.5 for 

metal content data of sunflower with and without AB211. 

 

Table 5. 4 Metal concentration of sunflower plants and soil post remediation (no AB211) 

 Cd (mg/kg) (Mean ± SD) Pb (mg/kg) (Mean ± SD) Zn (mg/kg) (Mean ± SD) 

Shoot 9.11 ± 0.49 58.24 ± 2.10 124.54 ± 4.19 

Root 11.25 ± 0.44 65.94 ± 4.32 132.79 ± 4.25 

Soil 24.58 ± 1.22 142.17 ± 3.96 305.10 ± 12.86 
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Table 5.5 Metal concentration of sunflower plants and soil post remediation (with AB211) 

 Cd (mg/kg) (Mean ± SD) Pb (mg/kg) (Mean ± SD) Zn (mg/kg) (Mean ± SD) 

Shoot 13.64 ± 0.18 73.33 ± 1.84 146.55 ± 1.97 

Root 13.03 ± 0.38 68.12 ± 1.97 147.09 ± 4.54 

Soil 20.37 ± 0.75 121.71 ± 2.70 255.42 ± 6.08 

 

Over this experiment, the performance of H. annuus with respect to metal tolerance and 

accumulation differs for the different metals.  For example, the enrichment level of Cd by the 

plant could be influenced by a few physiological factors, such as uptake rate from soils, the 

rate of xylem translocation from root to aboveground part of plants, and cadmium 

sequestration in organic complexes or subcellar compartments (Hart et al., 1998). 

Bioaccumulation and translocation patterns are not solely dependent on species alone, but 

also on the metal types and environmental factors.  

 

The experiment also showed that heavy metal effects on plants are markedly dissimilar. The 

effect was much more pronounced in Cd than in any other metals. Even though the 

phytotoxicity of Cd is well established, the mechanism of effect is still to be fully understood 

(Pandey et al., 2009). The effects of Cd on the plants could be as a direct result of the 

deleterious effects of cadmium to the biochemical mechanism that ensures cell survival (Niu 

et al., 2007). Plants are affected by Cd due to its effect in inhibiting respiration and 

photosynthesis, reduction in nutrient and water uptake, alterations in protein and gene 

expressions, inhibition of beneficial enzymes, metabolism disturbance, enhancement of lipid 

peroxidization and enhancement of reactive oxygen species accumulation (Tanhan et al., 

2007; Shanmugaraj et al., 2019). The tissue damage expression was visible in plants with 

cadmium in the form of leaf colouration and stunted growth. Regardless of damage, H. 

annuus was still effectively accumulating Cd at level higher than reported by Clemente et al. 

(2021).  

 

When in a combined synergistic association with plants, PGPB can regulate routine 

physiological processes of plants to limit stress imposed on plants by heavy metals while 

simultaneously dissolving insoluble heavy metals via several metabolic processes as 
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highlighted by Sessitsch et al. (2013). Indirectly, PGPB can also regulate the bacterial 

community structure of the rhizosphere soil to improve biomass production and 

consequently, phytoremediation. The B. aryabhattai strain AB211 was only first isolated in 

2009 (Shivaji et al., 2009) and the first attempt at understanding its plant growth promoting 

potential was carried out by Lee et al. (2012) using Xanthium italicum and subsequently by 

Bhattacharyya et al. (2017) using Zea mays as model plant. On both cases, the argument for 

its benefit as a plant growth promoter is overwhelming. The role of the B. aryabhattai AB211 

in improving metal accumulation by H. annuus was investigated and there was a significant 

difference in uptake levels for Cd, Pb and Zn when B. aryabhattai AB211 was applied than 

when it was not (p<0.05). In general, the results showed that inoculating the plants with B. 

aryabhattai AB211 promoted H. annuus growth, improved the dry weight of the aboveground 

biomass, and increased metal accumulation.  

 

The success of a phytoextraction process depends mostly on the plant and the bioavailability 

of the target metal but could also be influenced by the interaction between the plants and its 

surrounding microorganisms (Chen et al., 2013). It has been reported that bacteria can help 

enhance metal bioavailability in soil (Sheng et al., 2012). The root of plants, and the bacteria 

in soil, and their synergistic interactions can increase metal bioavailability in soil rhizosphere 

and therefore enhance metal accumulation capacity (Jiang et al., 2008). An improved metal 

accumulation shown by H. annuus due to the use of B. aryabhattai AB211 may have been via 

this mechanism.  

 

Bacteria with ability to produce plant auxins, indole-3-acetic acid (IAA), siderophores and 

aminocyclopropane-1-carboxylate (ACC)) deaminase can potentially stimulate plant growth 

and enhance plant’s ability to thrive under heavy metal toxicity and aid uptake of metals (Ma 

et al., 2011). The biosynthesis of IAA for example can occur via tryptophan-dependent or 

independent means.  Bhattacharyya et al. (2017) reported that the strain AB211 synthesizes 

IAA with or without tryptophan, even though IAA was higher with tryptophan present. The 

authors also showed that the strain AB211 genome carries the required components for the 

synthesis of 3-hydroxy-2-butanone (acetoin) and 2,3-butanediol which has been reported to 

promote plant growth when synthesized by B. subtilis and B. amyloliquefaciens (Ryu et al., 

2003).  
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Another means by which B. aryabhattai AB211 may have stimulated H. annuus growth and 

subsequent improvement of metal accumulation in our study is via the provision of soluble 

phosphates to plants. Even though phosphate is very abundant in the environment, they 

mostly exist in insoluble forms that cannot be used by plants. In the same vein, phosphate is 

one important nutrient that limits plant growth when unavailable or not in the required 

soluble quantity. Some bacteria have the capacity to solubilize insoluble phosphates by 

producing phosphatases or acidic metabolites (Hilda and Fraga, 1999). Lee et al. (2012) 

measured the solubilization of insoluble tricalcium phosphate by rhizobacteria, and B. 

aryabhattai showed high levels of soluble phosphates at levels of up to 676.8mg/L which may 

have contributed to the improvement in growth performance of Xanthium italicum in their 

microcosm study.  

 

A growth promoting and metal accumulation effect on H annuus was observed for B. 

aryabhattai AB211, and this may be due to the production of soluble phosphates or may be 

due to the biosynthesis of IAAs or other beneficial phytohormones which have been reported 

as a plant growth promoting mechanism. In-depth studies into the content of the 

phytohormones is needed to ascertain the direct effects of bacterial inoculation. B. 

aryabhattai strains can be used as an environmentally beneficial means to revegetate barren 

lands but most importantly can be used to significantly improve the efficiency of 

phytoremediation in a sustainable way. Since it is a strain that has not been explored in 

significant detail in literature, more studies are encouraged using other plants to determine 

its usefulness in other environments and soil types. 
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(a) Control (left) alongside B. aryabhattai (right) 
 

 
(b) Cd effects with (right) and without (left) B. aryabhattai 
 
 



 115 

 
(c) Pb effects with (right) and without (left) B. aryabhattai AB211 

 

 
(d) Zn effects with (right) and without (left) B. aryabhattai AB211 
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(e) Cd+Pb+Zn effects with (right) and without (left) B. aryabhattai AB211 

 
Figure 5. 3 (a-e). Pictorial view of benchtop plants under different metal treatments with 
and without B. aryabhattai AB211 strains. 

 

5.4 Conclusion 
 
A greenhouse-based phytoremediation study was carried out to assess the metal uptake and 

biomass production capacity of sunflower especially when inoculated with a plant growth 

promoting bacteria. Study showed that the effect of heavy metals on H. annuus growth varies 

with metal types as H. annuus plants were significantly more tolerant to Zn and Pb than to Cd 

(which shows deleterious effects on plant growth and biomass yield). Even though sunflower 

showed good biomass productivity and metal uptake, the inoculation with B. aryabhattai 

AB211 enhanced its biomass yield and improved metal uptake and tolerance enabling the 

plant to attain hyperaccumulator status.  

 

While risk management based phytoextraction is important, seeking ways to enhance 

biomass productivity for bioenergy using relatively safe biological inoculum is a key 

phytomanagement strategy for attaining added value from the process. 
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CHAPTER SIX 

VALORIZATION OF POST-REMEDIATION BIOMASS: THE ROLE OF BIOCHARS IN MANAGING 
CONTAMINANTS IN AQUEOUS SOLUTION 

 

6.1 Introduction 

As mentioned in chapter one, direct or indirect exposure of the biota to toxic contaminants 

poses serious risks to humans and their immediate environment. Unfortunately, the 

prevalence of contaminants occurs at unacceptable levels worldwide (Raikova et al., 2019). 

More acceptable and environmentally friendly ways of disposing these contaminants are 

continually being sought. While research efforts seeking new ways constantly to engineer 

natural remediation, in-situ options involving adding amendments to soils to bind pollutants 

and provide conditions favourable to plant growth and ecological restoration are also being 

explored and gaining traction (Hoang et al., 2021; Qadir et al., 2022). Also gaining prominence 

in recent remediation discourse is the need to manage organic and inorganic pollutant effects 

in aqueous solutions (Ahmad et al., 2014).  A key factor when evaluating pollutant risks to the 

environment is their bioavailability and mobility and this constitutes one of the most 

important considerations for regulators (Swartjes, 1999). There is less interest in total 

concentration of contaminants and more about the effect of the contaminant and this 

approach is referred to as the risk-based approach (Fernández, et al., 2005). Efforts aimed at 

reducing the effects of pollutants on the environment should be centred around addressing 

their bioavailability and mobility alongside reducing their total concentration.  

 

As in phytostabilization as discussed in section 2.4.5.2.1, the amendment of soils as a 

remediation strategy aims to reduce associated pollutant transfer risks to receptor water 

bodies or organisms. Organic materials are a common choice for these types of amendments 

and are mostly derived from biological resource with little to no need for any kind of pre-

treatment to soils. The use of amendments in soils could also serve as a veritable route for 

disposing off organic waste residues (e.g., anaerobic digester residues) no longer required for 

primary use. Activated carbon have been in used in soils and sediments as a remediation 

material because of its ability to reduce the bioavailability of contaminants and the associated 

risks (Yang et al., 2021a; Yang et al., 2021b). Activated carbons are carbonaceous materials 

made from the incomplete combustion of organic matter, followed by an activation phase to 
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increase its surface area (Yang et al., 2021b). Organic contaminants (which are a mainstay in 

contaminated sites) have been reported to sorb well to surfaces of carbonaceous materials. 

Some of these are soot (Jonker and Koelmans, 2002), coal (Cornelissen & Gustafsson), and 

coke (Ghosh et al., 2003). Lower accumulation of contaminants in soils can be expected due 

to sorption caused by carbonaceous matter which is two times the sorption capacity expected 

from natural organic matter (Cornelissen et al., 2005; Kreitinger et al., 2007). Due to their 

huge sorption potential when present in contaminated sites, more deliberate efforts have 

been made to introduce cleaner types of these carbonaceous fractions (e.g., biochars, 

activated carbon) into soils and sediments to reduce the bioavailability of organic 

contaminants (Yu et al., 2019). For inorganic contaminants like heavy metals, reported 

instances of significant immobilization of heavy metals within soil matrices have been 

reported (He et al., 2019; Wang et al., 2020). In instances of dealing with sites involving both 

organic and inorganic pollutants, amendments with capacity to reduce the mobility and 

bioavailability of both organic and inorganic contaminants could present a cost-effective 

strategic advantage.  

 

Removal of important heavy metals like Cd, Cr, Cu, Hg, Ni, and Pb are receiving increasing 

attention because of the associated negative effects they can potentially cause the 

environment. Zhou et al. (2013), using batch sorption experiments reported positive removal 

efficiency of Cd, Cu, and Pb by biochar modified by chitosan. Biochar produced from malt 

spent rootlets were also used to remove Hg(II) from wastewater, attaining favourable 

removal efficiency of up to 100% over a 24hr contact period (Boutsika et al., 2014). Manariotis 

et al. (2015) also reported a 6-fold higher sorption efficiency of Hg for malt spent rootlets 

biochars when compared to the raw materials. Using a developed ZnCl2 modified glue residue 

biochar, Shi et al. (2020) achieved a maximum Cr(VI) sorption capacity of 325.5 mg/g.  

 

Despite a myriad of published work on the removal of varieties of environmental 

contaminants using biochars, its application as a sorbent for treatment of heavy-metal-

containing wastewater is still considered emerging and underdeveloped (Ahmad et al., 2014). 

On a review on the recent advances in biochar application for water and wastewater 

treatment, Wang et al. (2020) observed that most research on adsorption in aqueous solution 

focuses on single contamination even though actual prevailing realities involve varieties of 
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co-contaminants. It is expected that adsorption should be lower in competitive aquatic 

systems (Harter et al., 1992). There have been reports of studies involving competitive 

sorption of heavy metals involving different types of sorbents ranging from zeolite (Shaheen 

et al., 2012), goethite (Zhu et al., 2012) palygorskite and sepiolite (Sheikhhosseini et al., 2013) 

water hyacinth (Zheng et al., 2016), etc. Very few of these studies have explored competitive 

sorption dynamics using biochar and there have been no report of the use of metal-rich 

biochar from sunflower derived from a phytoremediation process as an adsorbent in aqueous 

settings. Results in Chapter 5 of this thesis has demonstrated that sunflower plant is a good 

accumulator of heavy metals, and it is important to examine their suitability as surfaces for 

adsorption of more heavy metal contaminants when charred via pyrolysis. The aim of the 

work reported in this chapter is to assess the effectiveness of pyrolysis as a tool for bioenergy 

generation and biochars, to evaluate biochar as a medium for stabilizing accumulated 

contaminants and their potential use for wastewater treatments by exploring their 

adsorption behaviour in mono and multi-metal conditions in aqueous solution. 

 

6.2 Results and discussions 

6.2.1 Heating value of sunflower under different metal treatments 

Biomass calorific value gives an indication of the chemically bound energy stored in biomass 

and during the combustion process, it is converted and releases heat energy. It has been 

considered as one of the most important indicators of the energy value of a fuel (Erol et al., 

2010). The calorific value of sunflower under different metal treatments are shown in Table 

6.1. The presence of metals in plant tissues does not appear to make a difference in the 

amount of the heating output. The calorific values ranged from 17.009 to 18.035 MJ/kg with 

the control having the highest heating value at 18.035% but this difference was not 

statistically significant (p>0.05). Recorded calorific value of some important plant-based 

biomass are Phragmites australis (17.933 MJ/kg), Typha augustifolia (18.117 MJ/kg), poplar 

(19.371 MJ/kg) (Gravalos et al., 2010). Others include silvergrass 17.4 MJ/kg (Wang et al., 

2021c), switchgrass (17.48 MJ/kg) (Zhuo et al., 2015) and willow (19.59 MJ/kg) (Labrecque et 

al., 1997). In contrast, the calorific value of coal is around 25 – 35 MJ/kg, natural gas (53 

MJ/kg), and crude oil 42.3 MJ/kg (Gaur & Reed, 2020). While these traditional energy sources 
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have higher calorific value, they are mostly non-renewable and the processes involved in 

exploiting and utilizing them are unpleasant to the environment. 

 

Table 6. 1. Heating values of sunflower under different treatments   

Treatments Calorific value (MJ/kg) (Mean ± SD) 

Control  18.035 ± 0.08 

Cd 17.009 ± 0.19 

Pb 17.853 ± 0.46 

Zn 18.004 ± 0.25 

Cd+Pb+Zn 17.276 ± 0.50 

AB211 18.018 ± 0.19 

Cd+AB211 17.324 ± 0.50 

Pb+AB211 17.439 ± 0.615 

Zn+AB211 17.313 ± 0.40 

Cd+Pb+Zn+AB211 17.390 ± 0.58  

 

 

6.2.2 Pyrolysis yield 

As shown in Table 6.2, the conversion of sunflower biomass to biochar at 500 °C was high at 

51.6%. Yield value is higher than previously reported for sunflower straw pyrolyzed at 500 °C 

(He et al., 2016; Yue et al., 2018; Zhou et al., 2020). It has long been established that the 

characteristics of biochars are very dependent on pyrolysis temperature and residence time 

(Ahmad et al., 2014). Slow pyrolysis with a 2-hr run time was used because of its potential to 

yield more biochar product than fast pyrolysis (Yang et al., 2019), and the biochar yield 

obtained in this study confirms this. It is expected however that this yield will begin to decline 

with further increase in temperature (Gong et al., 2018; Zhou et al., 2020), possibly linked to 

volatilization and dehydration reactions, and lignocellulosic mass decomposition that occurs 

via the pyrolysis process (Kan et al., 2014). 

 

Bio-oil yield was estimated at 22.3 % with syngas yield at 11.8 %, significantly below biochar 

yield. Slow pyrolysis favours char production over bio-oil or syngas (Yang et al., 2019). Lieven 
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et al. (2008) reported that when metal-rich sunflower biochar was pyrolyzed at 400 °C, 500 

°C, and 600 °C, no Pb, Zn was found in bio-oil and syngas fraction as they were all deposited 

in char fraction.  

 

Table 6. 2. Pyrolysis yield of metal-rich sunflower 

Pyrolysis temp (°C) Char yield (wt %) Bio oil yield (wt %) Gas yield (wt %) 

500  51.6 22.3 11.8 

 

6.2.3 Characterization 

Sunflower biochar properties are summarized in Table 6.3. The biochar was alkaline with pH 

at 10.48, and this is possibly linked to high temperature degradation of the organic contents 

of the biomass which releases alkali salts and can cause loss of acidic functional groups (Chen 

et al., 2011; Bandara et al., 2017). Elemental analysis for carbon, hydrogen, nitrogen, and 

oxygen (CHNO) was not carried out in laboratory due to unavailability of elemental analyser, 

which is a limitation of the work. However, CHNO data for sunflower biochar pyrolyzed at 500 

°C was pooled from the literature. CHNO values of 66.7, 2.4, 0.8 and 12.2 % respectively was 

reported by Yue et al. (2018). CHNO values of 70.26, 4.47, 1.29 and 22.82% were reported by 

(Colantoni et al., 2016) and CHNO values of 78.99, 3.43, 0.64 and 16.87 % reported by Sun et 

al. (2019). 

 

Table 6. 3. Sunflower biochar properties 

 C (%) H (%) N (%) O (%) pH 

Sunflower biochar 66.7 – 78.99 2.4 – 4.47 0.64 – 1.29 12.2 – 22.82 10.48 

 

6.2.2 Total heavy metal concentration in sunflower-derived biochar after pyrolysis  

The concentrations of cadmium, lead, and zinc in sunflower plant residue and its biochars 

pyrolyzed at 500 °C is shown in Table 6.4. After pyrolysis at 500 °C, the concentrations of 

metals increased significantly (p<0.05) in biochar except for Cd. The processes involved in 

biomass pyrolysis is complex with multiple sets of chemical reactions. Heavy metal migration 

from biomass phase to biochar phase during pyrolysis is a major cause of concern. Higher 
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metal concentrations in biochar after pyrolysis has also been reported by Gong et al. (2018), 

and this is directly due to the reduced mass of biochar yield when converted from biomass. 

However, the decreased Cd concentration due to pyrolysis can be attributed to volatility. 

Kistler et al. (1987) once reported Cd reduction to Cd0 for Cd existing as carbonates in raw 

materials when exposed to high temperatures and they were volatilized to the off-gas. 

 

Table 6. 4. Heavy metal concentrations (mean ± SD) of sunflower biomass and its derived 
biochar at set pyrolysis process parameters.  

 Cd (mg/kg) Pb (mg/kg) Zn (mg/kg) 

SBM 4.83 ± 2.46 a 70.78 ± 14.17 b 125.84 ± 21.63 b 

SBC at 500 °C 2.93 ± 1.15 a 101.25 ± 15.13 a 179.56 ± 34.07 a 

SBM: Sunflower biomass, SBC: Sunflower biochar, Cd: Cadmium, Pb: Lead, Zn: Zinc. Different letters 

within column indicates significant difference (p<0.05) 

 

6.2.3 Speciation of heavy metals in sunflower metal-enriched biochar after pyrolysis 

The activity and toxicity of heavy metals in the environment are dependent on their chemical 

speciation, and this can be determined via a Community Bureau of Reference (BCR) sequential 

extraction procedure. The BCR fractionation results are shown in Table 6.5, revealing the 

heavy metal content of harvested sunflower biomass and its biochar in four fractions: acid 

extractable (F1), reducible (F2), oxidizable (F3), and residual (4) fraction (von Gunten et al., 

2017). The toxicity and effectiveness of the heavy metal fractions are in the order 

F1>F2>F3>F4 (Huang & Yuan, 2018). The heavy metals present in the F1 and F2 fractions are 

more readily bioavailable and can be easily absorbed by plants, therefore their toxicity is more 

direct and effective. The F3 fraction are more subject to degradation and leaching especially 

when exposed to strong oxidation and acidic conditions, and even though they show some 

toxicity, their effectiveness is less concerning for the environment (Devi & Saroha, 2014). The 

F4 fractions is considered non-bioavailable and non-toxic as the metals contained in the 

residual solids are in their crystallized structures (Fuentes et al., 2008; Devi & Saroha, 2014). 

Table 6.4 shows the BCR fractionation data of sunflower biomass and the heavy metals in its 

biochar produced from pyrolysis at 500 °C. Results suggest that pyrolysis can potentially be 

beneficial for converting unstable toxic fractions into stable components, thereby dealing 

with the associated problems of heavy metal toxicity. Figure 6.1 shows the percentages of Cd, 
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Pb and Zn in SBM and SBC. Apart from Pb (48.5%), more than 50% of Cd and Zn are in the 

bioavailable portions (F1+F2) of the sunflower biomass residue. This represents great risk for 

the environment if these residues are left in the field after a harvest. Placement of plant 

residues in field after harvest is a typical agricultural practice to recycle nutrients for crop 

plants, enhance organic matter substrate provisioning for microorganisms and act as spongy 

surface for rainwater, thus reducing the risk of erosion. A notable decrease was observed in 

metals present in the bioavailable fractions when the plant residues were converted via 

pyrolysis into biochar. With the temperature at 500 °C, the percentage of bioavailable 

portions (F1+F2) declined, and consequently, there was a marked and stable increase in the 

percentage of metals in the residual portion (F4). Similar observations have been reported in 

previous studies (Jin et al., 2017; Zhou et al., 2020; Wang et al., 2021). These dynamics can 

easily swing with increase or decrease in pyrolysis temperature. It is expected that at higher 

temperatures, there will be adequate energy to break associated bonds, thus settling the 

heavy metals in the F4 zone. At lower temperatures, the energy may not be enough to attain 

the boiling point of heavy metals, making them less volatile and less likely to convert the F3 

fraction to F4 (Zhang et al., 2018). However, at most pyrolysis temperatures used, an 

observed trend in most studies is that when biomass is converted to biochar through 

pyrolysis, there is a marked deportment of metals to the stable, non-toxic fractions (Wang et 

al., 2021). This is because with increased pyrolysis temperature, heavy metals favour a 

combination with biomass matter to form stable fractions in biochar (Chen et al., 2015). The 

properties of heavy metals can also contribute to the variations in fraction placement as some 

metals are more volatile than others (Liu et al., 2015). Cd and Zn are categorized as medium-

volatility heavy metals (Liu et al., 2015). Also, the total metal concentration increased in 

biochar when compared to the biomass due to the reduction in volume during pyrolysis 

(Gherghel et al., 2019). Summarily, the current research has shown that pyrolysis sufficiently 

stabilizes heavy metal concentrations in pyrolysis residue, thus alleviating environmental risks 

but the extent is dependent on the heavy metal properties and the pyrolysis process 

parameters. 
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Table 6. 5. The speciation of heavy metals (mg/kg) in sunflower biomass and its derived 
biochar at set pyrolysis process parameters 

 Cd (mg/kg) Pb (mg/kg) Zn (mg/kg) 

 SBM SBC SBM SBC SBM SBC 

F1 1.36 0.17 23.82 8.02 38.43 21.27 

F2 1.27 0.26 16.11 12.50 21.38 30.13 

F3 1.25 1.20 15.05 45.76 19.67 62.82 

F4 1.29 1.45 27.36 50.39 19.68 81.17 

SBM: Sunflower biomass, SBC: Sunflower biochar Cd: Cadmium, Pb: Lead, Zn: Zinc. 

 

 
Figure 6. 1 Percentages of fractions of heavy metals in SBM and SBC. Cd: cadmium, Pb: lead, 
Zn: zinc, SBM: sunflower biomass, SBC: sunflower biochar.   

 

6.3 Column adsorption of metal contaminants using sunflower-derived metal-enriched 

biochar 

As indicated in Figure 6.1, initial concentration of the metals in aqueous solution was set at 

50, 100 and 150 mg/L for Cd2+, Pb2+ and Zn2+ respectively. Following adsorption via downward 

stream in column, there was a significant decrease in Cd2+ (92.96%), Pb2+ (93.67%) and Zn2+ 

(91.66%) concentrations for mono-metal adsorption, but less effective for multi-metal 

conditions (Cd 88.1%, Pb2+ 81.83%, and Zn2+ 81%). There was no difference in the adsorption 
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rates within the treatments under mono-metal conditions, but for multi-metal conditions, 

Cd2+ removal rates were higher than Pb2+ and Zn2+. This is possibly due to it having a lower 

concentration level (50 mg/kg). At low concentrations, metal ions can be easily adsorbed on 

to the surface of the biochar but with an increase in metal contaminants, biochar adsorption 

sites are more readily occupied, and this could reduce removal rates (Ni et al., 2019). Across 

mono-metal conditions, removal rates were in this order: Pb2+ > Cd2+ > Zn2+, but under multi-

metal conditions, removal rates were Cd2+ > Pb2+ > Zn2+ (See isotherm study in Section 6.4 for 

further explanations). There was no effect of competitive adsorption on Cd2+ treatments. 

Even though there was a significant effect of competitive adsorption on removal rates for Pb2+ 

and Zn2+ treatments (p<0.05), removal rates were still high for multi-metal treatments and 

the deduction is that stable metal-enriched biochar was effective in the removal of heavy 

metals from aqueous solution. 
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Figure 6. 2. Adsorption of Cd2+, Pb2+ and Zn2+ using sunflower straw biochar in (a) Mono-
metal and (b) multi-metal conditions. The y-axis shows the concentration of the different 
metals under consideration, the x-axis shows the metal type. Different letters between 
mono- and multi-metal treatments indicates significant difference (p<0.05). 

 
 
 
6.4 Batch adsorption isotherms 

Adsorption isotherms describes the relationships and interactions between adsorbates and 

adsorbents at equilibrium where temperature remains constant and are essential to 

adequately understanding adsorption processes (Ayawei et al., 2017). To understand the 

mechanism and predict the dynamics of adsorption systems, experimental data from 

adsorption experiments are modelled via adsorption isotherms and the most frequently used 

ones are the Langmuir and Freundlich models (Kalam et al., 2021). 

 

The Langmuir model is a monolayer model that assumes that there are no mutual interactions 

between adsorbed molecules and each adsorption site has equal adsorption energy at 

constant temperature 

The Langmuir model can be expressed in the linear form thus:  
𝐶𝐶𝑅𝑅
𝑄𝑄𝑅𝑅

= 1
𝑄𝑄𝑚𝑚𝑄𝑄𝑅𝑅

+ 𝐶𝐶𝑅𝑅
𝑄𝑄𝑚𝑚

 …………………………………………….Equation 6.1 
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Ce is the concentration of adsorbate at equilibrium after adsorption (mg/L) 

Qe is the adsorption capacity of the adsorbent (mg/g) at equilibrium 

Qm is the maximum adsorption capacity of the adsorbent 

KL is a Langmuir constant that relates to adsorption capacity mg/g as it describes the strength 

of the interaction between adsorbate and adsorbent surface. 

RL is a dimensionless constant called the separation factor. It is defined mathematically as 

𝐶𝐶𝑀𝑀 = 1
(1+𝑄𝑄𝑅𝑅𝐶𝐶𝑔𝑔)

……………………………………………Equation 6.2 

Co is initial concentration of adsorbate. 

Adsorption is favourable when 0 < RL < 1 

 

The results in the isotherm data in Fig 6.3 seem to follow the shape of the Langmuir model, 

suggesting the pollutants are absorbed onto homogenous surface by forming a monolayer. 

The separation values shown in Table 6.6 indicates that the adsorption of Cd2+, Pb2+ and Zn2+ 

were all favourable for the metal concentration range adopted. The high correlation 

coefficient R also shows good fit. 

 

The Langmuir-type behaviour of biochar have also been demonstrated by Dewage et al. 

(2018) where they used pinewood-derived fast pyrolysis biochar in batch and fixed-bed 

studies to remove Pb2+ from wastewater. Using biochars derived from anaerobically digested 

sludge, Ni et al. (2019) explored the competitive behaviour of coexisting Pb2+ and Cd2+ in 

contaminated wastewater systems and reported a Langmuir-type adsorption isotherm 

pattern with Pb2+ having greater affinity to adsorption sites than Cd2+. The Langmuir isotherm 

has been reported to be the best fit for heavy metal and anionic contaminants while the 

Freundlich isotherm fits better for organic contaminants (Ahmed et al., 2016). In a study 

reviewing biochar-based adsorbents and lignin-based adsorbents for wastewater treatment 

including their source, preparation methods and biochar behaviour, Sun et al. (2021) also 

concluded that the Langmuir model fits better to adsorption isotherm of heavy metals and 

anionic contaminants with the pseudo-second-order model fitting better for the sorption 

kinetics of all other contaminants. 
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Figure 6. 3. Multimetal adsorption isotherm adsorption isotherms for (a) cadmium, (b) lead, 
(c) zinc by sunflower biochar in batch experiment. Y axis (qe): metal concentration adsorbed 
onto biochar, X axis (Ce): Metal equilibrium concentration in aqueous solution. 
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Table 6. 6. Langmuir model parameters for sunflower biochar 

 Qmax (mg/g) KL RL R2 

Cd2+ 60.44 0.0404 0.3308 0.9608 

Pb2+ 57.07 0.2026 0.0899 0.9538 

Zn2+ 143.51 0.0096 0.6751 0.9686 

 

 

The competitive adsorption of Cd2+, Pb2+ and Zn2+ onto sunflower biochars with initial 

concentration ranging from 10 to 200 mg/L are shown in Figure 6.3. the equilibrium 

adsorption capacity of the sorbent increased with increasing adsorbate concentration at 

equilibrium. As with the column experiments, the order of metal adsorption by biochar is Pb2+ 

> Cd2+ > Zn2+. This is confirmed by the KL values in Table 6.6 which gives an indication of the 

strength or the extent to which metal ions binds on to the adsorbent surface. KL as an index 

indicates potential mobility of metals. With stronger sorption to adsorbent, solubility is 

expected to be lower (Park et al., 2016). Pb2+ has the highest KL value suggesting a strong 

affinity to biochar surface. Park et al. (2016) also suggested that Pb2+’s hydrated radius smaller 

than Zn2+ and Cd2+ and has higher affinity to most functional groups in organic matter 

(phenolic and carboxylic groups inclusive). Greater affinity of Pb2+ on biochar over Zn2+ and 

Cd2+ has also been reported in previous studies (Soria et al., 2020; Yang et al., 2021a). Wu et 

al. (2019) reported that the alkalinity of the biochars may facilitate its removal by the 

formation of a Pb2+ ion precipitate. However, the Qmax value for Zn2+ is higher as shown in 

Table 6.6 indicating greater maximum capacity of adsorbent for Zn2+. Results from column 

and batch studies illustrates the biochar’s preference to Pb2+ surface over Cd2+ and Zn2+. 

Similar order of preference was also reported by Xue et al. (2012) using fixed bed columns of 

biochar for the removal of a variety of heavy metals (Pb2+, Cd2+ and Ni2+). Their result showed 

the column’s capacity to remove heavy metals in the order Pb2+>Cd2+>Ni2+. Overall, sunflower 

biochar exhibited very good potential to remove these metal ions even though at varying 

degrees.  

 

 

 



 130 

6.5 Conclusion 

Post-remediation metal-enriched sunflower biomass was slowly pyrolyzed to derive valuable 

metal-rich biochar and this biochar was explored as an adsorbent for the removal of heavy 

metal contaminants from wastewater. A BCR sequential extraction procedure showed 

reduced bioavailability of metals after pyrolysis indicating reduced risks of heavy metal 

contamination when utilizing the derived biochar. In the multi-metal system, post-pyrolysis 

biochar exhibited good heavy metal removal capacity as a sorbent in wastewater showing 

greater affinity to Pb than Cd and Zn and this relationship fits well to the Langmuir adsorption 

isotherm model.  Reducing bioavailability is a key provision for a risk-based 

phytomanagement approach for mitigating the associated problems of toxic contaminants 

(Cundy et al., 2016). Additionally, biochar can potentially be modified to improve its 

adsorptive properties as it has been reported that modification of biochar-based adsorbents 

can result in increased adsorption capacity in relation to pristine biochar (Sun et al., 2021). 

In the aftermath of its use as sorbents for wastewater treatment, biochar can potentially be 

used as material for soil amendments (Vilas-Boas et al., 2021). However, to further utilize or 

safely dispose used biochar, it is important to confirm lack of mobility of metals following 

application to soil via further sequential extraction procedure. In cases where metal remain 

mobile, encapsulating metals using cement-based solidification/stabilization procedures 

offers a relatively reduced-risk option of disposal of biochar loaded with heavy metal ions 

(Tejada-Tovar et al., 2022).   
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CHAPTER SEVEN 

GENERAL DISCUSSION, LIMITATION/RECOMMENDATION AND CONCLUSION 
 
Metal contamination is currently a global ubiquitous phenomenon, which makes it of great 

environmental concern since its persistence in nature is indefinite (Shen et al., 2021). 

Phytoextraction of metal contaminants utilizing energy crops to concentrate metals in the 

aboveground biomass is considered an environmentally friendly option for remediation 

(Rheay et al., 2021). This utilization of energy crops for phytoremediation is proposed to gain 

added value from the technology by deriving some valuable energy output via biomass 

valorization and reducing waste by utilizing by-products derived from the process, thus 

making the practice more sustainable and environmentally appealing. In addition, the 

application of plant growth promoting bacteria to accumulating energy plants used for 

phytoremediation potentially makes the process more effective (Kong et al., 2017). 

 

This study examined the applicability of phytoremediation (using sunflower) as a sustainable 

biotechnology to remediate metal contaminated soil, generate bioenergy and treat 

wastewater using by-products obtained from the process. The major findings from this work 

are: 

1. The study selected the most ideal species for coupling phytoremediation with 

bioenergy/biochar generation using a multicriteria decision matrix and sunflower and 

silvergrass emerged as the two top candidates. 

2. Sunflower was largely effective in accumulating metal contaminants into its 

aboveground tissues, and this was enhanced by up to 19 – 37% by the application of 

plant growth promoting bacteria, Bacillus aryabhattai, AB211, even though the 

degree of success varies with the kind of metal contaminants. 

3. Sunflower biomass valorization via pyrolysis generated up to 22.3% bio-oil yield, 

51.6% biochar yield with metal stabilized in biochar fraction, not bioavailable to pose 

serious ecotoxicity risks. 

4. Sunflower-derived biochar reduced the concentration of metal contaminants in 

aqueous solution by 91.66 – 93.67% in mono-metal conditions and 81 – 88.1% in 

multi-metals conditions in column studies. 



 132 

In the following sections, the major findings listed above are expanded upon to make further 

inference and discuss their implications. 

 

7.1 Summary of findings and discussion 

7.1.1 Sunflower and silvergrass emerging in MCDM analysis of candidates and 

implications 

A multicriteria analysis study was carried out to ascertain based on set criteria and key 

indicators, the most ideal plant species for coupling phytoremediation with bioenergy 

generation. Results revealed silvergrass and sunflower as the top performers based on data 

obtained from systematic review of the literature. These species performed well in most of 

the phytoremediation-based criteria and bioenergy-based criteria. 

 

Bioenergy options are being explored as an alternative to fossil fuels, which currently caters 

for a significant portion of global energy demand, adding significant carbon dioxide pollution 

to the atmosphere. Countries have set up mandates to meet the International Energy 

Agency’s goal to make biofuels meet about 27% of world transportation energy demand by 

2050 (IEA, 2011). Mandates are typically developed around the need to support domestic 

energy needs, reducing fossil fuel dependence, and reducing associated emissions caused by 

the usage of fossil fuels. With phytoremediation being an explored option for metal 

contamination control given its environmental benefits, burgeoning questions about the 

sustainability of the practice persist. Bonding phytoremediation practice using energy crops 

is a sustainable way to generate some bioenergy resources along with achieving set 

phytoremediation objectives.  To attain additional bioenergy benefits from 

phytoremediation, the species selected is one of the most crucial considerations to explore. 

Countries are currently exploring potential promising energy crops to meet their bioenergy 

demand quota and crops like Jatropha, Castor and Miscanthus have been considered (Pandey 

et al., 2016). There is however no established scientific systematic basis for these selections, 

especially when considering the enormity of the importance of these decisions. The study 

carried out for the first time, an across-board synthesis of global data on plant performance 

based on important phytoremediation and bioenergy criteria and aggregate them to find the 

ideal species for a synergy of both properties. From the study in chapter 4, silvergrass 
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(Miscanthus) and sunflower emerged as the top two candidates. Silvergrass is a rhizomatous 

perennial C4 grass plant that are propagated by seed or rhizome dispersal. They are a second-

generation energy crop (Lewandowski et al., 2000), high yielding in biomass (Pidlisnyuk et al., 

2014), tolerant to harsh environmental conditions (Chou, 2009), lignocellulosic (Han et al., 

2011), high calorific value (Brosse et al., 2014), metal tolerant and pollutant accumulators 

(Pidlisnyuk et al., 2014). Sunflower on the other hand have good metal tolerance (Winska-

Krysiak et al., 2015), are good contaminant accumulators (Ion et al., 2014), have high yielding 

lignocellulosic biomass (Nguyen et al., 2021) and are largely a second-generation crop (PFAF, 

2019). 

 

In linking these practices together, it is important that dedicated promising energy crops (such 

as silvergrass and sunflower) be planted on contaminated marginal lands for the extra benefit 

of aesthetics, carbon sequestration, substrate quality improvement and as a means of tackling 

the problem of limited agricultural land since cultivation will be on neglected polluted sites. 

The EU-sponsored REJUVENATE project highlighted the importance of utilizing energy crops 

on marginal land. Generating valuable energy-based biomass from these marginal lands using 

waste-derived organic matter as fertilizers for soil improvement and restoration provides an 

opportunity to attain sustainable resource development while attaining a variety of wider 

benefits, and also provide the added benefit of supporting the re-use of sites that are deemed 

‘hard to develop’ (REJUVENATE, 2009). The EU-REJUVENATE project findings also indicated 

that there are still data gaps that requires further demonstration projects on the re-use of 

marginal lands for biomass production and maximization. These demonstration projects 

should consider diverse regional, technological, and economic aspects as it aims to validate 

findings from the decision support tools adopted during the project. Wider benefits can also 

be attained from the use of risk-based phytomanagement and other gentle remediation-

based management strategies (GREENLAND, 2014). Some identified wider benefits (based on 

data from the GREENLAND and HOMBRE projects) are soil improvement (Evangelou et al., 

2015), water resource improvement (ANL, 2008), provision of green spaces (ANL, 2008, Cundy 

et al., 2013), climate change mitigation (Witters et al., 2012; Cundy et al., 2013; GREENLAND, 

2014), and other socio-economic benefits (Cundy et al., 2013; GREENLAND, 2014) 
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Also, silvergrass and sunflower are non-woody perennial crops with the advantage of fast 

growth and ease of cultivation. Prior large-scale phytoremediation work on contaminated 

lands have been focused on fast growing short-rotation woody plants (Volk et al., 2006; Liu 

et al., 2013). Achieving remediation goals at a faster pace with non-woody second-generation 

plants is of immense advantage to the technology.  

 

7.1.2 Potential of Sunflower for phytoextraction 

A pot experiment was carried out in chapter 5 to access the effect of metal contaminants on 

plant growth and metal accumulation of sunflower when elevated Cd (50 mg/kg), Pb (300 

mg/kg) and Zn (600 mg/kg) concentrations were added to the soil. Results on dry weight of 

leaves, stems and roots showed that Cd and Cd+Pb+Zn were the most toxic on sunflower 

growth and development. Tolerance (dW of contaminated biomass/dW of control) on Zn 

(74.31%) were good even though concentrations applied were elevated and over the general 

phytotoxicity thresholds (EPA, 2007), tolerance on Pb was average (45.65%) and tolerance on 

Cd was poor (13.04%). However, sunflower accumulation for heavy metal (Cd, Pb and Zn) was 

generally good with its bioconcentration and translocation factors ranging from 0.81 – 0.94 

indicating adequate suitability even though this places it below the hyperaccumulator 

threshold of 1.  

 

Sunflower is a recognised as an important bioenergy crop as indicated by the study in chapter 

4 and a host of other published work (Zabaniotou et al., 2008; Iram et al., 2019; Nguyen et al., 

2021). Its high biomass production makes it a boon for sustainable conservation and 

bioenergy production efforts. The usability of sunflower for phytoremediation at field scales 

have also been tested. Nehnevajova et al. (2006) carried out a comparative assessment of 15 

commercial sunflower cultivars to determine the most promising cultivar in terms of growth, 

metal extraction and accumulation. Results suggest Cultivar Salut performed best based on 

cumulative metal extraction from contaminated sites and importantly observed that there is 

negligible concentration of toxic metals on sunflower seeds and oils which makes its added 

value production crucial for post-harvest considerations and generally making the process 

more economically attractive. Herzig et al. (2014) also carried out a 5-year time series field 

based phytoextraction experiment using sunflower and tobacco to manage Zn contamination 
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and concluded that phytoextraction treatment with sunflower lowered Zn pool in soils by 

about 45-70% when compared with non-treated sites. 

 

For this study, even though sunflower performs considerably well as a heavy metal 

accumulator, it fell marginally off the qualitative hyperaccumulator status (BCF and TF > 1) 

and performs a lower than established hyperaccumulator plants such as Thlaspi caerulescens 

(Chaney et al., 2005), Pteris viattata and Sedum plumbizincicola (Li et al., 2018). It is therefore 

necessary to incorporate some agronomic practices (Singh & Pandey, 2013) and plant growth 

promoting microorganisms (Abhilash et al., 2016) to the technology to enhance the growth 

of plants, improve its resistance to diseases and abiotic stress factors, enhance its biomass 

and biofuel production and improve its remediation capacity.  

 

7.1.3 Role of plant growth promoting bacteria, Bacillus aryabhattai on plant growth and 

implications for sustainable phytoremediation. 

Toxicity caused by metal contaminants leads to decrease in plant growth (Zhang et al., 2015; 

Yadav et al., 2021), but some bacteria generally termed plant growth promoting bacteria 

(PGPBs) have been evidenced to limit heavy metal toxicity and ameliorate the associated toxic 

effects and thus improve plant growth (Sheng et al., 2012; Chen et al., 2013; Sansinenea, 

2019). Also, PGPBs have also been reported to improve plants capacity to extract heavy metal 

contaminants from soils (Sheng et al., 2012; Ahemad, 2019). A pot experiment was carried 

out in chapter 5 to investigate the role of B. aryabhattai in enhancing phytoextraction of 

heavy metals up into the aboveground tissues of sunflower plants. Root inoculation with B. 

aryabhattai  AB211 showed it to have growth promoting effects on sunflower, thus enhancing 

its phytoextraction efficiency. Pot experiment carried out demonstrated that the application 

of strain AB211 improved plant dry matter yield for sunflower when soils were amended by 

Pb and Zn but the effect on sunflower in soils amended with Cd was not significant (p<0.05). 

The effects on metal accumulation by sunflower showed enhancement efficiency ranging 

from 19 – 37% depending on the metal treatment. Root development was more profound in 

plants with bacterial strain than those without, which could be linked to its enhanced uptake 

capacity. Enhanced performance by sunflower inoculated with B. aryabhattai AB211 could be 

linked to its ability to produce IAA and siderophores (Ullah et al., 2015) and phosphate 

solubilization (Lee et al., 2012). Considering the results elucidated in chapter 5, the potential 
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utilization of B. aryabhattai, can be regarded as a viable means of enhancing plant growth 

and metal accumulation in plants, as well as reducing the toxic effects of heavy metals in 

sunflower and potentially other energy crops.  

 

Biomass production is a key element of any energy production scheme. It has direct 

implication for bio-oil/biofuel production, biochar/ash production and indirect beneficial 

effects on phytoextraction. Plant growth promoting microorganisms (PGPMs) are a veritable 

asset for sustainable conservation due to their ability to support plant growth and 

consequently, biomass production by aiding its access to essential nutrients and ameliorating 

the effects of biotic and abiotic stresses on plant (Glick, 1995; Ahemad, 2019). In light of this, 

PGPMs could be exploited as a requisite mechanism for enhancing energy crop yield (and 

consequently valorization yields) in a sustainable way. However, despite their demonstrated 

success in hydroponic settings (Kong & Glick, 2017), application at field levels have not been 

adequately exploited towards enhancing energy crop biomass production and contaminant 

accumulation. 

 

7.1.4 The effect of post-remediation pyrolysis of metal-rich sunflower biomass on the 

stabilization and immobilization of heavy metals. 

Studies have suggested that pyrolysis has huge potential to stabilize and immobilize heavy 

metals contaminants in the pyrolysis products, hence mitigating the release of toxic metal 

contaminants to the environment (Xiao et al., 2015; Niu et al., 2017). A slow pyrolysis 

procedure was carried out in Chapter 6 of this report to convert post-remediation, metal-rich 

sunflower biomass to biochar. The biochar products were then analysed via BCR sequential 

extraction to understand the compartmentalization dynamics in biochar solid fractions. 

Summarily, results showed that pyrolysis was efficient in settling heavy metals in non-

bioavailable residual fractions when pyrolyzed at 500 °C even though results can vary with 

varying process parameters and the characteristics of the heavy metals in question plays a 

crucial role in these dynamics.  

 

Given the advantages of phytoextraction already explored in this report, it also presents a 

challenge of dealing with the metal-rich biomass generated from the process which is a major 
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limiting aspect of the technology. Biomass reutilization comes with great risks of secondary 

pollution to soil and water bodies. A thermochemical conversion gives the advantage of 

reducing the volume of contaminated biomass and possible stabilization of metals in biochar 

residual fractions. Pyrolysis of post-remediation sunflower biomass as demonstrated in this 

report shows promise as heavy metals were successfully stabilized in non-toxic fractions to a 

reasonable degree. This opens possibilities for these biochars to be re-utilized as soil 

amendments at reduced risks to the environment and a means to safely dispose of biochar 

wastes where necessary with little environmental consequence. Also, bio-oil and syngas yield 

were estimated at 22.3 % and 11.8 % respectively of biomass weight and it has been 

demonstrated that when metal-rich sunflower biochar is pyrolyzed, metals are not 

transferred to bio-oil and syngas fraction as they all deposited in char fraction (Lievens et al., 

2008). This is especially important as sustainability efforts are tailored towards preventing 

secondary pollutions to the environment. Achieving post-phytoextraction derived bio-oil free 

from metal contaminants presents an avenue to meet alternative energy demand targets and 

help foster a bio-based economy geared towards achieving sustainable development. 

 

However, there have been reports of the economic costs of operating pyrolysis-based 

remediation systems (Xiao et al., 2018; Robb et al., 2020), very little effort has been put 

towards quantifying the environmental benefits against economic costs. Environmental 

benefits like ecosystem goods and services, vegetation cover, remediated water and soils are 

hard to quantify. Also, adopting in-situ biochar production and utilizing feedstock from 

remediation processes reduces transportation costs and curtails the overall cost estimate of 

running the operation. 

 

7.1.5. The effectiveness of stable metal-rich sunflower biochar for heavy metal removal 

in aqueous solution and implications for wastewater management. 

Sunflower-derived metal rich biochars generated from the pyrolysis process were used as 

biosorbents to further remove heavy metal contaminants from aqueous solution. A column 

experiment and a batch adsorption experiment were used to ascertain the feasibility of 

utilizing already contaminated biochar to further sorb metal contaminants in water and an 

adsorption isotherm was used to model experimental data. Results showed that sunflower 

derived sorbents adequately removed metal contaminants in this manner: Pb > Cd > Zn for 
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both column and batch adsorption experiments and the Langmuir isotherm model shows high 

correlation coefficient R2 (0.9538 – 0.9686) for the three metals, indicating a good fit and the 

KL values indicates a strong interaction between adsorbent and adsorbate for Pb but less so 

for Zn. Data seems to follow the shape of the Langmuir model, suggesting the pollutants are 

absorbed onto homogenous surface by forming a monolayer. Overall, results suggest these 

biosorbents are effective for heavy metal removal in aqueous solution. 

 

The low cost of plant-based feedstock (especially when obtained as wastes from 

phytoremediation), the relatively simple preparation process and its favourable 

physicochemical properties makes the use of biochars desirable and feasible for application 

as sorbents for wastewater treatment. The research showed sunflower biochar made under 

documented optimal condition to successfully sorb metal contaminants. Biochars capacity to 

sorb contaminants are directly linked to important physicochemical properties relating to 

feedstock type, the nature of the thermal conversion process and the conditions of 

preparation, which suggests that its adsorption capacity can be improved via some sets of 

modifications (Zhang et al., 2020). Biochar modification via chemical and physical activation 

methods have been demonstrated to alter functional groups on biochar surfaces in ways 

where its porous structures and surface area is enhanced, thus increasing its surface oxygen 

containing group (Enaime et al., 2020). Biochars are unique and versatile and given that they 

can also be effective even when enriched with metal contaminants, they present an 

opportunity for managing biowastes while tackling a wide array of environmentally 

concerning contaminants. Continual in-situ experiments using different feedstock types, with 

different modification trials on real effluents should be encouraged to understand how these 

biochars function in the environment as researchers traverse towards transitioning into larger 

scale applications. 

 

7.2  Limitations and recommendation 

In the first phase of the study (chapter 4) where suitability data were aggregated from various 

sources globally, multiple factors that may have influenced data collected were not accounted 

for in the analysis. For example, when evaluating growth rate, performance in tropical and 

temperate region may differ for certain species. Multicriteria tools are better suited when 

applied to defined conditions and locations and should be applied thus.  
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Phytoremediation studies were carried out in greenhouse, using pots and other greenhouse 

equipment and very subject to controlled conditions. Real-world realities are different and 

transitioning of advanced phytoremediation technology from laboratory to field is still 

struggling with implementation (Saxena et al., 2019). Information from long-term field studies 

are critical to demonstrating the feasibility of these chains of technologies in managing the 

burgeoning environmental problems in the real-world. Whilst information from laboratory 

processes usually precedes its implementation in real-time, efforts should be made to test 

the feasibility of these processes at larger scales. 

 

Adsorption experiments in this report were carried out using synthetic metal-contaminated 

water to account for competitive wastewater metal contamination. Real industrial 

wastewater effluents factoring in contributing components like colour, COD, BOD and other 

parameters should be considered in future research designs as these can play crucial role in 

understanding the adsorption capacity of biochars 

 

Adsorption experiments were carried out at specified process parameters (documented to be 

optimal) due to the constraints associated with limited sunflower-derived biochars. 

Adsorption qualities of biochars are influenced by multiple factors such as pH, dose of biochar 

applied, contact time between biochar and adsorbate, and CEC (Dissanayake et al., 2020). 

Future work should centre around testing metal-rich sunflower biochar’s adsorption capacity 

under varying physico-chemical conditions to ascertain its robustness and stability as bio-

sorbents, as this is critical to the long-term application of this technology (Han et al., 2016). 

 

Although studies have been carried out on the economy of phytoremediation, pyrolysis and 

adsorption technology, these studies are usually limited in scale, and are mostly done in 

isolation as separate processes. Detailed economical assessment of large-scale application of 

these technologies as a multifaceted unit is required to establish its application as a feasible 

alternative to environmentally destructive clean-up and energy production processes. 
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7.3 Conclusion 

The study provides new insights into a multi-faceted approach to managing environmental 

contamination sustainably. It surveyed the feasibility of safe reutilization of by-products and 

wastes from remediation processes and explored avenues where added values can be 

obtained from the process. An in-depth multicriteria analysis was first undertaken to 

determine the most suitable species for a synergistic application of phytoremediation and 

bioenergy production technology. Silvergrass and sunflower emerged as the top performers. 

Sunflower was grown in greenhouse studies and showed good metal accumulating capacity, 

and this was enhanced by a plant growth promoting bacteria, Bacillus aryabhattai, indicating 

that plant growth promoting bacteria in combination with their plant host can influence 

growth, productivity, and tolerance to unfavourable conditions. Sunflower also showed 

excellent biochar yield when pyrolyzed, verifying the suitability of slow pyrolysis to achieving 

optimal biochar yield and the process of pyrolysis stabilized heavy metals in stable residual 

fractions in the biochar, thus making them reusable as soil amendments or as a surface for 

adsorption of contaminants from wastewater. 

 

Phytoremediation offers a less intrusive and environmentally sustainable technology option 

for contaminant control and when combined with energy production, it opens opportunities 

to attain society’s economic and environmental goals in a sustainable manner. An 

understanding of the complex interactions relating to contaminant variables, plant and 

microbe relationships, valorization technologies and waste management would make 

implementation convenient and seamless. A multidisciplinary approach incorporating diverse 

expertise from a wide range of fields is critical to achieving continual success. 

 
 
 
 
 
 
 
 
 
 
 
 
 



 141 

List of References 

Abdolali, A., Guo, W.S., Ngo, H.H., Chen, S.S., Nguyen, N.C. and Tung, K.L., 2014. Typical 
lignocellulosic wastes and by-products for biosorption process in water and wastewater 
treatment: a critical review. Bioresource technology, 160, pp.57-66. 
 
Abhilash, P.C., Dubey, R.K., Tripathi, V., Gupta, V.K. and Singh, H.B., 2016. Plant growth-
promoting microorganisms for environmental sustainability. Trends in Biotechnology, 34(11), 
pp.847-850. 
 
Abioye, O.P., 2011. Biological remediation of hydrocarbon and heavy metals contaminated 
soil. Soil contamination, 7, pp.127-142. 
 
Addo-Quaye, A.A., Darkwa, A.A. and Ocloo, G.K., 2011. Growth analysis of component crops 
in a maize-soybean intercropping system as affected by time of planting and spatial 
arrangement. ARPN Journal of Agricultural and Biological Science, 6(6), pp.34-44. 
  
Adegbidi, H.G., Briggs, R.D., Volk, T.A., White, E.H. and Abrahamson, L.P., 2003. Effect of 
organic amendments and slow-release nitrogen fertilizer on willow biomass production and 
soil chemical characteristics. Biomass and Bioenergy, 25(4), pp.389-398. 
https://doi.org/10.1016/S0961-9534(03)00038-2  
 
Adkins, J., Jastrow, J.D., Morris, G.P., Six, J. and de Graaff, M.A., 2016. Effects of switchgrass 
cultivars and intraspecific differences in root structure on soil carbon inputs and 
accumulation. Geoderma, 262, pp.147-154. 
https://doi.org/10.1016/j.geoderma.2015.08.019  
 
Afegbua, S.L. and Batty, L.C., 2018. Effect of single and mixed polycyclic aromatic hydrocarbon 
contamination on plant biomass yield and PAH dissipation during 
phytoremediation. Environmental Science and Pollution Research, 25(19), pp.18596-18603 
 
Agblevor, F.A., Besler-Guran, S., Montane, D. and Wiselogel, A.E., 1997. Biomass feedstock 
variability and its effect on biocrude oil properties. In Developments in Thermochemical 
Biomass Conversion (pp. 741-755). Springer, Dordrecht. 
 
Agency for Toxic Substances and Disease Registry (ATSDR), 2004. Toxicological profile for 
copper. https://stacks.cdc.gov/view/cdc/7006/cdc_7006_DS1.pdf  
 
Agency for Toxic Substances and Disease Registry (ATSDR), 2019. Substance priority list (SPL) 
resource page. https://www.atsdr.cdc.gov/spl/index.html  
 
Ahemad, M., 2019. Remediation of metalliferous soils through the heavy metal resistant plant 
growth promoting bacteria: paradigms and prospects. Arabian Journal of Chemistry, 12(7), 
pp.1365-1377. https://doi.org/10.1016/j.arabjc.2014.11.020  
 

https://doi.org/10.1016/S0961-9534(03)00038-2
https://doi.org/10.1016/j.geoderma.2015.08.019
https://stacks.cdc.gov/view/cdc/7006/cdc_7006_DS1.pdf
https://www.atsdr.cdc.gov/spl/index.html
https://doi.org/10.1016/j.arabjc.2014.11.020


 142 

Ahmad, M., Rajapaksha, A.U., Lim, J.E., Zhang, M., Bolan, N., Mohan, D., Vithanage, M., Lee, 
S.S. and Ok, Y.S., 2014. Biochar as a sorbent for contaminant management in soil and water: 
a review. Chemosphere, 99, pp.19-33. 
 
Ahmad, M.S.A. and Ashraf, M., 2012. Essential roles and hazardous effects of nickel in plants. 
Reviews of environmental contamination and toxicology, pp.125-167. 
 
Ahmad, S., Ahmad, R., Ashraf, M.Y., Ashraf, M. and Waraich, E.A., 2009. Sunflower (Helianthus 
annuus L.) response to drought stress at germination and seedling growth stages. Pak. J. Bot, 
41(2), pp.647-654. 
 
Ahmed, M.B., Zhou, J.L., Ngo, H.H., Guo, W. and Chen, M., 2016. Progress in the preparation 
and application of modified biochar for improved contaminant removal from water and 
wastewater. Bioresource technology, 214, pp.836-851. 
 
AICRP-RM, 2007. Annual Progress Report of All India Coordinated Research Project on 
Rapeseed-Mustard, pp. A1–22. 
 
Akhtar, A., Krepl, V. and Ivanova, T., 2018. A combined overview of combustion, pyrolysis, and 
gasification of biomass. Energy & Fuels, 32(7), pp.7294-7318. 
 
Akincilar, A. and Dagdeviren, M., 2014. A hybrid multi-criteria decision-making model to 
evaluate hotel websites. International Journal of Hospitality Management, 36, pp.263-271. 
 
Al-Wabel, M.I., Usman, A.R., El-Naggar, A.H., Aly, A.A., Ibrahim, H.M., Elmaghraby, S. and Al-
Omran, A., 2015. Conocarpus biochar as a soil amendment for reducing heavy metal 
availability and uptake by maize plants. Saudi journal of biological sciences, 22(4), pp.503-
511. https://doi.org/10.1016/j.sjbs.2014.12.003  
 
Alaboudi, K.A., Ahmed, B. and Brodie, G., 2018. Phytoremediation of Pb and Cd contaminated 
soils by using sunflower (Helianthus annuus) plant. Annals of agricultural sciences, 63(1), 
pp.123-127. https://doi.org/10.1016/j.aoas.2018.05.007  
 
Ali, H. and Khan, E., 2018. What are heavy metals? Long-standing controversy over the 
scientific use of the term ‘heavy metals’–proposal of a comprehensive definition. 
Toxicological & Environmental Chemistry, 100(1), pp.6-19. 
 
Ali, H. and Khan, E., 2019. Trophic transfer, bioaccumulation, and biomagnification of non-
essential hazardous heavy metals and metalloids in food chains/webs—Concepts and 
implications for wildlife and human health. Human and Ecological Risk Assessment: An 
International Journal, 25(6), pp.1353-1376. 
 
Ali, H., Khan, E. and Sajad, M.A., 2013. Phytoremediation of heavy metals—concepts and 
applications. Chemosphere, 91(7), pp.869-881. 
https://doi.org/10.1016/j.chemosphere.2013.01.075  
 

https://doi.org/10.1016/j.sjbs.2014.12.003
https://doi.org/10.1016/j.aoas.2018.05.007
https://doi.org/10.1016/j.chemosphere.2013.01.075


 143 

Ali, I., 2010. The quest for active carbon adsorbent substitutes: inexpensive adsorbents for 
toxic metal ions removal from wastewater. Separation & Purification Reviews, 39(3-4), pp.95-
171. 
 
Ali, S., Abbas, Z., Rizwan, M., Zaheer, I.E., Yavaş, İ., Ünay, A., Abdel-Daim, M.M., Bin-Jumah, 
M., Hasanuzzaman, M. and Kalderis, D., 2020. Application of floating aquatic plants in 
phytoremediation of heavy metals polluted water: a review. Sustainability, 12(5), p.1927. 
 
Alkorta, I., Hernández-Allica, J., Becerril, J.M., Amezaga, I., Albizu, I. and Garbisu, C., 2004. 
Recent findings on the phytoremediation of soils contaminated with environmentally toxic 
heavy metals and metalloids such as zinc, cadmium, lead, and arsenic. Reviews in 
Environmental Science and Biotechnology, 3(1), pp.71-90. 
 
Alloway, B.J., 1995. Heavy metals in soils. Chapman & Hall, London. Heavy metals in soils. 
Chapman & Hall, London. 
 
Amasawa, E., Teah, H.Y., Khew, J.Y.T., Ikeda, I. and Onuki, M., 2016. Drawing lessons from the 
Minamata incident for the general public: Exercise on resilience, Minamata Unit AY2014. 
In Sustainability Science: Field Methods and Exercises (pp. 93-113). Springer, Cham. 
 
Anderson, W.K., 1975. Maturation of sunflower. Australian Journal of Experimental 
Agriculture, 15(77), pp.833-838. 
 
Andersson-Sköld, Y., Bardos, P., Chalot, M., Bert, V., Crutu, G., Phanthavongsa, P., Delplanque, 
M., Track, T. and Cundy, A.B., 2014. Developing and validating a practical decision support 
tool (DST) for biomass selection on marginal land. Journal of environmental 
management, 145, pp.113-121. 
 
Andianggara, Y., Gunawan, R. and Aldya, A.P., 2019. Sistem Pendukung Keputusan dengan 
Metode Simple Additve Weighting (SAW) untuk Prediksi Anggaran Biaya Wisata. Innovation 
in Research of Informatics (INNOVATICS), 1(1). 
 
Angelova, V. and Zapryanova, V., 2021. Miscanthus x giganteus as a biofuel crop for 
phytoremediation of heavy metal contaminated soils. Sci. Papers. Ser. E Land Reclam. Earth 
Obs. Surv. Environ. Eng, 10, pp.192-203. 
 
ANL., 2008. Re-greening of Murdock wetlands in a joint effort. Argonne National Laboratory. 
Available at https://www.anl.gov/article/regreening-of-murdock-wetlands-is-a-joint-effort 
(last accessed 10/11/2022). 
 
Anwar, J., Subhani, G.M., Hussain, M., Ahmad, J., Hussain, M. and Munir, M., 2011. Drought 
tolerance indices and their correlation with yield in exotic wheat genotypes. Pakistan Journal 
of Botany, 43(3), pp.1527-1530. 
 
Anyika, C., Majid, Z.A., Isa, A.B., Ismail, N., Zakaria, M.P. and Yahya, A., 2016. Toxic and 
nontoxic elemental enrichment in biochar at different production temperatures. Journal of 
Cleaner Production, 131, pp.810-821. 

https://www.anl.gov/article/regreening-of-murdock-wetlands-is-a-joint-effort


 144 

 
Arduini, I., Masoni, A., Mariotti, M. and Ercoli, L., 2004. Low cadmium application increase 
miscanthus growth and cadmium translocation. Environmental and Experimental 
Botany, 52(2), pp.89-100. 
 
Asai, H., Samson, B.K., Stephan, H.M., Songyikhangsuthor, K., Homma, K., Kiyono, Y., Inoue, 
Y., Shiraiwa, T. and Horie, T., 2009. Biochar amendment techniques for upland rice production 
in Northern Laos: 1. Soil physical properties, leaf SPAD and grain yield. Field crops 
research, 111(1-2), pp.81-84. 
 
Asamoah, S.A. and Bork, E.W., 2010. Drought tolerance thresholds in cattail (Typha latifolia): 
A test using controlled hydrologic treatments. Wetlands, 30(1), pp.99-110 
 
Ashraf, A., Bibi, I., Niazi, N.K., Ok, Y.S., Murtaza, G., Shahid, M., Kunhikrishnan, A., Li, D. and 
Mahmood, T., 2017. Chromium (VI) sorption efficiency of acid-activated banana peel over 
organo-montmorillonite in aqueous solutions. International journal of 
phytoremediation, 19(7), pp.605-613. https://doi.org/10.1080/15226514.2016.1256372  
 
Atkinson, C.J., Fitzgerald, J.D. and Hipps, N.A., 2010. Potential mechanisms for achieving 
agricultural benefits from biochar application to temperate soils: a review. Plant and 
soil, 337(1), pp.1-18. 
 
Ayawei, N., Ebelegi, A.N. and Wankasi, D., 2017. Modelling and interpretation of adsorption 
isotherms. Journal of chemistry, 2017. 
 
Aylott, M.J., Casella, E., Tubby, I., Street, N.R., Smith, P. and Taylor, G., 2008. Yield and spatial 
supply of bioenergy poplar and willow short-rotation coppice in the UK. New 
Phytologist, 178(2), pp.358-370. 
 
Aziz, H.A., Adlan, M.N. and Ariffin, K.S., 2008. Heavy metals (Cd, Pb, Zn, Ni, Cu and Cr (III)) 
removal from water in Malaysia: post treatment by high quality limestone. Bioresource 
technology, 99(6), pp.1578-1583. https://doi.org/10.1016/j.biortech.2007.04.007  
 
Bailey, V.L., Fansler, S.J., Smith, J.L. and Bolton Jr, H., 2011. Reconciling apparent variability in 
effects of biochar amendment on soil enzyme activities by assay optimization. Soil biology 
and biochemistry, 43(2), pp.296-301. 
 
Baker, A.J. and Brooks, R., 1989. Terrestrial higher plants which hyperaccumulate metallic 
elements. A review of their distribution, ecology and phytochemistry. Biorecovery., 1(2), 
pp.81-126. 
 
Balat, M., Balat, M., Kırtay, E. and Balat, H., 2009. Main routes for the thermo-conversion of 
biomass into fuels and chemicals. Part 1: Pyrolysis systems. Energy conversion and 
Management, 50(12), pp.3147-3157. https://doi.org/10.1016/j.enconman.2009.08.014  
 
Baldantoni, D., Cicatelli, A., Bellino, A. and Castiglione, S., 2014. Different behaviours in 
phytoremediation capacity of two heavy metal tolerant poplar clones in relation to iron and 

https://doi.org/10.1080/15226514.2016.1256372
https://doi.org/10.1016/j.biortech.2007.04.007
https://doi.org/10.1016/j.enconman.2009.08.014


 145 

other trace elements. Journal of environmental management, 146, pp.94-99. 
https://doi.org/10.1016/j.jenvman.2014.07.045  
 
Balsamo, R.A., Kelly, W.J., Satrio, J.A., Ruiz-Felix, M.N., Fetterman, M., Wynn, R. and Hagel, K., 
2015. Utilization of grasses for potential biofuel production and phytoremediation of heavy 
metal contaminated soils. International journal of phytoremediation, 17(5), pp.448-455. 
 
Bang, J., Kamala-Kannan, S., Lee, K.J., Cho, M., Kim, C.H., Kim, Y.J., Bae, J.H., Kim, K.H., Myung, 
H. and Oh, B.T., 2015. Phytoremediation of heavy metals in contaminated water and soil using 
Miscanthus sp. Goedae-Uksae 1. International journal of phytoremediation, 17(6), pp.515-
520. https://doi.org/10.1080/15226514.2013.862209  
 
Bandara, T., Herath, I., Kumarathilaka, P., Hseu, Z.Y., Ok, Y.S. and Vithanage, M., 2017. Efficacy 
of woody biomass and biochar for alleviating heavy metal bioavailability in serpentine 
soil. Environmental Geochemistry and Health, 39(2), pp.391-401. 
 
Bañuelos, G.S. and Mayland, H.F., 2000. Absorption and distribution of selenium in animals 
consuming canola grown for selenium phytoremediation. Ecotoxicology and Environmental 
Safety, 46(3), pp.322-328. https://doi.org/10.1006/eesa.1999.1909  
 
Bar-On, Y.M., Phillips, R. and Milo, R., 2018. The biomass distribution on Earth. Proceedings 
of the National Academy of Sciences, 115(25), pp.6506-6511. 
https://doi.org/10.1073/pnas.1711842115  
 
Barcelo, J., Poschenrieder, C., 2003. Phytoremediation: principles and 
perspectives. Contributions to science, pp.333-344. 
 
Bardhan, P., Deka, A., Bhattacharya, S.S., Mandal, M. and Kataki, R., 2022. Economical aspect 
in biomass to biofuel production. In Value-Chain of Biofuels (pp. 395-427). Elsevier. 
 
Bardos, P., Knight, M. and Humphrey, S., 2012. Sustainable remediation. Environmental 
Scientist, 21(3), pp.46-49. 
 
Bardos, R.P., Mariotti, C., Marot, F. and Sullivan, T., 2001. Framework for decision support used in 
contaminated land management in Europe and North America. NATO/CCMS Pilot Study, p.9. 
 
Bardos, P., Spencer, K.L., Ward, R.D., Maco, B.H. and Cundy, A.B., 2020. Integrated and 
sustainable management of post-industrial coasts. Frontiers in Environmental Science, 8, 
p.86. 
 
Barney, J.N., Mann, J.J., Kyser, G.B., Blumwald, E., Van Deynze, A. and DiTomaso, J.M., 2009. 
Tolerance of switchgrass to extreme soil moisture stress: ecological implications. Plant 
Science, 177(6), pp.724-732. 
 
Basu, P., 2010. Biomass gasification and pyrolysis: practical design and theory. Academic 
press. https://doi.org/10.1016/B978-0-12-374988-8.00004-0  
 

https://doi.org/10.1016/j.jenvman.2014.07.045
https://doi.org/10.1080/15226514.2013.862209
https://doi.org/10.1006/eesa.1999.1909
https://doi.org/10.1073/pnas.1711842115
https://doi.org/10.1016/B978-0-12-374988-8.00004-0


 146 

Bat, L., Sezgin, M., Üstün, F. and Şahin, F., 2012. Heavy metal concentrations in ten species of 
fishes caught in Sinop coastal waters of the Black Sea, Turkey. Turkish Journal of Fisheries and 
Aquatic Sciences, 12(5), pp.371-376. DOI: https://trjfas.org/abstract.php?lang=en&id=515  
 
Bates, R.L., and Jackson, J.A., (Eds.). Glossary of Geology, 3rd ed., American Geological 
Institute, Alexandria, VA (1987) 
 
Bhanse, P., Kumar, M., Singh, L., Awasthi, M.K. and Qureshi, A., 2022. Role of plant growth-
promoting rhizobacteria in boosting the phytoremediation of stressed soils: Opportunities, 
challenges, and prospects. Chemosphere, p.134954. 
 
Bhattacharyya, C., Bakshi, U., Mallick, I., Mukherji, S., Bera, B. and Ghosh, A., 2017. Genome-
guided insights into the plant growth promotion capabilities of the physiologically versatile 
Bacillus aryabhattai strain AB211. Frontiers in microbiology, 8, p.411. 
 
Bhowmik, D., Chiranjib, K. and Kumar, S., 2010. A potential medicinal importance of zinc in 
human health and chronic. Int J Pharm, 1(1), pp.05-11. Doi 
file:///Users/oa908/Downloads/zinc-biomedscience.pdf  
 
Bindhani, D., Goswami, S.B., Kumar, A., Verma, G. and Behera, P., 2020. Growth, Yield 
attributes and Yield of Indian Mustard [Brassica juncea (L.) Czern & Coss] as Influenced by 
Irrigation and Nitrogen Levels. Int. J. Curr. Microbiol. App. Sci, 9(7), pp.1735-1746. 
 
Bioenergy Consult, 2022. Biomass pyrolysis process. Available at 
https://www.bioenergyconsult.com/tag/slow-pyrolysis/ 
 
Bjerrum, N., 1936. Bjerrum's Inorganic Chemistry, 3rd Danish ed., Heinemann, London. 
 
Blunk, S.L., Jenkins, B.M. and Kadam, K.L., 2000. Combustion properties of lignin residue from 
lignocellulose fermentation. National Renewable Energy Laboratory, pp.1-15. 
 
Blunt, R., 2006. The Effect of an Altered Glucosinolate Profile, on the Invertebrates Within a 
Brassica Napus Crop (Doctoral dissertation, University of Nottingham 
 
Bolan, N., Hoang, S.A., Beiyuan, J., Gupta, S., Hou, D., Karakoti, A., Joseph, S., Jung, S., Kim, 
K.H., Kirkham, M.B. and Kua, H.W., 2021. Multifunctional applications of biochar beyond 
carbon storage. International Materials Reviews, pp.1-51. 
https://doi.org/10.1080/09506608.2021.1922047  
 
Bolan, N.S., Park, J.H., Robinson, B., Naidu, R. and Huh, K.Y., 2011. Phytostabilization: a green 
approach to contaminant containment. Advances in agronomy, 112, pp.145-204. 
https://doi.org/10.1016/B978-0-12-385538-1.00004-4  
 
Börjesson, M. and Ahlgren, E.O., 2012. Biomass CHP energy systems: a critical assessment. 
https://doi.org/10.1016/B978-0-08-087872-0.00508-4  
 

https://trjfas.org/abstract.php?lang=en&id=515
https://www.bioenergyconsult.com/tag/slow-pyrolysis/
https://doi.org/10.1080/09506608.2021.1922047
https://doi.org/10.1016/B978-0-12-385538-1.00004-4
https://doi.org/10.1016/B978-0-08-087872-0.00508-4


 147 

Boshir, M., Zhou, J.L., Ngo, H.H., Guo, W. and Chen, M., 2016. Bioresource Technology 
Progress in the Preparation and Application of Modified Biochar for Improved Contaminant 
Removal from Water and Wastewater. Bioresour. Technol, 214, pp.836-851. 
 
Botsou, F., Koutsopoulou, E., Andrioti, A., Dassenakis, M., Scoullos, M. and Karageorgis, A.P., 
2022. Chromium speciation, mobility, and Cr (VI) retention–release processes in ultramafic 
rocks and Fe–Ni lateritic deposits of Greece. Environmental Geochemistry and Health, 44(8), 
pp.2815-2834. 
 
Boundy, B., Diegel, S.W., Wright, L. and Davis, S.C., 2011. Biomass energy data book, 4th edn 
Oak Ridge. TN: Oak Ridge National Laboratory.[Google Scholar]. 
 
Boutsika, L.G., Karapanagioti, H.K. and Manariotis, I.D., 2014. Aqueous mercury sorption by 
biochar from malt spent rootlets. Water, Air, & Soil Pollution, 225(1), pp.1-10. 
 
Brooks, R.R., Lee, J., Reeves, R.D. and Jaffré, T., 1977. Detection of nickeliferous rocks by 
analysis of herbarium specimens of indicator plants. Journal of Geochemical Exploration, 7, 
pp.49-57. https://doi.org/10.1016/0375-6742(77)90074-7  
 
Brosse, N., Dufour, A., Meng, X., Sun, Q. and Ragauskas, A., 2012. Miscanthus: a fast-growing 
crop for biofuels and chemicals production. Biofuels, Bioproducts and Biorefining, 6(5), 
pp.580-598. 
 
Burges, A., Alkorta, I., Epelde, L. and Garbisu, C., 2018. From phytoremediation of soil 
contaminants to phytomanagement of ecosystem services in metal contaminated 
sites. International journal of phytoremediation, 20(4), pp.384-397. 
 
Buttery, B.R., 1969. Analysis of the growth of soybeans as affected by plant population and 
fertilizer. Canadian Journal of Plant Science, 49(6), pp.675-684 
 
Canadell, J., Jackson, R.B., Ehleringer, J.B., Mooney, H.A., Sala, O.E. and Schulze, E.D., 1996. 
Maximum rooting depth of vegetation types at the global scale. Oecologia, 108(4), pp.583-
595. 
 
Carlon, C., Critto, A., Ramieri, E. and Marcomini, A., 2007. DESYRE: Decision support system 
for the rehabilitation of contaminated megasites. Integrated Environmental Assessment and 
Management: An International Journal, 3(2), pp.211-222. 
 
Casler, M.D., Tobias, C.M., Kaeppler, S.M., Buell, C.R., Wang, Z.Y., Cao, P., Schmutz, J. and 
Ronald, P., 2011. The switchgrass genome: tools and strategies. The Plant Genome 
Journal, 4(3), p.273. https://doi.org/10.3835/plantgenome2011.10.0026  
 
Castiglione, S., Todeschini, V., Franchin, C., Torrigiani, P., Gastaldi, D., Cicatelli, A., Rinaudo, C., 
Berta, G., Biondi, S. and Lingua, G., 2009. Clonal differences in survival capacity, copper and 
zinc accumulation, and correlation with leaf polyamine levels in poplar: a large-scale field trial 
on heavily polluted soil. Environmental Pollution, 157(7), pp.2108-2117. 
https://doi.org/10.1016/j.envpol.2009.02.011  

https://doi.org/10.1016/0375-6742(77)90074-7
https://doi.org/10.3835/plantgenome2011.10.0026
https://doi.org/10.1016/j.envpol.2009.02.011


 148 

 
Cay, S., Uyanik, A. and Engin, M.S., 2016. EDTA supported phytoextraction of Cd from 
contaminated soil by four different ornamental plant species. Soil and Sediment 
Contamination: An International Journal, 25(3), pp.346-355. 
https://doi.org/10.1080/15320383.2016.1138448  
 
Cederlund, H., Börjesson, E., Lundberg, D. and Stenström, J., 2016. Adsorption of pesticides 
with different chemical properties to a wood biochar treated with heat and iron. Water, Air, 
& Soil Pollution, 227(6), pp.1-12. 
 
Chalot, M., Blaudez, D., Rogaume, Y., Provent, A.S. and Pascual, C., 2012. Fate of trace 
elements during the combustion of phytoremediation wood. Environmental science & 
technology, 46(24), pp.13361-13369. https://doi.org/10.1021/es3017478  
 
Chanasit, W., Sueree, L., Hodgson, B. and Umsakul, K., 2014. The production of poly (3-
hydroxybutyrate)[P (3HB)] by a newly isolated Bacillus sp. ST1C using liquid waste from 
biodiesel production. Annals of microbiology, 64(3), pp.1157-1166. 
 
Chaney, R.L., 1983. Plant uptake of inorganic waste. Land treatment of hazardous wastes. 
https://ci.nii.ac.jp/naid/10020225799/  
 
Chaney, R.L., Angle, J.S., McIntosh, M.S., Reeves, R.D., Li, Y.M., Brewer, E.P., Chen, K.Y., 
Roseberg, R.J., Perner, H., Synkowski, E.C. and Broadhurst, C.L., 2005. Using 
hyperaccumulator plants to phytoextract soil Ni and Cd. Z Naturforsch C, 60(3-4), pp.190-198. 
 
Cheadle, C., Vawter, M.P., Freed, W.J. and Becker, K.G., 2003. Analysis of microarray data 
using Z score transformation. The Journal of molecular diagnostics, 5(2), pp.73-81 
 
Chen, B. and Yuan, M., 2011. Enhanced sorption of polycyclic aromatic hydrocarbons by soil 
amended with biochar. Journal of Soils and Sediments, 11(1), pp.62-71. 
 
Chen, B.C., Lai, H.Y. and Juang, K.W., 2012. Model evaluation of plant metal content and 
biomass yield for the phytoextraction of heavy metals by switchgrass. Ecotoxicology and 
environmental safety, 80, pp.393-400. 
 
Chen, F., Hu, Y., Dou, X., Chen, D. and Dai, X., 2015. Chemical forms of heavy metals in pyrolytic 
char of heavy metal-implanted sewage sludge and their impacts on leaching 
behaviors. Journal of analytical and applied pyrolysis, 116, pp.152-160. 
 
Chen, Q.Y., Brocato, J., Laulicht, F. and Costa, M., 2017. Mechanisms of nickel carcinogenesis. 
In Essential and Non-essential Metals (pp. 181-197). Humana Press, Cham. 
https://doi.org/10.1007/978-3-319-55448-8_8  
 
Chen, Q.Y., Murphy, A., Sun, H. and Costa, M., 2019. Molecular and epigenetic mechanisms 
of Cr (VI)-induced carcinogenesis. Toxicology and applied pharmacology, 377, p.114636. 
 

https://doi.org/10.1080/15320383.2016.1138448
https://doi.org/10.1021/es3017478
https://ci.nii.ac.jp/naid/10020225799/
https://doi.org/10.1007/978-3-319-55448-8_8


 149 

Chen, T., Zhang, Y., Wang, H., Lu, W., Zhou, Z., Zhang, Y. and Ren, L., 2014. Influence of 
pyrolysis temperature on characteristics and heavy metal adsorptive performance of biochar 
derived from municipal sewage sludge. Bioresource technology, 164, pp.47-54. 
https://doi.org/10.1016/j.biortech.2014.04.048  
 
Chen, W., Meng, J., Han, X., Lan, Y. and Zhang, W., 2019. Past, present, and future of 
biochar. Biochar, 1(1), pp.75-87. 
 
Chen, X., Chen, G., Chen, L., Chen, Y., Lehmann, J., McBride, M.B. and Hay, A.G., 2011. 
Adsorption of copper and zinc by biochars produced from pyrolysis of hardwood and corn 
straw in aqueous solution. Bioresource technology, 102(19), pp.8877-8884. 
 
Chen, Z.J., Sheng, X.F., He, L.Y., Huang, Z. and Zhang, W.H., 2013. Effects of root inoculation 
with bacteria on the growth, Cd uptake and bacterial communities associated with rape 
grown in Cd-contaminated soil. Journal of Hazardous Materials, 244, pp.709-717. 
 
Chojnacka, K., 2010. Biosorption and bioaccumulation–the prospects for practical 
applications. Environment international, 36(3), pp.299-307. 
https://doi.org/10.1016/j.envint.2009.12.001  
 
Christersson, L., Sennerby-Forsse, L. and Zsuffa, L., 1993. The role and significance of woody 
biomass plantations in Swedish agriculture. The Forestry Chronicle, 69(6), pp.687-693. 
https://doi.org/10.5558/tfc69687-6  
 
Clapham, A.R., Tutin, T.G. and Moore, D.M., 1990. Flora of the British isles. CUP Archive. 
 
CLARINET, 2002. CLARINET report: Review of decision support tools for contaminated land 
management, and their use in Europe. Published by Austrian Federal Environment Agency, on 
behalf of CLARINET. 
 
Clark, D.P. and Pazdernik, N., 2015. Biotechnology. Newnes. 
https://scholar.google.com/scholar_lookup?title=Biotechnology%3A%20Applying%20the%2
0Genetic%20Revolution.%20Newnes&author=D.P.%20Clark&publication_year=2015  
 
Clemente Huachen, J.P., Medina Contreras, J., Laura Pfuño, J.D., Pariona Aguilar, L.Á. and 
Gutierrez Vilchez, P.P., 2021. Phytoremediation of cadmium contaminated soils using 
sunflower (Helianthus annuus L. var. Sunbright). 
 
Colantoni, A., Evic, N., Lord, R., Retschitzegger, S., Proto, A.R., Gallucci, F. and Monarca, D., 
2016. Characterization of biochars produced from pyrolysis of pelletized agricultural 
residues. Renewable and sustainable energy reviews, 64, pp.187-194. 
 
Coleman, M.D. and Stanturf, J.A., 2006. Biomass feedstock production systems: economic and 
environmental benefits. Biomass and Bioenergy, Vol. 30: 693-695. 
https://doi.org/10.1016/j.biombioe.2006.04.003  
 

https://doi.org/10.1016/j.biortech.2014.04.048
https://doi.org/10.1016/j.envint.2009.12.001
https://doi.org/10.5558/tfc69687-6
https://scholar.google.com/scholar_lookup?title=Biotechnology%3A%20Applying%20the%20Genetic%20Revolution.%20Newnes&author=D.P.%20Clark&publication_year=2015
https://scholar.google.com/scholar_lookup?title=Biotechnology%3A%20Applying%20the%20Genetic%20Revolution.%20Newnes&author=D.P.%20Clark&publication_year=2015
https://doi.org/10.1016/j.biombioe.2006.04.003


 150 

Conesa, H.M., Evangelou, M.W., Robinson, B.H. and Schulin, R., 2012. A critical view of current 
state of phytotechnologies to remediate soils: still a promising tool? The Scientific World 
Journal, 2012. 
 
Cornelissen, G. and Gustafsson, Ö., 2005. Importance of unburned coal carbon, black carbon, 
and amorphous organic carbon to phenanthrene sorption in sediments. Environmental 
science & technology, 39(3), pp.764-769. 
 
Cornelissen, G., Gustafsson, Ö., Bucheli, T.D., Jonker, M.T., Koelmans, A.A. and van Noort, 
P.C., 2005. Extensive sorption of organic compounds to black carbon, coal, and kerogen in 
sediments and soils: mechanisms and consequences for distribution, bioaccumulation, and 
biodegradation. Environmental science & technology, 39(18), pp.6881-6895. 
 
Covelo, E.F., Vega, F.A. and Andrade, M.L., 2007. Simultaneous sorption and desorption of Cd, 
Cr, Cu, Ni, Pb, and Zn in acid soils: I. Selectivity sequences. Journal of hazardous materials, 
147(3), pp.852-861. https://doi.org/10.1016/j.jhazmat.2007.01.123  
 
Cundy, A.B., Bardos, R.P., Church, A., Puschenreiter, M., Friesl-Hanl, W., Müller, I., Neu, S., 
Mench, M., Witters, N. and Vangronsveld, J., 2013. Developing principles of sustainability and 
stakeholder engagement for “gentle” remediation approaches: The European 
context. Journal of Environmental Management, 129, pp.283-291. 
 
Cundy, A.B., Bardos, R.P., Puschenreiter, M., Mench, M., Bert, V., Friesl-Hanl, W., Müller, I., 
Li, X.N., Weyens, N., Witters, N. and Vangronsveld, J., 2016. Brownfields to green fields: 
Realising wider benefits from practical contaminant phytomanagement strategies. Journal of 
Environmental Management, 184, pp.67-77. 
 
Cundy, A.B., LaFreniere, L., Bardos, R.P., Yan, E., Sedivy, R. and Roe, C., 2021. Integrated 
phytomanagement of a carbon tetrachloride-contaminated site in Murdock, Nebraska 
(USA). Journal of Cleaner Production, 290, p.125190. 
 
Cuong, D.V., Wu, P.C., Liu, N.L. and Hou, C.H., 2020. Hierarchical porous carbon derived from 
activated biochar as an eco-friendly electrode for the electrosorption of inorganic 
ions. Separation and Purification Technology, 242, p.116813. 
 
Cutright, T., Gunda, N. and Kurt, F., 2010. Simultaneous hyperaccumulation of multiple heavy 
metals by Helianthus annuus grown in a contaminated sandy-loam soil. International Journal 
of Phytoremediation, 12(6), pp.562-573. https://doi.org/10.1080/15226510903353146  
 
Dastyar, W., Raheem, A., He, J. and Zhao, M., 2019. Biofuel production using thermochemical 
conversion of heavy metal-contaminated biomass (HMCB) harvested from phytoextraction 
process. Chemical Engineering Journal, 358, pp.759-785. 
 
Debela, F., Thring, R.W. and Arocena, J.M., 2012. Immobilization of heavy metals by co-
pyrolysis of contaminated soil with woody biomass. Water, Air, & Soil Pollution, 223(3), 
pp.1161-1170. 
 

https://doi.org/10.1016/j.jhazmat.2007.01.123
https://doi.org/10.1080/15226510903353146


 151 

Defra, P., 2007. Growing Miscanthus. Best Practice Guidelines (for Applicants to Defra’s 
Energy Crops Scheme). Retrieved from 
https://www.forestresearch.gov.uk/documents/2055/FR_BEC_Planting_and_growing_Misc
anthus_2007.pdf (last seen 12/1/22)  
 
Defra., 2019. Crops grown for bioenergy in the UK: 2017. Retrieved from 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_
data/file/943264/nonfood-statsnotice2019-10dec20v3.pdf (last seen 12/1/22). 
 
Delgado-Baquerizo, M., Reich, P.B., Trivedi, C., Eldridge, D.J., Abades, S., Alfaro, F.D., Bastida, 
F., Berhe, A.A., Cutler, N.A., Gallardo, A. and García-Velázquez, L., 2020. Multiple elements of 
soil biodiversity drive ecosystem functions across biomes. Nature Ecology & Evolution, 4(2), 
pp.210-220. 
 
Dellisanti, F., Rossi, P.L. and Valdrè, G., 2009. In-field remediation of tons of heavy metal-rich 
waste by Joule heating vitrification. International Journal of Mineral Processing, 93(3-4), 
pp.239-245. https://doi.org/10.1016/j.minpro.2009.09.002  
 
Demirbas, A., 2002. Relationships between heating value and lignin, moisture, ash and 
extractive contents of biomass fuels. Energy exploration & exploitation, 20(1), pp.105-111. 
https://doi.org/10.1260%2F014459802760170420  
 
DEMİRBAŞ, A., 2003. Fuelwood characteristics of six indigenous wood species from the 
Eastern Black Sea region. Energy Sources, 25(4), pp.309-316. 
https://doi.org/10.1080/00908310390142343  
 
Demirbas, A., 2004. Combustion characteristics of different biomass fuels. Progress in energy 
and combustion science, 30(2), pp.219-230. https://doi.org/10.1016/j.pecs.2003.10.004  
 
Demirbas, A., 2007. Combustion of biomass. Energy sources, Part A: Recovery, utilization, and 
environmental effects, 29(6), pp.549-561. https://doi.org/10.1080/009083190957694  
 
Department of Primary Industries and Fisheries, 2008. Soybean – growing guide for 
Queensland – variety update 2008. DPIF Queensland Australia. Available at 
http://www.australianoilseeds.com/__data/assets/pdf_file/0010/7669/Queensland_Soybea
n_Grower_Guidelines.pdf (Last accessed 17/12/2019). 
 
DETR, 1999. Review of technical guidance on environmental appraisal. Economics for the 
Environment Consultancy (EFTEC) for Department of the Environment, Transport and the 
Regions (DETR). 
 
Devi, P. and Saroha, A.K., 2014. Risk analysis of pyrolyzed biochar made from paper mill 
effluent treatment plant sludge for bioavailability and eco-toxicity of heavy 
metals. Bioresource technology, 162, pp.308-315. 
 

https://www.forestresearch.gov.uk/documents/2055/FR_BEC_Planting_and_growing_Miscanthus_2007.pdf
https://www.forestresearch.gov.uk/documents/2055/FR_BEC_Planting_and_growing_Miscanthus_2007.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/943264/nonfood-statsnotice2019-10dec20v3.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/943264/nonfood-statsnotice2019-10dec20v3.pdf
https://doi.org/10.1016/j.minpro.2009.09.002
https://doi.org/10.1260%2F014459802760170420
https://doi.org/10.1080/00908310390142343
https://doi.org/10.1016/j.pecs.2003.10.004
https://doi.org/10.1080/009083190957694
http://www.australianoilseeds.com/__data/assets/pdf_file/0010/7669/Queensland_Soybean_Grower_Guidelines.pdf
http://www.australianoilseeds.com/__data/assets/pdf_file/0010/7669/Queensland_Soybean_Grower_Guidelines.pdf


 152 

Dewage, N.B., Fowler, R.E., Pittman, C.U., Mohan, D. and Mlsna, T., 2018. Lead (Pb 2+) 
sorptive removal using chitosan-modified biochar: batch and fixed-bed studies. RSC 
advances, 8(45), pp.25368-25377. 
 
Dheri, G.S., Brar, M.S. and Malhi, S.S., 2007. Heavy-metal concentration of sewage-
contaminated water and its impact on underground water, soil, and crop plants in alluvial 
soils of northwestern India. Communications in Soil Science and Plant Analysis, 38(9-10), 
pp.1353-1370. 
 
Dickinson, N.M. and Pulford, I.D., 2005. Cadmium phytoextraction using short-rotation 
coppice Salix: the evidence trail. Environment International, 31(4), pp.609-613. 
https://doi.org/10.1016/j.envint.2004.10.013  
 
Dillen, S.Y., El Kasmioui, O., Marron, N., Calfapietra, C. and Ceulemans, R., 2010. Poplar. 
In Energy crops (pp. 275-300). https://doi.org/10.1039/9781849732048-00275  
 
Din, G., Farooqi, A., Sajjad, W., Irfan, M., Gul, S. and Ali Shah, A., 2021. Cadmium and 
antibiotic-resistant Acinetobacter calcoaceticus strain STP14 reported from sewage 
treatment plant. Journal of Basic Microbiology, 61(3), pp.230-240. 
 
Ding, Z., Hu, X., Wan, Y., Wang, S. and Gao, B., 2016. Removal of lead, copper, cadmium, zinc, 
and nickel from aqueous solutions by alkali-modified biochar: Batch and column tests. Journal 
of Industrial and Engineering Chemistry, 33, pp.239-245. 
 
Dissanayake, P.D., You, S., Igalavithana, A.D., Xia, Y., Bhatnagar, A., Gupta, S., Kua, H.W., Kim, 
S., Kwon, J.H., Tsang, D.C. and Ok, Y.S., 2020. Biochar-based adsorbents for carbon dioxide 
capture: A critical review. Renewable and Sustainable Energy Reviews, 119, p.109582. 
 
Domínguez, M.T., Montiel-Rozas, M.M., Madejón, P., Diaz, M.J. and Madejón, E., 2017. The 
potential of native species as bioenergy crops on trace-element contaminated Mediterranean 
lands. Science of the total environment, 590, pp.29-39. 
 
Dos Reis, G.S., Adebayo, M.A., Sampaio, C.H., Lima, E.C., Thue, P.S., de Brum, I.A., Dias, S.L. 
and Pavan, F.A., 2017. Removal of phenolic compounds from aqueous solutions using sludge-
based activated carbons prepared by conventional heating and microwave-assisted 
pyrolysis. Water, Air, & Soil Pollution, 228(1), pp.1-17. 
 
Dotaniya, M.L., Pipalde, J.S., Jain, R.C., Selladurai, R., Gupta, S.C., Das Vyas, M., Vassanda 
Coumar, M., Sahoo, S., Saha, J.K. and Kumar, A., 2022. Nickel-mediated lead dynamics and 
their interactive effect on lead partitioning and phytoremediation indices in 
spinach. Environmental Monitoring and Assessment, 194(5), pp.1-10. 
 
Douay, F., Pruvot, C., Roussel, H., Ciesielski, H., Fourrier, H., Proix, N. and Waterlot, C., 2008. 
Contamination of urban soils in an area of Northern France polluted by dust emissions of two 
smelters. Water, Air, and Soil Pollution, 188(1), pp.247-260. https://doi.org/10.1007/s11270-
007-9541-7  
 

https://doi.org/10.1016/j.envint.2004.10.013
https://doi.org/10.1039/9781849732048-00275
https://doi.org/10.1007/s11270-007-9541-7
https://doi.org/10.1007/s11270-007-9541-7


 153 

Dowdy, R.H. and Ham, G.E., 1977. Soybean Growth and Elemental Content as Influenced by 
Soil Amendments of Sewage Sludge and Heavy Metals: Seedling Studies 1. Agronomy 
Journal, 69(2), pp.300-303. 
 
Drenning, P., Chowdhury, S., Volchko, Y., Rosén, L., Andersson-Sköld, Y. and Norrman, J., 2022. 
A risk management framework for Gentle Remediation Options (GRO). Science of the Total 
Environment, 802, p.149880. 
 
Dubbe, D.R., Garver, E.G. and Pratt, D.C., 1988. Production of cattail (Typha spp.) biomass in 
Minnesota, USA. Biomass, 17(2), pp.79-104. 
 
Duffus, J.H., 2002. " Heavy metals" a meaningless term? (IUPAC Technical Report). Pure and 
applied chemistry, 74(5), pp.793-807. https://doi.org/10.1351/pac200274050793  
 
Duke, J.A., 1983. Handbook of energy crops. Handbook of Energy Crops. Available at 
https://hort.purdue.edu/newcrop/duke_energy/Brassica_juncea.html (last accessed 
3/6/2021) 
 
Duruibe, J.O., Ogwuegbu, M.O.C. and Egwurugwu, J.N., 2007. Heavy metal pollution and 
human biotoxic effects. International Journal of physical sciences, 2(5), pp.112-118. 
 
Dykyjova, D., 1971. Production, vertical structure and light profiles in littoral stands of reed-
bed species. Hydrobiologia, 12, pp.361-376. 
 
Edao, H.G., 2017. Heavy metals pollution of soil; toxicity and phytoremediation 
techniques. Indian J. Adv. Eng. Res, 1(1), pp.2456-9992. 
 
EEA Glossary, 2022. Cradle to the grave definition. European Environment Agency. Available 
at http://glossary.eea.europa.eu/EEAGlossary (Last accessed 28/10/22) 
 
El Amine, M., Pailhes, J. and Perry, N., 2014. Critical review of multi-criteria decision aid 
methods in conceptual design phases: application to the development of a solar collector 
structure. Procedia CIRP, 21, pp.497-502. 
 
El Bassam, N., 2010. Handbook of bioenergy crops: a complete reference to species, 
development and applications. Routledge 
 
Elhaak, M.A., Mohsen, A.A., Hamada, E.S.A. and El-Gebaly, F.E., 2015. BIOFUEL PRODUCTION 
FROM PHRAGMITES AUSTRALIS (CAV.) AND TYPHA DOMINGENSIS (PERS.) PLANTS OF 
BURULLUS LAKE. THE EGYPTIAN JOURNAL OF EXPERIMENTAL BIOLOGY (Botany), 11(2), 
pp.237-243. 
 
Enaime, G., Baçaoui, A., Yaacoubi, A. and Lübken, M., 2020. Biochar for wastewater 
treatment—conversion technologies and applications. Applied Sciences, 10(10), p.3492. 
 

https://doi.org/10.1351/pac200274050793
https://hort.purdue.edu/newcrop/duke_energy/Brassica_juncea.html
http://glossary.eea.europa.eu/EEAGlossary


 154 

Engin, M.S., Uyanik, A., Cay, S. and Icbudak, H., 2010. Effect of the adsorptive character of 
filter papers on the concentrations determined in studies involving heavy metal 
ions. Adsorption Science & Technology, 28(10), pp.837-846. 
 
Environmental Protection Agency (EPA), 2008. Green Remediation: Incorporating Sustainable 
Environmental Practices into Remediation of Contaminated Sites, Office of Solid Waste and 
Emergency Response. US Environmental Protection Agency, Washington, DC. 
 
Environmental Protection Agency, 2007. Interim Ecological Soil Screening Level Documents. 
Available at https://www.epa.gov/chemical-research/interim-ecological-soil-screening-level-
documents  (last accessed 1/07/2022) 
 
Eribo, O., Oterai, S.O. and Inegbenijesu, O.B., 2022. Bioconcentration and Translocation 
Factors of Heavy Metals in Rhizophora racemosa and Sediments from Egbokodo Mangrove 
Swamp, Delta State, Nigeria. African Scientist, 22(4). 
 
Erol, M., Haykiri-Acma, H. and Küçükbayrak, S., 2010. Calorific value estimation of biomass 
from their proximate analyses data. Renewable energy, 35(1), pp.170-173. 
 
Evangelou, M.W., Ebel, M. and Schaeffer, A., 2007. Chelate assisted phytoextraction of heavy 
metals from soil. Effect, mechanism, toxicity, and fate of chelating 
agents. Chemosphere, 68(6), pp.989-1003. 
https://doi.org/10.1016/j.chemosphere.2007.01.062  
 
FAO and UNEP. 2021. Global Assessment of Soil Pollution: Report. Rome. 
 
Evangelou, M.W., Papazoglou, E.G., Robinson, B.H. and Schulin, R., 2015. Phytomanagement: 
phytoremediation and the production of biomass for economic revenue on contaminated 
land. In Phytoremediation (pp. 115-132). Springer, Cham. 
 
Farzi, A., 2020. Screening of Halophytic Plants for the Use in Salt Phytoremediation: A 
Systematic Approach Based on Multi-criteria Decision Making. Journal of Environmental 
Science Studies, 5(1), pp.2352-2359. 

 
Fehr, W.R., 1980. Soybean. Hybridization of crop plants, pp.589-599. 
https://doi.org/10.2135/1980.hybridizationofcrops.c42  
 
Fernández, M.D., Cagigal, E., Vega, M.M., Urzelai, A., Babín, M., Pro, J. and Tarazona, J.V., 
2005. Ecological risk assessment of contaminated soils through direct toxicity 
assessment. Ecotoxicology and environmental safety, 62(2), pp.174-184. 
 
Fernández, Y. and Menéndez, J.A., 2011. Influence of feed characteristics on the microwave-
assisted pyrolysis used to produce syngas from biomass wastes. Journal of Analytical and 
Applied Pyrolysis, 91(2), pp.316-322. https://doi.org/10.1016/j.jaap.2011.03.010  
 

https://www.epa.gov/chemical-research/interim-ecological-soil-screening-level-documents
https://www.epa.gov/chemical-research/interim-ecological-soil-screening-level-documents
https://doi.org/10.1016/j.chemosphere.2007.01.062
https://doi.org/10.2135/1980.hybridizationofcrops.c42
https://doi.org/10.1016/j.jaap.2011.03.010


 155 

Fuentes, A., Lloréns, M., Sáez, J., Aguilar, M.I., Ortuño, J.F. and Meseguer, V.F., 2008. 
Comparative study of six different sludges by sequential speciation of heavy 
metals. Bioresource technology, 99(3), pp.517-525. 
 
Gadd, G.M. and Pan, X., 2016. Biomineralization, bioremediation and biorecovery of toxic 
metals and radionuclides. https://www.doi.org/10.1080/01490451.2015.1087603  
 
Galende, M.A., Becerril, J.M., Barrutia, O., Artetxe, U., Garbisu, C. and Hernández, A., 2014. 
Field assessment of the effectiveness of organic amendments for aided phytostabilization of 
a Pb–Zn contaminated mine soil. Journal of Geochemical Exploration, 145, pp.181-189. 
https://doi.org/10.1016/j.gexplo.2014.06.006.   
 
Gaur, S. and Reed, T.B., 2020. Thermal data for natural and synthetic fuels. CRC press. 
 
Gavuzzi, P., Rizza, F., Palumbo, M., Campanile, R.G., Ricciardi, G.L. and Borghi, B., 1997. 
Evaluation of field and laboratory predictors of drought and heat tolerance in winter 
cereals. Canadian Journal of Plant Science, 77(4), pp.523-531. 
 
Gerhardt, K.E., Gerwing, P.D. and Greenberg, B.M., 2017. Opinion: Taking phytoremediation 
from proven technology to accepted practice. Plant Science, 256, pp.170-185. 
 
Ghani, A., 2011. Effect of chromium toxicity on growth, chlorophyll and some mineral 
nutrients of brassica juncea L. Egyptian Academic Journal of Biological Sciences, H. Botany, 
2(1), pp.9-15. DOI: 10.21608/eajbsh.2011.17007  
 
Gherghel, A., Teodosiu, C. and De Gisi, S., 2019. A review on wastewater sludge valorisation 
and its challenges in the context of circular economy. Journal of cleaner production, 228, 
pp.244-263. 
 
Ghori, Z., Iftikhar, H., Bhatti, M.F., Sharma, I., Kazi, A.G. and Ahmad, P., 2016. Phytoextraction: 
the use of plants to remove heavy metals from soil. In Plant metal interaction (pp. 385-409). 
Elsevier. 
 
Ghosh, M. and Singh, S.P., 2005. A review on phytoremediation of heavy metals and utilization 
of it’s by products. Asian J Energy Environ, 6(4), p.18. 
https://www.thaiscience.info/Journals/Article/AJEE/10262422.pdf  
 
Giachetti, G. and Sebastiani, L., 2006. Metal accumulation in poplar plant grown with 
industrial wastes. Chemosphere, 64(3), pp.446-454. 
https://doi.org/10.1016/j.chemosphere.2005.11.021  
 
Gielen, D., Boshell, F., Saygin, D., Bazilian, M.D., Wagner, N. and Gorini, R., 2019. The role of 
renewable energy in the global energy transformation. Energy Strategy Reviews, 24, pp.38-
50. https://doi.org/10.1016/j.esr.2019.01.006  
 

https://www.doi.org/10.1080/01490451.2015.1087603
https://doi.org/10.1016/j.gexplo.2014.06.006
https://dx.doi.org/10.21608/eajbsh.2011.17007
https://www.thaiscience.info/Journals/Article/AJEE/10262422.pdf
https://doi.org/10.1016/j.chemosphere.2005.11.021
https://doi.org/10.1016/j.esr.2019.01.006


 156 

Gilabel, A.P., Nogueirol, R.C., Garbo, A.I. and Monteiro, F.A., 2014. The role of sulfur in 
increasing guinea grass tolerance of copper phytotoxicity. Water, Air, & Soil Pollution, 225(1), 
pp.1-10. 
 
Glick, B.R., 1995. The enhancement of plant growth by free-living bacteria. Canadian journal 
of microbiology, 41(2), pp.109-117. https://doi.org/10.1139/m95-015  
 
Glick, B.R., 2012. Plant growth-promoting bacteria: mechanisms and 
applications. Scientifica, 2012. 
 
Gomes, H.I., 2012. Phytoremediation for bioenergy: challenges and 
opportunities. Environmental Technology Reviews, 1(1), pp.59-66. 
 
Goyer, R.A., 1990. Lead toxicity: from overt to subclinical to subtle health effects. 
Environmental Health Perspectives, 86, pp.177-181. https://doi.org/10.1289/ehp.9086177  
 
Granados, P., Mireles, S., Pereira, E., Cheng, C.L. and Kang, J.J., 2022. Effects of Biochar 
Production Methods and Biomass Types on Lead Removal from Aqueous Solution. Applied 
Sciences, 12(10), p.5040. 
 
Gravalos, I., Kateris, D., Xyradakis, P., Gialamas, T., Loutridis, S., Augousti, A., Georgiades, A. 
and Tsiropoulos, Z., 2010, July. A study on calorific energy values of biomass residue pellets 
for heating purposes. In Proceedings on Forest Engineering: Meeting the Needs of the Society 
and the Environment, Padova, Italy (Vol. 1114). 
 
GREENLAND, 2014. Best Practice Guidance for Practical Application of Gentle Remediation 
Options (GRO). GREENLAND Consortium (FP7-KBBE-266124, Greenland). 
 
Grifoni, M., Pedron, F., Barbafieri, M., Rosellini, I., Petruzzelli, G. and Franchi, E., 2021. 
Sustainable valorization of biomass: from assisted phytoremediation to green energy 
production. Handbook of Assisted and Amendment: Enhanced Sustainable Remediation 
Technology, pp.29-51. 
 
Gucker, C.L., 2008. Typha latifolia. Fire Effects Information System,[Online]. US Department of 
Agriculture, Forest Service, Rocky Mountain Research Station, Fire Sciences Laboratory 
(Producer). Available: http://www. fs. fed. us/database/feis/[2009, January 15]. Available at 
https://www.fs.fed.us/database/feis/plants/graminoid/typlat/all.html#189 (last accessed 
22/1/22) 
 
Gülçin, I.Ş.I.K., 2021. Growth performance, tolerance and vigor dynamics of Salvia 
candidissima subsp. occidentalis Hedge against heavy metal contamination. International 
Journal of Secondary Metabolite, 8(2), pp.152-158. 
 
Guo, H., Hong, C., Chen, X., Xu, Y., Liu, Y., Jiang, D. and Zheng, B., 2016. Different growth and 
physiological responses to cadmium of the three Miscanthus species. PloS one, 11(4), 
p.e0153475. 
 

https://doi.org/10.1139/m95-015
https://doi.org/10.1289/ehp.9086177
https://www.fs.fed.us/database/feis/plants/graminoid/typlat/all.html#189


 157 

Gupta, V.K., Al Khayat, M., Singh, A.K. and Pal, M.K., 2009. Nano level detection of Cd (II) using 
poly (vinyl chloride) based membranes of Schiff bases. Analytica Chimica Acta, 634(1), pp.36-
43. 
 
Gustavsson, L. and Svenningsson, P., 1996. Substituting fossil fuels with biomass. Energy 
Conversion and Management, 37(6-8), pp.1211-1216. https://doi.org/10.1016/0196-
8904(95)00322-3  
 
Gwenzi, W., Chaukura, N., Noubactep, C. and Mukome, F.N., 2017. Biochar-based water 
treatment systems as a potential low-cost and sustainable technology for clean water 
provision. Journal of environmental management, 197, pp.732-749. 
 
Hakmaoui, A., Barón, M. and Ater, M., 2006. Environmental biotechnology screening Cu and 
Cd tolerance in Salix species from North Morocco. African Journal of Biotechnology, 5(13). 
 
Halder, S. and Anirban, A., 2021. Phytoremediation of EMS Induced Brassica juncea Heavy 
Metal Hyperaccumulator Genotypes. bioRxiv. https://doi.org/10.1101/2021.12.26.474158  
 
Hale, W.G. and Margham, J.P., 1988 (Eds.). Collins Dictionary of Biology, Collins, Glasgow 
(1988) 
 
Hallgren, A.L., Engvall, K. and Skrifvars, B.J., 1999, August. Ash-induced operational difficulties 
in fluidised bed firing of biofuels and waste. In Proc. 4th Conf. Biomass Americas, August (Vol. 
29). 
 
Hamidpour, M., Khadivi, E. and Afyuni, M., 2016. Residual effects of biosolids and farm 
manure on speciation and plant uptake of heavy metals in a calcareous soil. Environmental 
Earth Sciences, 75(12), pp.1-9. 
 
Hampel, C.A., and Hawley G.G., 1976. Glossary of Chemical Terms, Van Nostrand Reinhold, 
New York (1976). 
 
Han, M., Kim, Y., Koo, B.C. and Choi, G.W., 2011. Bioethanol production by Miscanthus as a 
lignocellulosic biomass: Focus on high efficiency conversion to glucose and 
ethanol. Bioresources, 6(2), pp.1939-1953. 
 
Han, Y., Cao, X., Ouyang, X., Sohi, S.P. and Chen, J., 2016. Adsorption kinetics of magnetic 
biochar derived from peanut hull on removal of Cr (VI) from aqueous solution: effects of 
production conditions and particle size. Chemosphere, 145, pp.336-341. 
 
Han, Z., Guo, Z., Zhang, Y., Xiao, X. and Peng, C., 2018. Potential of pyrolysis for the recovery 
of heavy metals and bioenergy from contaminated Broussonetia papyrifera 
biomass. BioResources, 13(2), pp.2932-2944. 
 
Hansen, E.A., 1993. Soil carbon sequestration beneath hybrid poplar plantations in the north 
central United States. Biomass and Bioenergy, 5(6), pp.431-436. 
https://doi.org/10.1016/0961-9534(93)90038-6  

https://doi.org/10.1016/0196-8904(95)00322-3
https://doi.org/10.1016/0196-8904(95)00322-3
https://doi.org/10.1101/2021.12.26.474158
https://doi.org/10.1016/0961-9534(93)90038-6


 158 

 
Hart, J.J., Welch, R.M., Norvell, W.A., Sullivan, L.A. and Kochian, L.V., 1998. Characterization 
of cadmium binding, uptake, and translocation in intact seedlings of bread and durum wheat 
cultivars. Plant physiology, 116(4), pp.1413-1420. 
 
Harter, R.D., 1992. Competitive sorption of cobalt, copper, and nickel ions by a calcium-
saturated soil. Soil Science Society of America Journal, 56(2), pp.444-449. 
 
Hasan, S.A., Ali, B., Hayat, S. and Ahmad, A., 2007. Cadmium-induced changes in the growth 
and carbonic anhydrase activity of chickpea. Turkish Journal of Biology, 31(3), pp.137-140. 
 
Hattori, T. and Morita, S., 2010. Energy crops for sustainable bioethanol production; which, 
where and how? Plant Production Science, 13(3), pp.221-234. 
 
Hausladen, D.M., Alexander-Ozinskas, A., McClain, C. and Fendorf, S., 2018. Hexavalent 
chromium sources and distribution in California groundwater. Environmental science & 
technology, 52(15), pp.8242-8251. 
 
He, J., Strezov, V., Kan, T., Weldekidan, H., Asumadu-Sarkodie, S. and Kumar, R., 2019. Effect 
of temperature on heavy metal (loid) deportment during pyrolysis of Avicennia marina 
biomass obtained from phytoremediation. Bioresource technology, 278, pp.214-222. 
 
He, J., Strezov, V., Zhou, X., Kumar, R. and Kan, T., 2020. Pyrolysis of heavy metal 
contaminated biomass pre-treated with ferric salts: Product characterisation and heavy metal 
deportment. Bioresource Technology, 313, p.123641. 
 
He, L., Zhong, H., Liu, G., Dai, Z., Brookes, P.C. and Xu, J., 2019. Remediation of heavy metal 
contaminated soils by biochar: Mechanisms, potential risks and applications in 
China. Environmental pollution, 252, pp.846-855. 
 
He, S., Ding, L., Wang, X., Pan, Y., Hu, H., Li, K. and Ren, H., 2018. Biochar carrier application 
for nitrogen removal of domestic WWTPs in winter: challenges and opportunities. Applied 
microbiology and biotechnology, 102(22), pp.9411-9418. 
 
He, Z.L. and Yang, X.E., 2007. Role of soil rhizobacteria in phytoremediation of heavy metal 
contaminated soils. Journal of Zhejiang University Science B, 8(3), pp.192-207. 
 
Herawati, N., Suzuki, S., Hayashi, K., Rivai, I.F. and Koyama, H., 2000. Cadmium, copper, and 
zinc levels in rice and soil of Japan, Indonesia, and China by soil type. Bulletin of environmental 
contamination and toxicology, 64(1), pp.33-39. http://dx.doi.org/10.1007/s001289910006  
 
Herzig, R., Nehnevajova, E., Pfistner, C., Schwitzguebel, J.P., Ricci, A. and Keller, C., 2014. 
Feasibility of labile Zn phytoextraction using enhanced tobacco and sunflower: results of five-
and one-year field-scale experiments in Switzerland. International journal of 
phytoremediation, 16(7-8), pp.735-754. 
 

http://dx.doi.org/10.1007/s001289910006


 159 

Hoang, S.A., Sarkar, B., Seshadri, B., Lamb, D., Wijesekara, H., Vithanage, M., Liyanage, C., 
Kolivabandara, P.A., Rinklebe, J., Lam, S.S. and Vinu, A., 2021. Mitigation of petroleum-
hydrocarbon-contaminated hazardous soils using organic amendments: A review. Journal of 
Hazardous Materials, 416, p.125702. 
 
HOMBRE, 2012. Holistic Management of Brownfield Regeneration Project overview. Available 
at http://www.zerobrownfields.eu/projectoverview.aspx (last accessed 28/10/2022). 
 
Hooper, P.L., Visconti, L., Garry, P.J. and Johnson, G.E., 1980. Zinc lowers high-density 
lipoprotein-cholesterol levels. Jama, 244(17), pp.1960-1961. 
doi:10.1001/jama.1980.03310170058030  
 
Howard, R.L., Abotsi, E., Van Rensburg, E.J. and Howard, S., 2003. Lignocellulose 
biotechnology: issues of bioconversion and enzyme production. African Journal of 
Biotechnology, 2(12), pp.602-619 
 
Huang, H.J. and Yuan, X.Z., 2016. The migration and transformation behaviors of heavy metals 
during the hydrothermal treatment of sewage sludge. Bioresource Technology, 200, pp.991-
998. 
 
Huang, I.B., Keisler, J. and Linkov, I., 2011. Multi-criteria decision analysis in environmental 
sciences: Ten years of applications and trends. Science of the total environment, 409(19), 
pp.3578-3594. 
 
Huber, G.W., Iborra, S. and Corma, A., 2006. Synthesis of transportation fuels from biomass: 
chemistry, catalysts, and engineering. Chemical reviews, 106(9), pp.4044-4098. 
 
Hunce, S.Y., Clemente, R. and Bernal, M.P., 2019. Energy production potential of 
phytoremediation plant biomass: Helianthus annuus and Silybum marianum. Industrial crops 
and products, 135, pp.206-216. 
 
Hunt, R., 1979. Plant growth analysis: the rationale behind the use of the fitted mathematical 
function. Annals of Botany, 43(2), pp.245-249. 
 
Hussain, M., Farooq, S., Hasan, W., Ul-Allah, S., Tanveer, M., Farooq, M. and Nawaz, A., 2018. 
Drought stress in sunflower: Physiological effects and its management through breeding and 
agronomic alternatives. Agricultural water management, 201, pp.152-166. 
 
Ibrahim, H.M., 2012. Response of some sunflower hybrids to different levels of plant 
density. APCBEE Procedia, 4, pp.175-182. 
 
IEA., Bioenergy 2009. Bioenergy–a sustainable and reliable energy source. International 
Energy Agency Bioenergy, Paris, France. 
 
IEA, 2011. Net Zero by 2050. A roadmap for the Global Energy Sector. International Energy 
Agency. Available at https://iea.blob.core.windows.net/assets/beceb956-0dcf-4d73-89fe-

http://www.zerobrownfields.eu/projectoverview.aspx
https://iea.blob.core.windows.net/assets/beceb956-0dcf-4d73-89fe-1310e3046d68/NetZeroby2050-ARoadmapfortheGlobalEnergySector_CORR.pdf


 160 

1310e3046d68/NetZeroby2050-ARoadmapfortheGlobalEnergySector_CORR.pdf (last 
accessed 3/7/2022). 
 
Inyang, M., Gao, B., Yao, Y., Xue, Y., Zimmerman, A.R., Pullammanappallil, P. and Cao, X., 2012. 
Removal of heavy metals from aqueous solution by biochars derived from anaerobically 
digested biomass. Bioresource technology, 110, pp.50-56. 
 
Ion, V., Dicu, G., Dumbravă, M., Bășa, A.G., Temocico, G. and Epure, L.I., 2014. Results 
regarding biomass yield at sunflower under different planting patterns and growing 
conditions. Scientific Papers-Series A, Agronomy, 57, pp.205-210. 
 
Iqbal, Y., Gauder, M., Claupein, W., Graeff-Hönninger, S. and Lewandowski, I., 2015. Yield and 
quality development comparison between miscanthus and switchgrass over a period of 10 
years. Energy, 89, pp.268-276. 
 
Iram, S., Basri, R., Ahmad, K.S. and Jaffri, S.B., 2019. Mycological assisted phytoremediation 
enhancement of bioenergy crops Zea mays and Helianthus annuus in heavy metal 
contaminated lithospheric zone. Soil and Sediment Contamination: An International 
Journal, 28(4), pp.411-430. 
 
Isikgor, F.H. and Becer, C.R., 2015. Lignocellulosic biomass: a sustainable platform for the 
production of bio-based chemicals and polymers. Polymer Chemistry, 6(25), pp.4497-4559. 
 
Jahirul, M.I., Rasul, M.G., Chowdhury, A.A. and Ashwath, N., 2012. Biofuels production 
through biomass pyrolysis—a technological review. Energies, 5(12), pp.4952-5001. 
 
Jaishankar, M., Tseten, T., Anbalagan, N., Mathew, B.B. and Beeregowda, K.N., 2014. Toxicity, 
mechanism and health effects of some heavy metals. Interdisciplinary toxicology, 7(2), p.60. 
https://doi.org/10.2478/intox-2014-0009  
 
Jan, S.U., Rehman, M., Gul, A., Fayyaz, M., Rehman, S.U. and Jamil, M., 2022. Combined 
application of two Bacillus species enhance phytoremediation potential of Brassica napus in 
an industrial metal-contaminated soil. International Journal of Phytoremediation, 24(6), 
pp.652-665. 
 
Janikowski, R., Kucharski, R. and Sas-Nowosielska, A., 2000. Multi-criteria and multi-
perspective analysis of contaminated land management methods. Environmental Monitoring 
and Assessment, 60(1), pp.89-102. 
 
January, M.C., Cutright, T.J., Van Keulen, H. and Wei, R., 2008. Hydroponic phytoremediation 
of Cd, Cr, Ni, As, and Fe: Can Helianthus annuus hyperaccumulate multiple heavy 
metals?. Chemosphere, 70(3), pp.531-537. 
https://doi.org/10.1016/j.chemosphere.2007.06.066  
 
Jeke, N.N., Hassan, A.O. and Zvomuya, F., 2017. Phytoremediation of biosolids from an end-
of-life municipal lagoon using cattail (Typha latifolia L.) and switchgrass (Panicum virgatum 

https://iea.blob.core.windows.net/assets/beceb956-0dcf-4d73-89fe-1310e3046d68/NetZeroby2050-ARoadmapfortheGlobalEnergySector_CORR.pdf
https://doi.org/10.2478/intox-2014-0009
https://doi.org/10.1016/j.chemosphere.2007.06.066


 161 

L.). International journal of phytoremediation, 19(3), pp.270-280. 
https://doi.org/10.1080/15226514.2016.1225279  
 
Jiang, C.Y., Sheng, X.F., Qian, M. and Wang, Q.Y., 2008. Isolation and characterization of a 
heavy metal-resistant Burkholderia sp. from heavy metal-contaminated paddy field soil and 
its potential in promoting plant growth and heavy metal accumulation in metal-polluted 
soil. Chemosphere, 72(2), pp.157-164. 
 
Jiang, W., Liu, D. and Hou, W., 2000. Hyperaccumulation of lead by roots, hypocotyls, and 
shoots of Brassica juncea. Biologia plantarum, 43(4), pp.603-606. 
 
Jiang, Y., Lei, M., Duan, L. and Longhurst, P., 2015. Integrating phytoremediation with biomass 
valorisation and critical element recovery: a UK contaminated land perspective. Biomass and 
Bioenergy, 83, pp.328-339 
 
Jin, H., 2010. CHARACTERIZATION OF MICROBIAL LIFE COLONIZING BIOCHAR AND BIOCHAR-
AMENDED SOILS(Doctoral dissertation, Cornell University). 
 
Jin, J., Wang, M., Cao, Y., Wu, S., Liang, P., Li, Y., Zhang, J., Zhang, J., Wong, M.H., Shan, S. and 
Christie, P., 2017. Cumulative effects of bamboo sawdust addition on pyrolysis of sewage 
sludge: biochar properties and environmental risk from metals. Bioresource technology, 228, 
pp.218-226. 
 
Jonker, M.T. and Koelmans, A.A., 2002. Sorption of polycyclic aromatic hydrocarbons and 
polychlorinated biphenyls to soot and soot-like materials in the aqueous environment: 
mechanistic considerations. Environmental science & technology, 36(17), pp.3725-3734. 
 
Kabata, A. and Pendias, H., 1984. Trace elements in plants and soils. Boca Raton, Florida, 
pp.233-237. 
 
Kachenko, A.G. and Singh, B., 2006. Heavy metals contamination in vegetables grown in urban 
and metal smelter contaminated sites in Australia. Water, Air, and Soil Pollution, 169(1-4), 
pp.101-123. 
 
Kafle, A., Timilsina, A., Gautam, A., Adhikari, K., Bhattarai, A. and Aryal, N., 2022. 
Phytoremediation: mechanisms, plant selection and enhancement by natural and synthetic 
agents. Environmental Advances, p.100203. 
 
Kalam, S., Abu-Khamsin, S.A., Kamal, M.S. and Patil, S., 2021. Surfactant adsorption isotherms: 
a review. ACS omega, 6(48), pp.32342-32348. 
 
Kaliszewski, I. and Podkopaev, D., 2016. Simple additive weighting—A metamodel for multiple 
criteria decision analysis methods. Expert Systems with Applications, 54, pp.155-161. 
 
Kamali, M., Alavi-Borazjani, S.A., Khodaparast, Z., Khalaj, M., Jahanshahi, A., Costa, E. and 
Capela, I., 2019. Additive and additive-free treatment technologies for pulp and paper mill 

https://doi.org/10.1080/15226514.2016.1225279


 162 

effluents: Advances, challenges and opportunities. Water Resources and Industry, 21, 
p.100109. 
 
Kamali, M., Appels, L., Kwon, E.E., Aminabhavi, T.M. and Dewil, R., 2021. Biochar in water and 
wastewater treatment-a sustainability assessment. Chemical Engineering Journal, 420, 
p.129946. 
 
Kampa, M. and Castanas, E., 2008. Human health effects of air pollution. Environmental 
pollution, 151(2), pp.362-367. https://doi.org/10.1016/j.envpol.2007.06.012  
 
Kan, T., Grierson, S., De Nys, R. and Strezov, V., 2014. Comparative assessment of the 
thermochemical conversion of freshwater and marine micro-and macroalgae. Energy & 
fuels, 28(1), pp.104-114. 
 
Kantarelis, E. and Zabaniotou, A., 2009. Valorization of cotton stalks by fast pyrolysis and fixed 
bed air gasification for syngas production as precursor of second generation biofuels and 
sustainable agriculture. Bioresource technology, 100(2), pp.942-947. 
https://doi.org/10.1016/j.biortech.2008.07.061  
 
Kappal, S., 2019. Data normalization using median median absolute deviation MMAD based 
Z-score for robust predictions vs. min–max normalization. London Journal of Research in 
Science: Natural and Formal. 
 
Kataki, R. and Konwer, D., 2001. Fuelwood characteristics of some indigenous woody species 
of north-east India. Biomass and Bioenergy, 20(1), pp.17-23. https://doi.org/10.1016/S0961-
9534(00)00060-X  
 
Khalid, S., Shahid, M., Niazi, N.K., Murtaza, B., Bibi, I. and Dumat, C., 2017. A comparison of 
technologies for remediation of heavy metal contaminated soils. Journal of Geochemical 
Exploration, 182, pp.247-268. https://doi.org/10.1016/j.gexplo.2016.11.021  
 
Kiker, G.A., Bridges, T.S., Varghese, A., Seager, T.P. and Linkov, I., 2005. Application of 
multicriteria decision analysis in environmental decision making. Integrated environmental 
assessment and management: An international journal, 1(2), pp.95-108. 
 
Kinuthia, G.K., Ngure, V., Beti, D., Lugalia, R., Wangila, A. and Kamau, L., 2020. Levels of heavy 
metals in wastewater and soil samples from open drainage channels in Nairobi, Kenya: 
Community health implication. Scientific reports, 10(1), pp.1-13. 
 
Kiran, A. and Vasumathi, D., 2020. Data Mining: Min–Max Normalization Based Data 
Perturbation Technique for Privacy Preservation. In Proceedings of the Third International 
Conference on Computational Intelligence and Informatics (pp. 723-734). Springer, Singapore 
 
Kirpichtchikova, T.A., Manceau, A., Spadini, L., Panfili, F., Marcus, M.A. and Jacquet, T., 2006. 
Speciation and solubility of heavy metals in contaminated soil using X-ray microfluorescence, 
EXAFS spectroscopy, chemical extraction, and thermodynamic modeling. Geochimica et 
Cosmochimica Acta, 70(9), pp.2163-2190. 

https://doi.org/10.1016/j.envpol.2007.06.012
https://doi.org/10.1016/j.biortech.2008.07.061
https://doi.org/10.1016/S0961-9534(00)00060-X
https://doi.org/10.1016/S0961-9534(00)00060-X
https://doi.org/10.1016/j.gexplo.2016.11.021


 163 

 
Kistler, R.C., Widmer, F. and Brunner, P.H., 1987. Behavior of chromium, nickel, copper, zinc, 
cadmium, mercury, and lead during the pyrolysis of sewage sludge. Environmental science & 
technology, 21(7), pp.704-708. 
 
Kitani, O. and Hall, C.W., 1989. Biomass Handbook, Gordon and Breach science publishers, 
New York. 
 
Klass, D.L., 1998. Biomass for renewable energy, fuels, and chemicals. Elsevier. 
 
Kong, Z. and Glick, B.R., 2017. The role of plant growth-promoting bacteria in metal 
phytoremediation. Advances in microbial physiology, 71, pp.97-132. 
 
Kreitinger, J.P., Quĩones‐Rivera, A., Neuhauser, E.F., Alexander, M. and Hawthorne, S.B., 2007. 
Supercritical carbon dioxide extraction as a predictor of polycyclic aromatic hydrocarbon 
bioaccumulation and toxicity by earthworms in manufactured-gas plant site 
soils. Environmental Toxicology and Chemistry: An International Journal, 26(9), pp.1809-1817. 
 
Krull, E.S., Skjemstad, J.O. and Baldock, J.A., 2004. Functions of soil organic matter and the 
effect on soil properties (p. 129). Canberra: Cooperative Research Centre for Greenhouse 
Accounting. 
 
Kshirsagar, M.P. and Kalamkar, V.R., 2014. A comprehensive review on biomass cookstoves 
and a systematic approach for modern cookstove design. Renewable and Sustainable Energy 
Reviews, 30, pp.580-603. 
 
Kushwaha, A., Rani, R., Kumar, S. and Gautam, A., 2015. Heavy metal detoxification and 
tolerance mechanisms in plants: Implications for phytoremediation. Environmental 
Reviews, 24(1), pp.39-51. 
 
Kvet, J., 1971. Growth analysis approach to the production ecology of reedswamp plant 
communities. Hydrobiologia., 12, pp.15-40. 
 
Labrecque, M., Teodorescu, T.I. and Daigle, S., 1997. Biomass productivity and wood energy 
of Salix species after 2 years growth in SRIC fertilized with wastewater sludge. Biomass and 
Bioenergy, 12(6), pp.409-417. 
 
Laird, D.A., Brown, R.C., Amonette, J.E. and Lehmann, J., 2009. Review of the pyrolysis 
platform for coproducing bio-oil and biochar. Biofuels, bioproducts and biorefining, 3(5), 
pp.547-562. https://doi.org/10.1002/bbb.169  
 
Lamers, J.P., Khamzina, A. and Worbes, M., 2006. The analyses of physiological and 
morphological attributes of 10 tree species for early determination of their suitability to 
afforest degraded landscapes in the Aral Sea Basin of Uzbekistan. Forest Ecology and 
Management, 221(1-3), pp.249-259. 
 

https://doi.org/10.1002/bbb.169


 164 

Larchevêque, M., Maurel, M., Desrochers, A. and Larocque, G.R., 2011. How does drought 
tolerance compare between two improved hybrids of balsam poplar and an unimproved 
native species?. Tree Physiology, 31(3), pp.240-249. 
 
Läuchli, A. and Grattan, S.R., 2017. Plant stress under non-optimal soil pH. Plant Stress 
Physiology, 8, pp.201-216. 
 
Lee, J., 2003. Characterization of Heavy Metal Tolerance and Accumulation in Indian Mustard 
Overexpressing Bacterial γ-ECS Gene. 
 
Lee, S., Ka, J.O. and Song, H.G., 2012. Growth promotion of Xanthium italicum by application 
of rhizobacterial isolates of Bacillus aryabhattai in microcosm soil. The Journal of 
Microbiology, 50(1), pp.45-49. 
 
Leemhuis, R.J. and de Jong, R.M., 1997. Biomassa: biochemische samenstelling en 
conversiemethoden (confidential report, in Dutch). Petten, ECN, ECN, p.16. 
 
Lehmann, J., 2007. Bio-energy in the black. Frontiers in Ecology and the Environment, 5(7), 
pp.381-387. 
 
Lehmann, J. and Joseph, S. eds., 2015. Biochar for environmental management: science, 
technology and implementation. Routledge. 
 
Lelie, D.V.D., Schwitzguebel, J.P., Glass, D.J., Vangronsveld, J. and Baker, A., 2001. Peer 
reviewed: Assessing phytoremediation's progress in the United States and Europe. 
 
Lemus, R., Brummer, E.C., Moore, K.J., Molstad, N.E., Burras, C.L. and Barker, M.F., 2002. 
Biomass yield and quality of 20 switchgrass populations in southern Iowa, USA. Biomass and 
Bioenergy, 23(6), pp.433-442. 
 
Leng, L. and Huang, H., 2018. An overview of the effect of pyrolysis process parameters on 
biochar stability. Bioresource technology, 270, pp.627-642. 
 
Leng, L., Xiong, Q., Yang, L., Li, H., Zhou, Y., Zhang, W., Jiang, S., Li, H. and Huang, H., 2021. An 
overview on engineering the surface area and porosity of biochar. Science of the Total 
Environment, 763, p.144204. 
 
Lewandowski, I., Clifton-Brown, J.C., Scurlock, J.M.O. and Huisman, W., 2000. Miscanthus: 
European experience with a novel energy crop. Biomass and Bioenergy, 19(4), pp.209-227. 
 
Lewis, R.J. Sr., 1993 (Ed.). Hawley's Condensed Chemical Dictionary, 12th ed., Van Nostrand 
Reinhold, New York. 
 
Lewtas, J., 2007. Air pollution combustion emissions: characterization of causative agents and 
mechanisms associated with cancer, reproductive, and cardiovascular effects. Mutation 
Research/Reviews in Mutation Research, 636(1-3), pp.95-133. 
https://doi.org/10.1016/j.mrrev.2007.08.003  

https://doi.org/10.1016/j.mrrev.2007.08.003


 165 

 
Li, C., Wang, Q.H., Xiao, B. and Li, Y.F., 2011, May. Phytoremediation potential of switchgrass 
(Panicum virgatum L.) for Cr-polluted soil. In 2011 International Symposium on Water 
Resource and Environmental Protection (Vol. 3, pp. 1731-1734). IEEE. Doi: 
http://dx.doi.org/10.1109%2FISWREP.2011.5893582  
 
Li, H., Dong, X., da Silva, E.B., de Oliveira, L.M., Chen, Y. and Ma, L.Q., 2017. Mechanisms of 
metal sorption by biochars: biochar characteristics and modifications. Chemosphere, 178, 
pp.466-478. 
 
Li, H., Li, L., Liu, N., Chen, S., Shao, L., Sekiya, N. and Zhang, X., 2022. Root efficiency and water 
use regulation relating to rooting depth of winter wheat. Agricultural Water 
Management, 269, p.107710. 
 
Li, J.T., Gurajala, H.K., Wu, L.H., van der Ent, A., Qiu, R.L., Baker, A.J., Tang, Y.T., Yang, X.E. and 
Shu, W.S., 2018. Hyperaccumulator plants from China: a synthesis of the current state of 
knowledge. Environmental science & technology, 52(21), pp.11980-11994. 
 
Li, W., Ni, P. and Yi, Y., 2019. Comparison of reactive magnesia, quick lime, and ordinary 
Portland cement for stabilization/solidification of heavy metal-contaminated soils. Science of 
the Total Environment, 671, pp.741-753. https://doi.org/10.1016/j.scitotenv.2019.03.270  
 
Lieffers, V.J., 1983. Growth of Typha latifolia in boreal forest habitats, as measured by double 
sampling. Aquatic Botany, 15(4), pp.335-348. https://doi.org/10.1016/0304-3770(83)90002-
5  
 
Lievens, C., Yperman, J., Vangronsveld, J. and Carleer, R., 2008. Study of the potential 
valorisation of heavy metal contaminated biomass via phytoremediation by fast pyrolysis: 
Part I. Influence of temperature, biomass species and solid heat carrier on the behaviour of 
heavy metals. Fuel, 87(10-11), pp.1894-1905. 
 
Lim, A.P. and Aris, A.Z., 2014. Continuous fixed-bed column study and adsorption modeling: 
Removal of cadmium (II) and lead (II) ions in aqueous solution by dead calcareous 
skeletons. Biochemical Engineering Journal, 87, pp.50-61. 
 
Liu, J., Fu, J., Sun, S., Wang, Y., Xie, W., Huang, S. and Zhong, S., 2015. An experimental and 
thermodynamic equilibrium investigation of the Pb, Zn, Cr, Cu, Mn and Ni partitioning during 
sewage sludge incineration. Journal of Environmental Sciences, 35, pp.43-54. 
 
Liu, W.T., Ni, J.C. and Zhou, Q.X., 2013. Uptake of heavy metals by trees: prospects for 
phytoremediation. In Materials Science Forum (Vol. 743, pp. 768-781). Trans Tech 
Publications Ltd. 
 
Liu, Z., 2011. A method of SVM with normalization in intrusion detection. Procedia 
Environmental Sciences, 11, pp.256-262. 
 
Llorente, M.F., Cuadrado, R.E., Laplaza, J.M. and García, J.C., 2006. Combustion in bubbling 

http://dx.doi.org/10.1109%2FISWREP.2011.5893582
https://doi.org/10.1016/j.scitotenv.2019.03.270
https://doi.org/10.1016/0304-3770(83)90002-5
https://doi.org/10.1016/0304-3770(83)90002-5


 166 

fluidised bed with bed material of limestone to reduce the biomass ash agglomeration and 
sintering. Fuel, 85(14), pp.2081-209 
 
Lloyd, J.R., 2002. Bioremediation of metals; the application of micro-organisms that make and 
break minerals. interactions, 2, p.M2. https://www.scopus.com/record/display.uri?eid=2-
s2.0-0042126097&origin=inward&txGid=eade6d66dbe3d8da92d08d93a24161ec  
 
Lo, A., 2015. Explainer: How the water lead contamination scare became a citywide concern. 
Available at https://hongkongfp.com/2015/07/13/explainer-how-a-public-estates-lead-
contamination-became-a-citywide-concern/ (last accessed 10/11/2022) 
 
Lowe, C.N., Butt, K.R. and Cheynier, K.Y.M., 2016. Assessment of avoidance behaviour by 
earthworms (Lumbricus rubellus and Octolasion cyaneum) in linear pollution 
gradients. Ecotoxicology and environmental safety, 124, pp.324-328. 
 
Lu, J., Lu, H., Li, J., Liu, J., Feng, S. and Guan, Y., 2019. Multi-criteria decision analysis of optimal 
planting for enhancing phytoremediation of trace heavy metals in mining sites under interval 
residual contaminant concentrations. Environmental pollution, 255, p.113255. 
 
Ma, Y., Oliveira, R.S., Nai, F., Rajkumar, M., Luo, Y., Rocha, I. and Freitas, H., 2015. The 
hyperaccumulator Sedum plumbizincicola harbors metal-resistant endophytic bacteria that 
improve its phytoextraction capacity in multi-metal contaminated soil. Journal of 
environmental management, 156, pp.62-69. https://doi.org/10.1016/j.jenvman.2015.03.024  
 
Ma, Y., Prasad, M.N.V., Rajkumar, M. and Freitas, H.J.B.A., 2011. Plant growth promoting 
rhizobacteria and endophytes accelerate phytoremediation of metalliferous 
soils. Biotechnology advances, 29(2), pp.248-258. 
 
Mandal, A., Singh, N. and Purakayastha, T.J., 2017. Characterization of pesticide sorption 
behaviour of slow pyrolysis biochars as low cost adsorbent for atrazine and imidacloprid 
removal. Science of the Total Environment, 577, pp.376-385. 
 
Maroušek, J., Hašková, S., Zeman, R., Žák, J., Vaníčková, R., Maroušková, A., Váchal, J. and 
Myšková, K., 2015. Techno-economic assessment of processing the cellulose casings 
waste. Clean Technologies and Environmental Policy, 17(8), pp.2441-2446. 
 
Maroušek, J., Vochozka, M., Plachý, J. and Žák, J., 2017. Glory and misery of biochar. Clean 
Technologies and Environmental Policy, 19(2), pp.311-317. 
 
Magasiner, N. and de Kock, J.W., 1987. Design criteria for fibrous fuel fired boilers. Energy 
world, (150), pp.4-12. 
 
Mahar, A., Wang, P., Ali, A., Awasthi, M.K., Lahori, A.H., Wang, Q., Li, R. and Zhang, Z., 2016. 
Challenges and opportunities in the phytoremediation of heavy metals contaminated soils: a 
review. Ecotoxicology and environmental safety, 126, pp.111-121. 
https://doi.org/10.1016/j.ecoenv.2015.12.023  
 

https://www.scopus.com/record/display.uri?eid=2-s2.0-0042126097&origin=inward&txGid=eade6d66dbe3d8da92d08d93a24161ec
https://www.scopus.com/record/display.uri?eid=2-s2.0-0042126097&origin=inward&txGid=eade6d66dbe3d8da92d08d93a24161ec
https://hongkongfp.com/2015/07/13/explainer-how-a-public-estates-lead-contamination-became-a-citywide-concern/
https://hongkongfp.com/2015/07/13/explainer-how-a-public-estates-lead-contamination-became-a-citywide-concern/
https://doi.org/10.1016/j.jenvman.2015.03.024
https://doi.org/10.1016/j.ecoenv.2015.12.023


 167 

Mahurpawar, M., 2015. Effects of heavy metals on human health. International Journal of 
Research-Granthaalayah, 3(9SE), pp.1-7. 
https://doi.org/10.29121/granthaalayah.v3.i9SE.2015.3282  
 
Maiti, S., Purakayastha, S. and Ghosh, B., 2007. Thermal characterization of mustard straw 
and stalk in nitrogen at different heating rates. Fuel, 86(10-11), pp.1513-1518. 
 
Malan, H.L. and Farrant, J.M., 1998. Effects of the metal pollutants cadmium and nickel on 
soybean seed development. Seed Science Research, 8(04), pp.445-453 
 
Malek, M.A., Mondal, M.M.A., Ismail, M.R., Rafii, M.Y. and Berahim, Z., 2012. Physiology of 
seed yield in soybean: Growth and dry matter production. African Journal of 
Biotechnology, 11(30), pp.7643-7649. 
 
Mallampati, S.R., Mitoma, Y., Okuda, T., Simion, C. and Lee, B.K., 2015. Dynamic 
immobilization of simulated radionuclide 133Cs in soil by thermal treatment/vitrification with 
nanometallic Ca/CaO composites. Journal of environmental radioactivity, 139, pp.118-124. 
https://doi.org/10.1016/j.jenvrad.2014.10.006  
 
Manariotis, I.D., Fotopoulou, K.N. and Karapanagioti, H.K., 2015. Preparation and 
characterization of biochar sorbents produced from malt spent rootlets. Industrial & 
Engineering Chemistry Research, 54(39), pp.9577-9584. 
 
Mann, J.J., Barney, J.N., Kyser, G.B. and Di Tomaso, J.M., 2013. Miscanthus× giganteus and 
Arundo donax shoot and rhizome tolerance of extreme moisture stress. Gcb Bioenergy, 5(6), 
pp.693-700. 
 
Manyuchi, M.M., Mbohwa, C. and Muzenda, E., 2018. Potential to use municipal waste bio 
char in wastewater treatment for nutrients recovery. Physics and Chemistry of the Earth, 
Parts A/B/C, 107, pp.92-95. 
 
Marques, A.P., Rangel, A.O. and Castro, P.M., 2009. Remediation of heavy metal 
contaminated soils: phytoremediation as a potentially promising clean-up technology. Critical 
Reviews in Environmental Science and Technology, 39(8), pp.622-654. 
https://doi.org/10.1080/10643380701798272  
 
Marschner, H., 1995. Marschner's mineral nutrition of higher plants. Academic press, London. 
 
Mašek, O., Brownsort, P., Cross, A. and Sohi, S., 2013. Influence of production conditions on 
the yield and environmental stability of biochar. Fuel, 103, pp.151-155. 
https://doi.org/10.1016/j.fuel.2011.08.044  
 
Mazur, V.A., Branitskyi, Y.Y. and Pantsyreva, H.V., 2020. Bioenergy and economic efficiency 
technological methods growing of switchgrass. Ukrainian Journal of Ecology, 10(2). 
DOI:10.15421/2020_56  
 

https://doi.org/10.29121/granthaalayah.v3.i9SE.2015.3282
https://doi.org/10.1016/j.jenvrad.2014.10.006
https://doi.org/10.1080/10643380701798272
https://doi.org/10.1016/j.fuel.2011.08.044


 168 

McLaughlin, S.B. and Kszos, L.A., 2005. Development of switchgrass (Panicum virgatum) as a 
bioenergy feedstock in the United States. Biomass and bioenergy, 28(6), pp.515-535. 
https://doi.org/10.1016/j.biombioe.2004.05.006  
 
McNaught, A.D., 1997. Compendium of chemical terminology (Vol. 1669). Oxford: Blackwell 
Science. http://www.old.iupac.org/publications/compendium/index.html  
 
Meagher, R.B., 2000. Phytoremediation of toxic elemental and organic pollutants. Current 
opinion in plant biology, 3(2), pp.153-162. https://doi.org/10.1016/S1369-5266(99)00054-0  
 
Miles, T.R., Miles Jr, T.R., Baxter, L.L., Bryers, R.W., Jenkins, B.M. and Oden, L.L., 1995. Alkali 
deposits found in biomass power plants: A preliminary investigation of their extent and nature. 
Volume 1 (No. NREL/TP--433-8142-Vol. 1; SAND--96-8225-Vol. 1. 
 
Miller, R.S. and Bellan, J., 1997. A generalized biomass pyrolysis model based on 
superimposed cellulose, hemicellulose and liqnin kinetics. Combustion science and 
technology, 126(1-6), pp.97-137. 
 
Mleczek, M., Rutkowski, P., Rissmann, I., Kaczmarek, Z., Golinski, P., Szentner, K., Strażyńska, 
K. and Stachowiak, A., 2010. Biomass productivity and phytoremediation potential of Salix 
alba and Salix viminalis. Biomass and bioenergy, 34(9), pp.1410-1418. 
https://doi.org/10.1016/j.biombioe.2010.04.012  
 
Moghaddam, M.J. and Pourdad, S.S., 2010. Evaluation of drought tolerance in cultivars of 
three oilseed Brassica species. Iranian Journal of Field Crop Science, 40(4), pp.81-90 
 
Mohanty, M. and Kumar, P.H., 2013. Effect of ionic and chelate assisted hexavalent chromium 
on mung bean seedlings (Vigna radiata L. wilczek. var k-851) during seedling growth. Journal 
of Stress Physiology & Biochemistry, 9(2). 
 
Mohebian, M., Sobhanardakani, S., Taghavi, L. and Ghoddousi, J., 2022. Optimization of 
phytoremediation of contaminated soil with heavy metals and petroleum hydrocarbons using  
 
Moher, D., Shamseer, L., Clarke, M., Ghersi, D., Liberati, A., Petticrew, M., Shekelle, P. and 
Stewart, L.A., 2015. Preferred reporting items for systematic review and meta-analysis 
protocols (PRISMA-P) 2015 statement. Systematic reviews, 4(1), pp.1-9. 
 
Mondal, S.C., Sarma, B., Farooq, M., Nath, D.J. and Gogoi, N., 2020. Cadmium bioavailability 
in acidic soils under bean cultivation: role of soil additives. International Journal of 
Environmental Science and Technology, 17(1), pp.153-160. 
 
SEM and MCDM techniques. International Journal of Environmental Science and Technology, 
pp.1-14. 
 
Monghasemi, S., Nikoo, M.R., Fasaee, M.A.K. and Adamowski, J., 2015. A novel multi criteria 
decision making model for optimizing time–cost–quality trade-off problems in construction 
projects. Expert systems with applications, 42(6), pp.3089-3104 

https://doi.org/10.1016/j.biombioe.2004.05.006
http://www.old.iupac.org/publications/compendium/index.html
https://doi.org/10.1016/S1369-5266(99)00054-0
https://doi.org/10.1016/j.biombioe.2010.04.012


 169 

 
Montpetit, É. and Lachapelle, E., 2017. New environmental technology uptake and bias 
toward the status quo: The case of phytoremediation. Environmental Technology & 
Innovation, 7, pp.102-109. 
 
Moradshahi, A., SALEHI, E.A.B. and KHOLD, B.B., 2004. SOME PHYSIOLOGICAL RESPONSES OF 
BRASSICA SP TO WATER DEFICIT STRESS UN-DER LABORATORY CONDITIONS. 
 
Moragues-Saitua, L., Merino-Martín, L., Stokes, A. and Staunton, S., 2019. Towards 
meaningful quantification of glomalin-related soil protein (GRSP) taking account of 
interference in the Coomassie Blue (Bradford) assay. European Journal of Soil Science, 70(4), 
pp.727-735. 
 
Morar, F., Iantovics, L.B. and Gligor, A., 2018. Analysis of Phytoremediation Potential of Crop 
Plants in Industrial Heavy Metal Contaminated Soil in the Upper Mures River Basin. Journal of 
Environmental Informatics, 31(1). doi:10.3808/jei.201700383. 
 
Moreira, H., Pereira, S.I., Mench, M., Garbisu, C., Kidd, P. and Castro, P.M., 2021. 
Phytomanagement of metal (loid)-contaminated soils: Options, efficiency and value. Frontiers 
in Environmental Science, 9, p.661423. 
 
Mulligan, C.N., Yong, R.N. and Gibbs, B.F., 2001. Remediation technologies for metal-
contaminated soils and groundwater: an evaluation. Engineering geology, 60(1-4), pp.193-
207. https://doi.org/10.1016/S0013-7952(00)00101-0  
 
Muñoz, A. and Costa, M., 2012. Elucidating the mechanisms of nickel compound uptake: a 
review of particulate and nano-nickel endocytosis and toxicity. Toxicology and applied 
pharmacology, 260(1), pp.1-16. https://doi.org/10.1016/j.taap.2011.12.014  
 
Murakami, M. and Ae, N., 2009. Potential for phytoextraction of copper, lead, and zinc by rice 
(Oryza sativa L.), soybean (Glycine max [L.] Merr.), and maize (Zea mays L.). Journal of 
hazardous materials, 162(2-3), pp.1185-1192. 
https://doi.org/10.1016/j.jhazmat.2008.06.003  
 
Muske, D.N., Gahukar, S.J., Akhare, A.A. and Deshmukh, S.S., 2016. Phytoremediation: An 
Environmentally Sound Technology for Pollution Prevention, Control and 
Remediation. Advances in Life Sciences, 5(7), pp.2501-2509. 
 
Mutlu, A., Lee, B.K., Park, G.H., Yu, B.G. and Lee, C.H., 2012. Long-term concentrations of 
airborne cadmium in metropolitan cities in Korea and potential health risks. Atmospheric 
Environment, 47, pp.164-173. 
 
Najeeb, U., Ahmad, W., Zia, M.H., Zaffar, M. and Zhou, W., 2017. Enhancing the lead 
phytostabilization in wetland plant Juncus effusus L. through somaclonal manipulation and 
EDTA enrichment. Arabian Journal of Chemistry, 10, pp.S3310-S3317. 
https://doi.org/10.1016/j.arabjc.2014.01.009  
 

https://doi.org/10.1016/S0013-7952(00)00101-0
https://doi.org/10.1016/j.taap.2011.12.014
https://doi.org/10.1016/j.jhazmat.2008.06.003
https://doi.org/10.1016/j.arabjc.2014.01.009


 170 

Nakai, A., Yurugi, Y. and Kisanuki, H., 2010. Stress responses in Salix gracilistyla cuttings 
subjected to repetitive alternate flooding and drought. Trees-Structure and Function, 24(6), 
pp.1087-1095. 
 
National Mineral Information Centre, 2016. Copper. 
https://www.usgs.gov/centers/nmic/copper-statistics-and-information  
 
Navarro, A., Cardellach, E., Cañadas, I. and Rodríguez, J., 2013. Solar thermal vitrification of 
mining contaminated soils. International Journal of Mineral Processing, 119, pp.65-74. 
https://doi.org/10.1016/j.minpro.2012.12.002  
Nehnevajova, E., Herzig, R., Federer, G., Erismann, K.H. and Schwitzguébel, J.P., 2005. 
Screening of sunflower cultivars for metal phytoextraction in a contaminated field prior to 
mutagenesis. International Journal of Phytoremediation, 7(4), pp.337-349. 
 
Nguyen, D.T.C., Nguyen, T.T., Le, H.T., Nguyen, T.T.T., Bach, L.G., Nguyen, T.D., Vo, D.V.N. and 
Van Tran, T., 2021. The sunflower plant family for bioenergy, environmental remediation, 
nanotechnology, medicine, food and agriculture: a review. Environmental Chemistry 
Letters, 19(5), pp.3701-3726. 
 
Ni, B.J., Huang, Q.S., Wang, C., Ni, T.Y., Sun, J. and Wei, W., 2019. Competitive adsorption of 
heavy metals in aqueous solution onto biochar derived from anaerobically digested 
sludge. Chemosphere, 219, pp.351-357. 
 
Niazi, N.K., Bibi, I., Shahid, M., Ok, Y.S., Shaheen, S.M., Rinklebe, J., Wang, H., Murtaza, B., 
Islam, E., Nawaz, M.F. and Lüttge, A., 2018a. Arsenic removal by Japanese oak wood biochar 
in aqueous solutions and well water: Investigating arsenic fate using integrated spectroscopic 
and microscopic techniques. Science of the Total Environment, 621, pp.1642-1651. 
 
Niazi, N.K., Bibi, I., Shahid, M., Ok, Y.S., Burton, E.D., Wang, H., Shaheen, S.M., Rinklebe, J. and 
Lüttge, A., 2018b. Arsenic removal by perilla leaf biochar in aqueous solutions and 
groundwater: an integrated spectroscopic and microscopic examination. Environmental 
Pollution, 232, pp.31-41. 
 
Nirola, R., Megharaj, M., Palanisami, T., Aryal, R., Venkateswarlu, K. and Naidu, R., 2015. 
Evaluation of metal uptake factors of native trees colonizing an abandoned copper mine–a 
quest for phytostabilization. Journal of Sustainable Mining, 14(3), pp.115-123. 
 
Niu, B., Chen, Z. and Xu, Z., 2017. Application of pyrolysis to recycling organics from waste 
tantalum capacitors. Journal of hazardous materials, 335, pp.39-46. 
 
Niu, Z.X., Sun, L.N., Sun, T.H., Li, Y.S. and Hong, W.A.N.G., 2007. Evaluation of phytoextracting 
cadmium and lead by sunflower, ricinus, alfalfa and mustard in hydroponic culture. Journal of 
environmental sciences, 19(8), pp.961-967. 
 
Nzihou, A., 2010. Toward the valorization of waste and biomass. Waste and Biomass 
Valorization, 1(1), pp.3-7. 
 

https://www.usgs.gov/centers/nmic/copper-statistics-and-information
https://doi.org/10.1016/j.minpro.2012.12.002


 171 

o Di Nasso, N.N., Roncucci, N., Triana, F., Tozzini, C. and Bonari, E., 2011. Seasonal nutrient 
dynamics and biomass quality of giant reed (Arundo donax L.) and miscanthus (Miscanthus x 
giganteus Greef et Deuter) as energy crops. Italian Journal of Agronomy, pp.e24-e24. 
 
Ohashi, Y., Saneoka, H., Matsumoto, K., Ogata, S., Premachandra, G.S. and Fujita, K., 1999. 
Comparison of water stress effects on growth, leaf water status, and nitrogen fixation activity 
in tropical pasture legumes Siratro and Desmodium with soybean. Soil science and plant 
nutrition, 45(4), pp.795-802. 
 
Oliveira, F.R., Patel, A.K., Jaisi, D.P., Adhikari, S., Lu, H. and Khanal, S.K., 2017. Environmental 
application of biochar: Current status and perspectives. Bioresource technology, 246, pp.110-
122. 
 
Onwubuya, K., Cundy, A., Puschenreiter, M., Kumpiene, J., Bone, B., Greaves, J., Teasdale, P., 
Mench, M., Tlustos, P., Mikhalovsky, S. and Waite, S., 2009. Developing decision support tools 
for the selection of “gentle” remediation approaches. Science of the Total 
Environment, 407(24), pp.6132-6142. 
 
Osma, E., Serin, M., Leblebici, Z. and Aksoy, A., 2013. Assessment of Heavy Metal 
Accumulations (Cd, Cr, Cu, Ni, Pb, and Zn) in Vegetables and Soils. Polish Journal of 
Environmental Studies, 22(5). 
 
Oztaysi, B., 2014. A decision model for information technology selection using AHP integrated 
TOPSIS-Grey: The case of content management systems. Knowledge-Based Systems, 70, 
pp.44-54. 
 
Pailan, S., Gupta, D., Apte, S., Krishnamurthi, S. and Saha, P., 2015. Degradation of 
organophosphate insecticide by a novel Bacillus aryabhattai strain SanPS1, isolated from soil 
of agricultural field in Burdwan, West Bengal, India. International Biodeterioration & 
Biodegradation, 103, pp.191-195. 
 
Palomaki, G.E. and Neveux, L.M., 2001. Using multiples of the median to normalize serum 
protein measurements. Clinical Chemistry and Laboratory Medicine (CCLM), 39(11), pp.1137-
1145. 
 
Panda, B.B., Shivay, Y.S. and Bandyopadhyay, S.K., 2004. Growth and development of Indian 
mustard (Brassica juncea) under different levels of irrigation and date of sowing. Indian 
Journal of Plant Physiology, 9(4), pp.419-425. 
 
Pandey, N., Pathak, G.C., Pandey, D.K. and Pandey, R., 2009. Heavy metals, Co, Ni, Cu, Zn and 
Cd, produce oxidative damage and evoke differential antioxidant responses in 
spinach. Brazilian Journal of Plant Physiology, 21(2), pp.103-111. 
 
Pandey, V.C., Bajpai, O. and Singh, N., 2016. Energy crops in sustainable 
phytoremediation. Renewable and Sustainable Energy Reviews, 54, pp.58-73. 
 



 172 

Panneerselvam, P. and Arthanari, P.M., 2011. Impact of nutrient management and agro-
forestry systems on growth and yield of sunflower. Madras Agric J, 98, pp.136-140. 
 
Park, B. and Son, Y., 2017. Ultrasonic and mechanical soil washing processes for the removal 
of heavy metals from soils. Ultrasonics sonochemistry, 35, pp.640-645. 
https://doi.org/10.1016/j.ultsonch.2016.02.002  
 
Park, J.H., Ok, Y.S., Kim, S.H., Cho, J.S., Heo, J.S., Delaune, R.D. and Seo, D.C., 2016. 
Competitive adsorption of heavy metals onto sesame straw biochar in aqueous 
solutions. Chemosphere, 142, pp.77-83. 
 
Park, J.M., Park, S.J., Kim, W.J. and Ghim, S.Y., 2012. Application of antifungal CFB to increase 
the durability of cement mortar. Journal of microbiology and biotechnology, 22(7), pp.1015-
1020. 
 
Parrish, D.J. and Fike, J.H., 2005. The biology and agronomy of switchgrass for 
biofuels. BPTS, 24(5-6), pp.423-459. https://doi.org/10.1080/07352680500316433  
 
Parthasarathy, P. and Narayanan, K.S., 2014. Hydrogen production from steam gasification of 
biomass: influence of process parameters on hydrogen yield–a review. Renewable energy, 66, 
pp.570-579. https://doi.org/10.1016/j.renene.2013.12.025  
 
Patela, D. and Pandey, V.C., 2020. Switchgrass—an asset for phytoremediation and bioenergy 
production. Phytoremediation Potential of Perennial Grasses, p.179. 
https://doi.org/10.1016/C2018-0-02475-5  
 
Patro, S. and Sahu, K.K., 2015. Normalization: A preprocessing stage. arXiv preprint 
arXiv:1503.06462. 
 
Paunov, M., Koleva, L., Vassilev, A., Vangronsveld, J. and Goltsev, V., 2018. Effects of different 
metals on photosynthesis: cadmium and zinc affect chlorophyll fluorescence in durum 
wheat. International journal of molecular sciences, 19(3), p.787. 
https://doi.org/10.3390/ijms19030787  
 
Pavličić, D., 2000. Normalization of attribute values in MADM violates the conditions of 
consistent choice IV, DI and alpha. Yugoslav journal of operations research, 10(1), pp.109-122. 
http://eudml.org/doc/261486  
 
Peer, W.A., Baxter, I.R., Richards, E.L., Freeman, J.L. and Murphy, A.S., 2005. 
Phytoremediation and hyperaccumulator plants. In Molecular biology of metal homeostasis 
and detoxification (pp. 299-340). Springer, Berlin, Heidelberg 
 
Peixoto, P.H.P., Cambraia, J., Sant'Anna, R., Mosquim, P.R. and Moreira, M.A., 2001. 
Aluminum effects on fatty acid composition and lipid peroxidation of a purified plasma 
membrane fraction of root apices of two sorghum cultivars. Journal of Plant Nutrition, 24(7), 
pp.1061-1070. 
 

https://doi.org/10.1016/j.ultsonch.2016.02.002
https://doi.org/10.1080/07352680500316433
https://doi.org/10.1016/j.renene.2013.12.025
https://doi.org/10.1016/C2018-0-02475-5
https://doi.org/10.3390/ijms19030787
http://eudml.org/doc/261486


 173 

Perelo, L.W., 2010. In situ and bioremediation of organic pollutants in aquatic 
sediments. Journal of hazardous materials, 177(1-3), pp.81-89. 
https://doi.org/10.1016/j.jhazmat.2009.12.090  
 
Petrie, B., Barden, R. and Kasprzyk-Hordern, B., 2015. A review on emerging contaminants in 
wastewaters and the environment: current knowledge, understudied areas and 
recommendations for future monitoring. Water research, 72, pp.3-27. 
 
Pfab, E., Filiciotto, L. and Luque, R., 2019. The Dark Side of Biomass Valorization: A Laboratory 
Experiment To Understand Humin Formation, Catalysis, and Green Chemistry. Journal of 
Chemical Education, 96(12), pp.3030-3037. https://doi.org/10.1021/acs.jchemed.9b00410  
 
PFAF, 2019. Plants for A Future: A resource and information centre for edible and otherwise 
useful plants. 7000 edible medicinal and useful plants. Available at 
http://www.pfaf.org/User/Default.aspx (last accessed 3/6/2021) 
 
Piccinno, F., Hischier, R., Seeger, S. and Som, C., 2016. From laboratory to industrial scale: a 
scale-up framework for chemical processes in life cycle assessment studies. Journal of Cleaner 
Production, 135, pp.1085-1097. 
 
Piñeiro, X.F., Ave, M.T., Mallah, N., Caamaño-Isorna, F., Jiménez, A., Vieira, D.N., Bianchini, F. 
and Muñoz-Barús, J.I., 2021. Heavy metal contamination in Peru: implications on children’s 
health. Scientific reports, 11(1), pp.1-9. 
 
Pogrzeba, M., Krzyżak, J., Rusinowski, S., Werle, S., Hebner, A. and Milandru, A., 2018. Case 
study on phytoremediation driven energy crop production using Sida 
hermaphrodita. International journal of phytoremediation, 20(12), pp.1194-1204. 
 
Pradhananga, R.R., Adhikari, L., Shrestha, R.G., Adhikari, M.P., Rajbhandari, R., Ariga, K. and 
Shrestha, L.K., 2017. Wool carpet dye adsorption on nanoporous carbon materials derived 
from agro-product. C, 3(2), p.12. 
 
Pratap, A., Gupta, S.K., Kumar, J. and Solanki, R.K., 2012. Soybean. In Technological 
Innovations in Major World Oil Crops, Volume 1 (pp. 293-321). Springer, New York, NY. 
https://doi.org/10.1007/978-1-4614-0356-2_12  
 
Puga, A.P., Abreu, C., Melo, L.C.A. and Beesley, L., 2015. Biochar application to a contaminated 
soil reduces the availability and plant uptake of zinc, lead and cadmium. Journal of 
environmental management, 159, pp.86-93. https://doi.org/10.1016/j.jenvman.2015.05.036  
 
Putra, D.W.T. and Punggara, A.A., 2018. Comparison analysis of Simple Additive Weighting 
(SAW) and weighted product (WP) in decision support systems. In MATEC Web of 
Conferences (Vol. 215, p. 01003). EDP Sciences. 
 
Qadir, A.A., Sardar, M.F., Riaz, S., Farooqi, Z.U.R. and Murtaza, G., 2022. Biomass amendments 
and phytoremediation of environmental pollutants. In Phytoremediation (pp. 139-162). 
Academic Press. 

https://doi.org/10.1016/j.jhazmat.2009.12.090
https://doi.org/10.1021/acs.jchemed.9b00410
http://www.pfaf.org/User/Default.aspx
https://doi.org/10.1007/978-1-4614-0356-2_12
https://doi.org/10.1016/j.jenvman.2015.05.036


 174 

 
Qambrani, N.A., Rahman, M.M., Won, S., Shim, S. and Ra, C., 2017. Biochar properties and 
eco-friendly applications for climate change mitigation, waste management, and wastewater 
treatment: A review. Renewable and Sustainable Energy Reviews, 79, pp.255-273. 
 
Qin, X.S., Huang, G.H., Chakma, A., Nie, X.H. and Lin, Q.G., 2008. A MCDM-based expert 
system for climate-change impact assessment and adaptation planning–A case study for the 
Georgia Basin, Canada. Expert Systems with Applications, 34(3), pp.2164-2179. 
 
Qiu, B., Tao, X., Wang, H., Li, W., Ding, X. and Chu, H., 2021. Biochar as a low-cost adsorbent 
for aqueous heavy metal removal: a review. Journal of Analytical and Applied Pyrolysis, 155, 
p.105081. 
 
Rabêlo, F.H., Borgo, L. and Lavres, J., 2018. The use of forage grasses for the phytoremediation 
of heavy metals: plant tolerance mechanisms, classifications, and new 
prospects. Phytoremediation: methods, management and assessment, pp.59-103. 
 
Rabêlo, F.H.S., Vangronsveld, J., Baker, A.J., Van Der Ent, A. and Alleoni, L.R.F., 2021. Are 
grasses really useful for the phytoremediation of potentially toxic trace elements? A 
review. Frontiers in plant science, 12. 
 
Rahman, M.M., Azirun, S.M. and Boyce, A.N., 2013. Enhanced accumulation of copper and 
lead in amaranth (Amaranthus paniculatus), Indian mustard (Brassica juncea) and sunflower 
(Helianthus annuus). PloS one, 8(5), p.e62941 
 
Raikova, S., Piccini, M., Surman, M.K., Allen, M.J. and Chuck, C.J., 2019. Making light work of 
heavy metal contamination: the potential for coupling bioremediation with bioenergy 
production. J. Chem. Technol. Biotechnol., 94: 3064-3072. https://doi.org/10.1002/jctb.6133 
 
Rajesh, R. and Ravi, V., 2015. Supplier selection in resilient supply chains: a grey relational 
analysis approach. Journal of Cleaner Production, 86, pp.343-359. 
 
Rajkumar, M., Prasad, M.N.V., Swaminathan, S. and Freitas, H., 2013. Climate change driven 
plant–metal–microbe interactions. Environment international, 53, pp.74-86. 
https://doi.org/10.1016/j.envint.2012.12.009  
 
Rajkumar, M., Sandhya, S., Prasad, M.N.V. and Freitas, H., 2012. Perspectives of plant-
associated microbes in heavy metal phytoremediation. Biotechnology advances, 30(6), 
pp.1562-1574. https://doi.org/10.1016/j.biotechadv.2012.04.011  
 
Ramana, S., Tripathi, A.K., Kumar, A., Dey, P., Saha, J.K. and Patra, A.K., 2021. 
Phytoremediation of soils contaminated with cadmium by Agave americana. Journal of 
Natural Fibers, pp.1-9. 
 
Rand, G.M., Wells, P.G. and McCarty, L.S., 2020. Introduction to aquatic toxicology. In 
Fundamentals of aquatic toxicology (pp. 3-67). CRC Press. 

https://doi.org/10.1002/jctb.6133
https://doi.org/10.1016/j.envint.2012.12.009
https://doi.org/10.1016/j.biotechadv.2012.04.011


 175 

https://www.taylorfrancis.com/books/mono/10.1201/9781003075363/fundamentals-
aquatic-toxicology?refId=3e249a2c-aeda-428b-a124-0aff655e24cb  
 
Rangabhashiyam, S., Suganya, E., Selvaraju, N. and Varghese, L.A., 2014. Significance of 
exploiting non-living biomaterials for the biosorption of wastewater pollutants. World Journal 
of Microbiology and Biotechnology, 30(6), pp.1669-1689. 
 
Rapagnà, S., Jand, N., Kiennemann, A. and Foscolo, P.U., 2000. Steam-gasification of biomass 
in a fluidised-bed of olivine particles. Biomass and bioenergy, 19(3), pp.187-197. 
https://doi.org/10.1016/S0961-9534(00)00031-3  
 
Rashed, M.N., 2013. Adsorption technique for the removal of organic pollutants from water 
and wastewater. Organic pollutants-monitoring, risk and treatment, 7, pp.167-194. 
 
Rauf, S., 2016. Breeding strategies to enhance drought tolerance in crops In: JM Al-Khayri, SM 
Jain, DV Johnson. Advances in plant breeding strategies: Agronomic, abiotic, and biotic stress 
traits. 
 
Rebaque, D., Martínez-Rubio, R., Fornalé, S., García-Angulo, P., Alonso-Simón, A., Álvarez, 
J.M., Caparros-Ruiz, D., Acebes, J.L. and Encina, A., 2017. Characterization of structural cell 
wall polysaccharides in cattail (Typha latifolia): evaluation as potential biofuel 
feedstock. Carbohydrate polymers, 175, pp.679-688. 
https://doi.org/10.1016/j.carbpol.2017.08.021  
 
Reddy, K.R., Adams, J.A., 2010. Towards Green and Sustainable Remediation of contaminated 
Site, 6th International Congress on Environmental Geotechnics, New Delhi, India, 2010. 
 
Reddy, N. and Yang, Y., 2009. Natural cellulose fibers from soybean straw. Bioresource 
technology, 100(14), pp.3593-3598. 
 
REJUVENATE, 2009. Crop based systems for sustainable risk-based land management for 
economically marginal degraded land. Final research report. Available at 
https://www.soilver.eu/wp-content/uploads/2021/06/REJUVENATE_final_report.pdf (last 
accessed 10/11/2022). 
 
Ren, X., Guo, S., Tian, W., Chen, Y., Han, H., Chen, E., Li, B., Li, Y. and Chen, Z., 2019. Effects of 
plant growth-promoting bacteria (PGPB) inoculation on the growth, antioxidant activity, Cu 
uptake, and bacterial community structure of rape (Brassica napus L.) grown in Cu-
contaminated agricultural soil. Frontiers in Microbiology, 10, p.1455. 
 
Rheay, H.T., Omondi, E.C. and Brewer, C.E., 2021. Potential of hemp (Cannabis sativa L.) for 
paired phytoremediation and bioenergy production. GCB Bioenergy, 13: 525-
536. https://doi.org/10.1111/gcbb.12782 
 
Rijo, B., Dias, A.P.S., Ramos, M. and Ameixa, M., 2021. Valorization of forest waste biomass 
by catalyzed pyrolysis. Energy, p.122766. https://doi.org/10.1016/j.energy.2021.122766  
 

https://www.taylorfrancis.com/books/mono/10.1201/9781003075363/fundamentals-aquatic-toxicology?refId=3e249a2c-aeda-428b-a124-0aff655e24cb
https://www.taylorfrancis.com/books/mono/10.1201/9781003075363/fundamentals-aquatic-toxicology?refId=3e249a2c-aeda-428b-a124-0aff655e24cb
https://doi.org/10.1016/S0961-9534(00)00031-3
https://doi.org/10.1016/j.carbpol.2017.08.021
https://www.soilver.eu/wp-content/uploads/2021/06/REJUVENATE_final_report.pdf
https://doi.org/10.1111/gcbb.12782
https://doi.org/10.1016/j.energy.2021.122766


 176 

Rivelli, A.R., De Maria, S., Puschenreiter, M. and Gherbin, P., 2012. Accumulation of cadmium, 
zinc, and copper by Helianthus annuus L.: impact on plant growth and uptake of nutritional 
elements. International journal of phytoremediation, 14(4), pp.320-334. 
 
Robb, S., Joseph, S., Abdul Aziz, A., Dargusch, P. and Tisdell, C., 2020. Biochar's cost constraints 
are overcome in small-scale farming on tropical soils in lower-income countries. Land 
Degradation & Development, 31(13), pp.1713-1726. 
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Appendix 
 
 
1: Metal concentration in soil and H. annuus bioconcentration and translocation factors 

Treatments Spiked metal 

conc. in soil 

(mg/kg) 

Actual metal 

conc. in soil on 

Day 0 (mg/kg) 

Bioconcentration 

factor 

Translocation 

factor 

Control  ---- ---- ---- ---- 

Cd 50 46.96 0.83 ± 0.03 0.81 ± 0.03 

Pb 300 288.22 0.88 ± 0.01 0.89 ± 0.10 

Zn 600 568.70 0.85 ± 0.07 0.94 ± 0.04 

AB211 ---- ---- ---- ---- 

Cd+AB211 50 47.46 1.31 ± 0.06 1.05 ± 0.03 

Pb+AB211 300 279.49 1.16 ± 0.04 1.08 ± 0.04 

Zn+AB211 600 544.15 1.15 ± 0.03 1.00 ± 0.02 

 
 
2. Operating parameters of ICP-OES (iCAP 1600) 
 
Operating parameters of the thermos ICP-OES (iCAP 1600) 
Power (W)     1150 
Auxiliary gas flow (L/min)   0.5 
Nebuliser gas flow (L/min)   0.75 
Coolant gas flow(L/min)   12 
View      Axial 
Purge gas flow    Normal 
Flush pump rate (rpm)  100 
Analysis pump rate (rpm)   50 
Camera temperature    -47 
Optics temperature    38 
 
Wavelengths used on the ICP-OES of the elements investigated. 
 
Elements  Wavelength (nm) 
Cd   228.802 
Cr   283.563 
Cu   324.754 
Fe   259.940 
Mn   257.610 
Ni   221.647 
Pb   220.353 
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Sb   206.833 
Zn   213.856 
 
 
 
 
 
2. Conferences and accepted peer-reviewed publications 
 
2.1 CEST, 2019 
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3. Multicriteria decision matrix using z-score normalization 

Criteria Key indicator Plant species  
Weight Sunflower Indian 

mustard 
Soybean Silvergrass Poplar Willow Switch 

grass 
Cattails 

Pollutant 
accumulation 

Translocation 
index 

0.28 0.43 1.88 -0.22 0.44 -0.48 -1.05 -1.28 0.15 

Growth rate 
(Short 
rotation) 

Crop growth 
rate (CGR) 

-0.29 -0.47 -0.06 1.63 -0.98 -0.99 1.42 -0.25 0.30 

Root system Root depth 1.23 -1.19 -0.22 0.10 -0.06 0.42 1.23 -1.52 0.05 

Metal 
tolerance 

Metal 
tolerance 
index 

-0.93 -1.05 -1.07 0.08 0.78 1.19 1.32 -0.32 0.10 

Biochemical 
composition 

Lignocellulosic 
biomass 

1.28 -1.02 -0.88 -0.16 1.29 0.85 -1.00 -0.36 0.05 

Biomass 
production 
(tons per acre) 

Total dry 
biomass 
(matter) yield 

2.04 -0.86 -0.25 0.44 -0.90 -0.92 0.02 0.43 0.25 

Thermal 
energy 
potential 

Calorific value 
in MJ per kg 

0.07 0.06 -1.39 0.09 1.60 0.96 -1.25 -0.15 0.05 

Drought 
tolerance 

Drought 
tolerance index 

0.71 0.91 0.70 0.40 0.19 -0.21 -0.55 -2.15 0.05 

 Aggregate 
weighted 
scores 

0.5635 -0.4585 -0.0050 0.5955 -0.224 -0.379 0.327 -0.4005 1 

The cells in the matrix contains species Z-score values and gives an indication of species performance in relation 
to each individually defined criterion. Aggregate weighted scores were determined by the formula:    
Aggregate weighted score=   W1X1 + W2X2…WnXn. where W = relative weight and X = Z-score value 
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4.0 MULTICRITERIA MATRIX RAW DATA 
 
4.1 TRANSLOCATION INDEX 
 
Cadmium 
 

Article Plants Translocation index (TI) % Reference number 
in reference list 

Kacprzak et al., 2014 Miscanthus 18 1 
Willow 2 1 
Switch grass 23 1 

Afzal et al., 2017 Switch grass 30 156 
Liu et al., 2016 Switch grass 9 171 
Arora et al., 2016 Switchgrass 17.8 161 
Arduini et al., 2004 Miscanthus 65 81 
De Maria et al., 2013 Sunflower 23 68 
Tahsmabian and Sinegani, 
2014 

Sunflower 92 180 

Kotschau et al., 2014 Sunflower 263 170 
de Andrade et al., 2008 Sunflower 23 3 
Memoli et al., 2017 Sunflower 62 173 
Niu et al., 2007 Sunflower 40 174 
Shi and Cai, 2009 Sunflower 28.1 177 
 Soybean 5.9 177 
 Brassica 29.7 177 
Karak et al., 2013 Brassica 37 168 
Zhou et al., 2013 Soybean 70 9 
 Soybean 93 9 
Satpathy and Reddy, 2013 Brassica 124 14 
Ali et al., 2017 Brassica 100 158 
Bauddh and Singh, 2012 Brassica 62.96 163 
Cudic et al., 2016 Poplar 266.3 50 
Redovniković et al., 2017 Poplar 111 175 
Zacchini et al., 2009 Poplar 10 5 
 Willow 23 5 
Bonanno and Cirelli, 2017 Typha 12 12 

 
 
Chromium 
 

Article Plants TI %  
Arduini et al., 2006 Miscanthus 13 80 
Kacprzak et al., 2014 Miscanthus 165 1 

Salix 17 1 
Switch grass 37 1 

Tőzsér et al., 2018 salix 6.3 181 
Kotschau et al., 2014 Sunflower 1 170 
January et al., 2008 Sunflower 6 7 
Memoli et al., 2017 Sunflower 14 173 
Han et al., 2004 Brassica 55 55 
Singh et al., 2017 Brassica 74 72 
Hsiao et al., 2007 Brassica 80 167 
Karak et al., 2013 Brassica 64 168 
Mei et al., 2002 Soybean 43.5 59 
Cudic et al., 2016 Poplar 19.3 50 
Bonano and Cirelli, 2017 Typha 20 12 
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Copper 
 

Article Plants TI %  
Kacprzak et al., 2014 Miscanthus 61 1 

Salix 20 1 
Switch grass 52 1 

Korzeniowska & Stanislawska-
Glubiak, 2015 

Miscanthus 14.3 45 

Tőzsér et al., 2018 salix 36.3 181 
Forte and Mutiti, 2017 Sunflower 76 166 
Andreazza et al., 2015 Sunflower 98 159 
Kotschau et al., 2014 Sunflower 15.6 170 
Memoli et al., 2017 Sunflower 39 173 
Rahman et al., 2013 Sunflower 92.5 2 
Hsiao et al., 2007 Brassica 93 167 
Ali et al., 2017 Brassica 88.9 158 
Karak et al., 2013 Brassica 50 168 
Blanco et al., 2017 Soybean 147.4 57 
Cudic et al., 2016 Poplar 71.9 50 
Mendonca and Figueiredo, 2016 Typha 11 4 
Bonano and Cirelli, 2017 Typha 30.5 12 

 
 
Nickel 
 

Article Plants TI  
Kacprzak et al., 2014 Miscanthus 92 1 

Salix 9 1 
Switch grass 12 1 

Korzeniowska & Stanislawska-
Glubiak, 2015 

Miscanthus 18.3 45 

Tőzsér et al., 2018 salix 62.6 181 
Kotschau et al., 2014 Sunflower 60.2 170 
January et al., 2008 Sunflower 106 7 
Memoli et al., 2017 Sunflower 41 173 
Panwar et al., 2002 Brassica 59.2 56 
Hsiao et al., 2007 Brassica 50 167 
Karak et al., 2013 Brassica 37 168 
Salasinska et al., 2016 Soybean 24 24 
Cudic et al., 2016 Poplar 38.1 50 
Mendonca and Figueiredo, 2016 Typha 27 4 
Bonano and Cirelli, 2017 Typha 28 12 

 
 
 
Lead 
 

Article Plants TI  
Kacprzak et al., 2014 Miscanthus 28 1 

Salix 5 1 
Switch grass 34 1 

Toszer et al., 2018 salix 18.6 181 
Celebi et al., 2017 Switch grass 4 164 

Sunflower 8.4 164 
Arora et al, 2016 switchgrass 16.7 161 
Forte and Mutiti, 2017 Sunflower 60 166 
Kotschau et al., 2014 Sunflower 1.3 170 
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Tahmasbian and Sinegani, 
2016 

Sunflower 30 180 

Adedosun et al., 2010 Sunflower 178 13 
Memoli et al., 2017 Sunflower 10 173 
Rahman et al., 2013 Sunflower 91.8 2 
 Brassica 93.1 2 
Niu et al., 2007 Sunflower 64 174 
 Brassica 51 174 
Ali et al., 2017 Brassica 127 158 
Karak et al., 2013 Brassica 31 168 
Zhou et al., 2013 Soybean 48 9 
Cudic et al., 2016 Poplar 49.5 50 
Redovnikovic et al., 2017 Poplar 7 175 
Mendonca and Figueiredo, 
2016 

Typha 13 4 

Bonano and Cirelli, 2017 Typha 5 12 
 
 
Zinc 
 

Article Plants TI  
Kacprzak et al., 2014 Miscanthus 64 1 

Salix 25 1 
Switch grass 28 1 

Toszer et al., 2018 Salix 283 181 
Bang et al., 2015 Miscanthus 42.9 162 
Korzeniowska & Stanislawska-
Glubiak, 2015 

Miscanthus 42.3 45 

Adedosun et al., 2010 Sunflower 128 13 
Kotschau et al., 2014 Sunflower 78.3 170 
Satpathy and Reddy, 2013 Brassica 72.2 14 
Ali et al., 2017 Brassica 83.3 158 
Karak et al., 2013 Brassica 51 168 
Zhou et al., 2013 Soybean 119 9 
Cudic et al., 2016 Poplar 194.3 50 
Romeo et al., 2014 Poplar 49 176 
Mendonca and Figueiredo, 2016 Typha 35 4 
Bonano and Cirelli, 2017 Typha 30.5 12 

 
 
2.2 METAL TOLERANCE INDEX 
 

Species Metals Mg/Kg 
 Cd 32 Cr Cu 70 Ni 38 Pb 120 Zn 160 
Sunflower 89.1 (68) 43.71 (70) 85.71 (69) 40.43 (71) 52.87 (47) 38.41 (67) 
 32 (82)      
       
Brassica 87.4 (8) 32.78 (72) 16.67 (73) 46.4 (6) 33.8 (6) 27.78 (73) 
 72.5 (79)      
 46 (82)      
       
Soybean 64.2 (10) 55 (42)  65.1 (10)   
 44 (82)      
       
Miscanthus 58.53 (74) 64.1 (75) 53.5 (45) 35 (45)  31 (45) 
  46.58 (80) 58.2 (81)    
       
Poplar 45 (5)  18 (76)  37 (76) 95 (49) 
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 63 (78)    72.6 (78)  

 54 (83)      

       

Salix 73 (5)  75.6 (48)  67.6 (43) 115 (49) 
 99 (83)      
       
Switch grass 48.7 (46) 91 (84)    134.5 (44) 
 68.2 (84)     106.5 (84) 

       
Typha   78.4 (77) 76.73 (77)   
       

*Numbers in brackets corresponds with numbered reference in reference list 
 
 
 
 
 
4.3 CALORIFIC VALUE 
 

Species Calorific value (MJ per kg) 
Sunflower 18.75 (36) 18.00(97) 18.52 (98) 19.98 (99) 

Brassica 18.50 (29) 21.55 (98) 17.61 (111) 17.57 (156) 

Soybean 17.59 (30) 16.91 (112)   
Miscanthus 18.64 (20) 19.03(104) 19.58 (105) 18.10 (116) 

Poplar 22.20 (32) 19.38 (35) 20.75 (117) 19.50 (118) 

Salix 20.07 (33) 19.10 (107) 20.16 (105) 19.75 (104) 

Switch grass 18.06 (34) 17.30 (113) 16.17 (114) 18.06 (115) 

Typha 19.34 (35) 17.81 (35)   
*Numbers in brackets corresponds with numbered reference in reference list 
 
 
 
4.4 BIOMASS YIELD 
 

Species Dry matter yield (Tons per hectare/year)    

Sunflower 16.025 (37) 13-18.07 (127) 15.95-
19.52 
(128) 

16.3 
(142) 

   

Brassica 9.0 (151) 4.38 (154)      
Soybean 14.13 (38) 8 (155)      
Miscanthus 16.2 (139) 7-10 (119) 7-15 

(124) 
5-10 
(125) 

15-24 (123) 4-20 (123) 9-19 (123) 

Poplar 8.9 (31) 1.21-9.48 (126)  2.6-5.0 
(129) 

11.35 
(130) 

13.34 (131) 17.97 
(132) 

6.06 (133) 

Salix 9.3 (31) 11.6 (120) 1.4-5.8 
(129) 

8.71-
13.01 
(134) 

7.1-10.1 
(135) 

1.3-16.3 
(136) 

13.8 (137) 

Switch grass 2.83 – 14.16 
(40) 8.5 

8.7-12.85 (121) 18.29 
(122) 

8.96-
27.23 
(138) 

10.2 (139) 4.5-11.4 
(140) 

8 (141) 

Typha 9.2 (39) 16.1 (153)      
*Numbers in brackets corresponds with numbered reference in reference list. 
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4.5 BIOCHEMICAL COMPOSITION 
 

Species Biochemical composition (%) 
Cellulose Hemicellulose Lignin Ash 

Sunflower 37.3 (24) 35 (24) 29 (24) NA 
 48.40 (97) 34.60 17  
 26.70 (103) 18.40 27.00  
Brassica 48.3 (151) 29.56 24.56 6.7 
 32 (17) 23 (17) 7.6 (17) 1.2 (17) 
Soybean 44-83 (15) 18-29 (16) 5-11 (15) 2-5 (15) 
 38.00 (110) 16.00 16.00  
 48.00 (111) 17.00 2.00  
Miscanthus 52.13 (21) 25.76 (21) 12.58 (21) 2.74 (21) 
 44.70 (106) 29.60 21.00  
 57.90 (107) 16.10 8.00  
Poplar 42.2 (20) 16.60 (20) 25.6 (20) NA 
 49.00 (106) 17.00 18.00  
 48.00 (108) 30.00 22.00  
 47.40 (109) 22.90 31.90  
Salix 48.02 (19) 13.39 (19) 12.38 (19) 1.37 (19) 
 82.50(106) 42.10 24.95  
 38.50 (107) 17.60 26.30  
Switch grass 45 (18) 31.4 (18) 12 (18) NA 
 36.80 (100) 32.60 6.30  
 39.60 (101) 38.30 5.90  
 32.00 (102) 32.00 7.00  
Typha 51.03 (22) 31.5 (22) 17.5 (22) NA 
 63 (152) 8.7 9.6 2 
 28.7 (153) 23.4 10.1  

*Numbers in brackets corresponds with numbered reference in reference list. 
 
 
4.6 DROUGHT TOLERANCE INDEX 
 

Species Moisture treatment       
Osmotic 
potential 
MPa 1 

Drought 
tolerance 
index 1 

OP 
2 

DTI 
2 

OP 
3 

DTI 
3 

OP 
4 

DTI 
4 

Sunflower -1.62 48.21 (51) -1.0 72 
(143) 

-0.8 78 
(143) 

-1.2 52.5(144) 

Brassica -0.60  77 (52) -1.17 54.25 
(150) 

    

Soybean -1.35 33.13 (64) -0.6 67 
(145) 

-2.5 55 
(146) 

-0.41 94 (147) 

Miscanthus -4.6  38-48 (53)       
Poplar -3.2  55.5 (66) -2.0 50-58 

(149) 
    

Salix -1.5  45.59 (65)       
Switch grass -4.6 18 (54)       
Typha -1.5 8.40 (63) -1.0 31.13 

(148) 
    

*Numbers in brackets corresponds with numbered reference in reference list. 
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4.7. CROP GROWTH RATE 
 

Species CGR (gm-

2d-1) 
References Reference number in reference 

list 
H. anuus 
 

9.40 
8.61 
9.32 

Munir et al., 2007 
Panneerselvam & Arthanari, 2011 
Tribouillois et al., 2015 

182 
87 
26 

Brassica 7.30 
3.10 
3.88 

Addo-Quaye et al., 2011 
Panda et al., 2004 
Tribouillois et al., 2015 

90 
85 
26 

Glycine max 3.59 
11.80 
9.98 
8.71 

Kumar et al., 2018 
Addo-Quaye et al., 2011 
Buttery, 1969 
Rahman et al, 2011 

86 
90 
89 
91 

Miscanthus 24.24 
23.76 

o Di Nasso et al., 2011 
El Bassam, 2010 

92 
93 

Populus 0.11 Lamers et al., 2006 96 
Salix 0.06 Lamers et al., 2006 96 
Panicum 
virgatum 

9.51 
8.03 

o Di Nasso et al., 2011 
El Bassam, 2010 

92 
93 

Typha 6.97 
6.69 

Kvet, 1971 
Dykyjova, 1971 

94 
95 

 
 
 
 
 



 202 

SUPPLEMENTARY MATERIALS REFERENCES  
 
 
1. Kacprzak, M.J., Rosikon, K., Fijalkowski, K. and Grobelak, A., 2014. The effect of Trichoderma on heavy 

metal mobility and uptake by Miscanthus giganteus, Salix sp., Phalaris arundinacea, and Panicum 
virgatum. Applied and Environmental Soil Science, 2014. 

 
2. Rahman, M.M., Azirun, S.M. and Boyce, A.N., 2013. Enhanced accumulation of copper and lead in 

amaranth (Amaranthus paniculatus), Indian mustard (Brassica juncea) and sunflower (Helianthus 
annuus). PloS one, 8(5), p.e62941. 

 
3. de Andrade, S.A.L., da Silveira, A.P.D., Jorge, R.A. and de Abreu, M.F., 2008. Cadmium accumulation in 

sunflower plants influenced by arbuscular mycorrhiza. International Journal of Phytoremediation, 10(1), 
pp.1-13. 

 
4. Mendonça, T.G. and Figueiredo, B.R., 2016. Metal accumulation by Typha dominguensis Pers. From a 

hygrophilous forest fragment in Brazil. Geochimica Brasiliensis, 29(2), p.58. 
 
5. Zacchini, M., Pietrini, F., Mugnozza, G.S., Iori, V., Pietrosanti, L. and Massacci, A., 2009. Metal tolerance, 

accumulation and translocation in poplar and willow clones treated with cadmium in 
hydroponics. Water, Air, and Soil Pollution, 197(1-4), pp.23-34. 

 
6. Lee, J., 2003. Characterization of Heavy Metal Tolerance and Accumulation in Indian Mustard 

Overexpressing Bacterial γ-ECS Gene. 
 
7. January, M.C., Cutright, T.J., Van Keulen, H. and Wei, R., 2008. Hydroponic phytoremediation of Cd, Cr, 

Ni, As, and Fe: Can Helianthus annuus hyperaccumulate multiple heavy metals?. Chemosphere, 70(3), 
pp.531-537. 

 
8. Goswami, S. and Das, S., 2015. A study on cadmium phytoremediation potential of Indian mustard, 

Brassica juncea. International journal of phytoremediation, 17(6), pp.583-588. 
 
9. Zhou, H., Zeng, M., Zhou, X., Liao, B.H., Liu, J., Lei, M., Zhong, Q.Y. and Zeng, H., 2013. Assessment of 

heavy metal contamination and bioaccumulation in soybean plants from mining and smelting areas of 
southern Hunan Province, China. Environmental toxicology and chemistry, 32(12), pp.2719-2727. 

 
10. Malan, H.L. and Farrant, J.M., 1998. Effects of the metal pollutants cadmium and nickel on soybean seed 

development. Seed Science Research, 8(04), pp.445-453. 
 
11. Ritchie, S.W., Hanway, J.J. and Thompson, H.E., 1985. How a soybean plant develops. Iowa State 

University of Science and Technology, Cooperative Extension Service. 
 
12. Bonanno, G. and Cirelli, G.L., 2017. Comparative analysis of element concentrations and translocation in 

three wetland congener plants: Typha domingensis, Typha latifolia and Typha angustifolia. Ecotoxicology 
and Environmental Safety, 143, pp.92-101. 

 
13. Adedosun, J.K., Atayese, M.O., Agbaje, T.A., Osadiaye, B.A., Mafe, O.F. and Soretire, A.A., 2010. 

Phytoremediation potentials of sunflowers (Tithonia diversifolia and Helianthus annuus) for metals in 
soils contaminated with zinc and lead nitrates. Water, air, and soil pollution, 207(1-4), pp.195-201. 

 
14. Satpathy, D. and Reddy, M.V., 2013. Phytoextraction of Cd, Pb, Zn, Cu and mn by Indian mustard (Brassica 

juncea L.) grown on loamy soil amended with heavy metal contaminated municipal solid waste compost. 
Applied Ecology and Environmental Research, 11(4), pp.661-679. 

 
15. Reddy, N. and Yang, Y., 2009. Natural cellulose fibers from soybean straw. Bioresource technology, 

100(14), pp.3593-3598. 
 



 203 

16. Weizheng, S., Jian-bo, W., Qingming, K., Jing, G. and Jingjing, W., 2014. Research of Soybean Straw 
Cellulose and Hemicellulose Near Infrared Model. 

 
17. Simbaya, J., Slominski, B.A., Rakow, G., Campbell, L.D., Downey, R.K. and Bell, J.M., 1995. Quality 

characteristics of yellow-seeded Brassica seed meals: Protein, carbohydrate, and dietary fiber 
components. Journal of Agricultural and Food Chemistry, 43(8), pp.2062-2066. 

 
18. Howard, R.L., Abotsi, E., Van Rensburg, E.J. and Howard, S., 2003. Lignocellulose biotechnology: issues 

of bioconversion and enzyme production. African Journal of Biotechnology, 2(12), pp.602-619. 
 
19. Szczukowski, S., Tworkowski, J., Klasa, A. and Stolarski, M., 2002. Productivity and chemical composition 

of wood tissues of short rotation willow coppice cultivated on arable land. Rostlinna vyroba, 48(9), 
pp.413-417. 

 
20. Sannigrahi, P., Ragauskas, A.J. and Tuskan, G.A., 2010. Poplar as a feedstock for biofuels: a review of 

compositional characteristics. Biofuels, Bioproducts and Biorefining, 4(2), pp.209-226. 
 
21. Brosse, N., Dufour, A., Meng, X., Sun, Q. and Ragauskas, A., 2012. Miscanthus: a fast-growing crop for 

biofuels and chemicals production. Biofuels, Bioproducts and Biorefining, 6(5), pp.580-598. 
 
22. Elhaak, M.A., Mohsen, A.A., Hamada, E.S.A. and El-Gebaly, F.E., 2015. BIOFUEL PRODUCTION FROM 

PHRAGMITES AUSTRALIS (CAV.) AND TYPHA DOMINGENSIS (PERS.) PLANTS OF BURULLUS LAKE. THE 
EGYPTIAN JOURNAL OF EXPERIMENTAL BIOLOGY (Botany), 11(2), pp.237-243. 

 
23. Ziebell, A.L., Barb, J.G., Sandhu, S., Moyers, B.T., Sykes, R.W., Doeppke, C., Gracom, K.L., Carlile, M., 

Marek, L.F., Davis, M.F. and Knapp, S.J., 2013. Sunflower as a biofuels crop: an analysis of lignocellulosic 
chemical properties. biomass and bioenergy, 59, pp.208-217. 

 
24. Salasinska, K., Polka, M., Gloc, M. and Ryszkowska, J., 2016. Natural fiber composites: the effect of the 

kind and content of filler on the dimensional and fire stability of polyolefin-based composites. Polimery, 
61. 

 
25. Canadell, J., Jackson, R.B., Ehleringer, J.B., Mooney, H.A., Sala, O.E. and Schulze, E.D., 1996. Maximum 

rooting depth of vegetation types at the global scale. Oecologia, 108(4), pp.583-595. 
 
26. Tribouillois, H., Fort, F., Cruz, P., Charles, R., Flores, O., Garnier, E. and Justes, E., 2015. A functional 

characterisation of a wide range of cover crop species: growth and nitrogen acquisition rates, leaf traits 
and ecological strategies. PloS one, 10(3), p.e0122156. 

 
27. Sarkar, P.K., Haque, M.S. and Karim, M.A., 2002. Growth analysis of soybean as influenced by GA3 and 

IAA and their frequency of application. Journal of Agronomy, 1(3), pp.123-126. 
 
28. Sedlacek, J.F., Bossdorf, O., Cortés, A.J., Wheeler, J.A. and van Kleunen, M., 2014. What role do plant–soil 

interactions play in the habitat suitability and potential range expansion of the alpine dwarf shrub Salix 
herbacea?. Basic and Applied Ecology, 15(4), pp.305-315. 

 
29. Llorente, M.F., Cuadrado, R.E., Laplaza, J.M. and García, J.C., 2006. Combustion in bubbling fluidised bed 

with bed material of limestone to reduce the biomass ash agglomeration and sintering. Fuel, 85(14), 
pp.2081-2092. 

 
30. Werther, J., Saenger, M., Hartge, E.U., Ogada, T. and Siagi, Z., 2000. Combustion of agricultural 

residues. Progress in energy and combustion science, 26(1), pp.1-27. 
 
31. Aylott, M.J., Casella, E., Tubby, I., Street, N.R., Smith, P. and Taylor, G., 2008. Yield and spatial supply of 

bioenergy poplar and willow short-rotation coppice in the UK. New Phytologist, 178(2), pp.358-370. 
 
32. Blunk, S.L., Jenkins, B.M. and Kadam, K.L., 2000. Combustion properties of lignin residue from 

lignocellulose fermentation. National Renewable Energy Laboratory, pp.1-15. 



 204 

 
33. Moilanen, A., Oesch, P. and Leppämäki, E., 1997. Laboratory Experiments to Characterise the Pyrolysis 

Behaviour of Selected Biomass Fuels. In Developments in Thermochemical Biomass Conversion (pp. 163-
175). Springer Netherlands. 

 
34. Miles, T.R., Miles Jr, T.R., Baxter, L.L., Bryers, R.W., Jenkins, B.M. and Oden, L.L., 1995. Alkali deposits 

found in biomass power plants: A preliminary investigation of their extent and nature. Volume 1 (No. 
NREL/TP--433-8142-Vol. 1; SAND--96-8225-Vol. 1). National Renewable Energy Lab., Golden, CO (United 
States); Miles (Thomas R.), Portland, OR (United States); Sandia National Labs., Livermore, CA (United 
States); Foster Wheeler Development Corp., Livingston, NJ (United States); California Univ., Davis, CA 
(United States); Bureau of Mines, Albany, OR (United States). Albany Research Center. 

 
35. Kitani, O. and Hall, C.W., 1989. Biomass Handbook, Gordon and Breach science publishers, New York. 
 
36. Demirbaş, A., 2002. Fuel characteristics of olive husk and walnut, hazelnut, sunflower, and almond 

shells. Energy Sources, 24(3), pp.215-221. 
 
37. Ion, V., Dicu, G., Dumbravă, M., Bășa, A.G., Temocico, G. and Epure, L.I., 2014. Results regarding biomass 

yield at sunflower under different planting patterns and growing conditions. Scientific Papers-Series A, 
Agronomy, 57, pp.205-210. 

 
38. Malek, M.A., Mondal, M.M.A., Ismail, M.R., Rafii, M.Y. and Berahim, Z., 2012. Physiology of seed yield in 

soybean: Growth and dry matter production. African Journal of Biotechnology, 11(30), pp.7643-7649. 
 
39. Dubbe, D.R., Garver, E.G. and Pratt, D.C., 1988. Production of cattail (Typha spp.) biomass in Minnesota, 

USA. Biomass, 17(2), pp.79-104. 
 
40. Hattori, T. and Morita, S., 2010. Energy crops for sustainable bioethanol production; which, where and 

how? Plant Production Science, 13(3), pp.221-234. 
 
41. PFAF, 2017. Plants For A Future: A resource and information center for edible and otherwise useful plants. 

7000 edible medicinal and useful plants. Available at http://www.pfaf.org/User/Default.aspx (last 
accessed 30/5/2021). 

 
42. Amin, H., Arain, B.A., Amin, F. and Surhio, M.A., 2014. Analysis of growth response and tolerance index 

of Glycine max (L.) Merr. under hexavalent chromium stress. Advancements in Life Sciences, 1(4), pp.231-
241. 

 
43. Wang, S., Shi, X., Sun, H., Chen, Y., Pan, H., Yang, X. and Rafiq, T., 2014. Variations in metal tolerance and 

accumulation in three hydroponically cultivated varieties of Salix integra treated with lead. PloS one, 9(9), 
p.e108568. 

 
44. Gibson, J.P., 1988, February. Zinc tolerance in Panicum virgatum L.(Switchgrass) from the Picher Mine 

area. In Proceedings of the Oklahoma Academy of Science (Vol. 68, pp. 45-49). 
 
45. Korzeniowska, J. and Stanislawska-Glubiak, E., 2015. Phytoremediation potential of Miscanthus× 

giganteus and Spartina pectinata in soil contaminated with heavy metals. Environmental Science and 
Pollution Research, 22(15), pp.11648-11657. 

 
46. Zhang, C., Guo, J., Lee, D.K., Anderson, E. and Huang, H., 2015. Growth responses and accumulation of 

cadmium in switchgrass (Panicumvirgatum L.) and prairie cordgrass (Spartinapectinata Link). Rsc 
Advances, 5(102), pp.83700-83706. 

 
47. Winska-Krysiak, M., Koropacka, K. and Gawronski, S., 2015. Determination of the tolerance of sunflower 

to lead-induced stress. Journal of Elementology, 20(2). 
 
48. Hakmaoui, A., Barón, M. and Ater, M., 2006. Environmental biotechnology screening Cu and Cd tolerance 

in Salix species from North Morocco. African Journal of Biotechnology, 5(13). 

http://www.pfaf.org/User/Default.aspx


 205 

 
49. Utmazian, M.N.D.S., Wieshammer, G., Vega, R. and Wenzel, W.W., 2007. Hydroponic screening for metal 

resistance and accumulation of cadmium and zinc in twenty clones of willows and poplars. Environmental 
Pollution, 148(1), pp.155-165. 

 
50. Čudić, V., Stojiljković, D. and Jovović, A., 2016. Phytoremediation potential of wild plants growing on soil 

contaminated with heavy metals. Archives of Industrial Hygiene and Toxicology, 67(3), pp.229-239. 
 
51. Ahmad, S., Ahmad, R., Ashraf, M.Y., Ashraf, M. and Waraich, E.A., 2009. Sunflower (Helianthus annuus L.) 

response to drought stress at germination and seedling growth stages. Pak. J. Bot, 41(2), pp.647-654. 
 
52. Moghaddam, M.J. and Pourdad, S.S., 2010. Evaluation of drought tolerance in cultivars of three oilseed 

Brassica species. Iranian Journal of Field Crop Science, 40(4), pp.81-90. 
 
53. Mann, J.J., Barney, J.N., Kyser, G.B. and Di Tomaso, J.M., 2013. Miscanthus× giganteus and Arundo donax 

shoot and rhizome tolerance of extreme moisture stress. Gcb Bioenergy, 5(6), pp.693-700. 
 
54. Barney, J.N., Mann, J.J., Kyser, G.B., Blumwald, E., Van Deynze, A. and DiTomaso, J.M., 2009. Tolerance of 

switchgrass to extreme soil moisture stress: ecological implications. Plant Science, 177(6), pp.724-732. 
 
55. Han, F.X., Sridhar, B.B., Monts, D.L. and Su, Y., 2004. Phytoavailability and toxicity of trivalent and 

hexavalent chromium to Brassica juncea. New Phytologist, 162(2), pp.489-499. 
 
56. Panwar, B.S., Ahmed, K.S. and Mittal, S.B., 2002. Phytoremediation of nickel-contaminated soils by 

Brassica species. Environment, Development and Sustainability, 4(1), pp.1-6. 
 
57. Blanco, A., Salazar, M.J., Cid, C.V., Pignata, M.L. and Rodriguez, J.H., 2017. Accumulation of lead and 

associated metals (Cu and Zn) at different growth stages of soybean crops in lead-contaminated soils: 
food security and crop quality implications. Environmental Earth Sciences, 76(4), p.182. 

 
58. Rodriguez, J.H., Klumpp, A., Fangmeier, A. and Pignata, M.L., 2011. Effects of elevated CO 2 

concentrations and fly ash amended soils on trace element accumulation and translocation among roots, 
stems and seeds of Glycine max (L.) Merr. Journal of hazardous materials, 187(1), pp.58-66. 

 
59. Mei, B., Puryear, J.D. and Newton, R.J., 2002. Assessment of Cr tolerance and accumulation in selected 

plant species. Plant and Soil, 247(2), pp.223-231. 
 
60. Duke, J.A., 1985. Handbook of energy crops. 1983. Unpublished, see in Phillips DH, Buderkin DA Diseases 

of forest and ornamental trees. Hong Kong. 
 
61. DEFRA, 2007. Best Practice Guidelines. For applicants to DEFRA’s Energy Crop Scheme. The Department 

of Environment, Food and Rural Affairs. Available at 
http://www.agmrc.org/media/cms/miscanthusguide_5C7ABFCA382E7.pdf (Last accessed 27/6/2017). 

 
62. Inoue, T. and Tsuchiya, T., 2009. Depth distribution of three Typha species, Typha orientalis Presl, Typha 

angustifolia L. and Typha latifolia L., in an artificial pond. Plant Species Biology, 24(1), pp.47-52. 
 
63. Asamoah, S.A. and Bork, E.W., 2010. Drought tolerance thresholds in cattail (Typha latifolia): A test using 

controlled hydrologic treatments. Wetlands, 30(1), pp.99-110. 
 
64. Ohashi, Y., Saneoka, H., Matsumoto, K., Ogata, S., Premachandra, G.S. and Fujita, K., 1999. Comparison 

of water stress effects on growth, leaf water status, and nitrogen fixation activity in tropical pasture 
legumes Siratro and Desmodium with soybean. Soil science and plant nutrition, 45(4), pp.795-802. 

 
65. Nakai, A., Yurugi, Y. and Kisanuki, H., 2010. Stress responses in Salix gracilistyla cuttings subjected to 

repetitive alternate flooding and drought. Trees-Structure and Function, 24(6), pp.1087-1095. 
 

http://www.agmrc.org/media/cms/miscanthusguide_5C7ABFCA382E7.pdf


 206 

66. Larchevêque, M., Maurel, M., Desrochers, A. and Larocque, G.R., 2011. How does drought tolerance 
compare between two improved hybrids of balsam poplar and an unimproved native species?. Tree 
Physiology, 31(3), pp.240-249. 

 
67. Zalewska, M. and Nogalska, A., 2014. Phytoextraction potential of sunflower and white mustard plants in 

zinc-contaminated soil. Chilean journal of agricultural research, 74(4), pp.485-489. 
 
68. De Maria, S., Puschenreiter, M. and Rivelli, A.R., 2013. Cadmium accumulation and physiological response 

of sunflower plants to Cd during the vegetative growing cycle. Plant Soil Environ, 59(6), pp.254-261. 
 
69. Rivelli, A.R., De Maria, S., Puschenreiter, M. and Gherbin, P., 2012. Accumulation of cadmium, zinc, and 

copper by Helianthus annuus L.: impact on plant growth and uptake of nutritional 
elements. International journal of phytoremediation, 14(4), pp.320-334. 

 
70. Fozia, A., Muhammad, A.Z., Muhammad, A. and Zafar, M.K., 2008. Effect of chromium on growth 

attributes in sunflower (Helianthus annuus L.). Journal of Environmental Sciences, 20(12), pp.1475-1480. 
 
71. Gopal, R. and Khurana, N., 2011. Effect of heavy metal pollutants on sunflower. African Journal of Plant 

Science, 5(9), pp.531-536. 
 
72. Singh, D., Agnihotri, A. and Seth, C.S., 2017. Interactive effects of EDTA and oxalic acid on chromium 

uptake, translocation and photosynthetic attributes in Indian mustard (Brassica juncea L. var. Varuna). 
CURRENT SCIENCE, 112(10), p.2034. 

 
73. Ebbs, S.D. and Kochian, L.V., 1997. Toxicity of zinc and copper to Brassica species: implications for 

phytoremediation. Journal of Environmental Quality, 26(3), pp.776-781. 
 
74. Guo, H., Hong, C., Chen, X., Xu, Y., Liu, Y., Jiang, D. and Zheng, B., 2016. Different growth and physiological 

responses to cadmium of the three Miscanthus species. PloS one, 11(4), p.e0153475. 
 
75. Arduini, I., Masoni, A. and Ercoli, L., 2006. Effects of high chromium applications on miscanthus during 

the period of maximum growth. Environmental and Experimental Botany, 58(1), pp.234-243. 
 
76. Bojarczuk, K., 2004. Effect of Toxic Metals on the Development of Poplar (Populus tremula L. x P. alba L.) 

Cultured in vitro. Polish Journal of Environmental Studies, 13(2), pp.115-120. 
 
77. Ye, Z.H., Baker, A.J.M., Wong, M.H. and Willis, A.J., 1997. Copper and nickel uptake, accumulation and 

tolerance in Typha latifolia with and without iron plaque on the root surface. New Phytologist, 136(3), 
pp.481-488. 

 
78. Redovniković, I.R., De Marco, A., Proietti, C., Hanousek, K., Sedak, M., Bilandžić, N. and Jakovljević, T., 

2017. Poplar response to cadmium and lead soil contamination. Ecotoxicology and environmental 
safety, 144, pp.482-489. 

 
79. Bauddh, K. and Singh, R.P., 2012. Growth, tolerance efficiency and phytoremediation potential of Ricinus 

communis (L.) and Brassica juncea (L.) in salinity and drought affected cadmium contaminated 
soil. Ecotoxicology and Environmental safety, 85, pp.13-22. 

 
80. Arduini, I., Masoni, A. and Ercoli, L., 2006. Effects of high chromium applications on miscanthus during 

the period of maximum growth. Environmental and Experimental Botany, 58(1-3), pp.234-243. 
 
81. Arduini, I., Ercoli, L., Mariotti, M. and Masoni, A., 2006. Response of miscanthus to toxic cadmium 

applications during the period of maximum growth. Environmental and experimental botany, 55(1-2), 
pp.29-40. 

 
82. Shi, G. and Cai, Q., 2009. Cadmium tolerance and accumulation in eight potential energy 

crops. Biotechnology Advances, 27(5), pp.555-561. 
 



 207 

83. Zacchini, M., Iori, V., Mugnozza, G.S., Pietrini, F. and Massacci, A., 2011. Cadmium accumulation and 
tolerance in Populus nigra and Salix alba. Biologia Plantarum, 55(2), pp.383-386. 

 
84. Chen, B.C., Lai, H.Y. and Juang, K.W., 2012. Model evaluation of plant metal content and biomass yield 

for the phytoextraction of heavy metals by switchgrass. Ecotoxicology and environmental safety, 80, 
pp.393-400. 

 
85. Panda, B.B., Shivay, Y.S. and Bandyopadhyay, S.K., 2004. Growth and development of Indian mustard 

(Brassica juncea) under different levels of irrigation and date of sowing. Indian Journal of Plant 
Physiology, 9(4), pp.419-425. 

 
86. Ajeev Kumar, Manohar Lal, Praveen Kumar, Rajkumar and Jitender Kumar. 2018. Phenological and 

Growth Responses of Indian Mustard (Brassica juncea L.) Genotypes to Different Sowing 
Dates.Int.J.Curr.Microbiol.App.Sci. 7(2): 1435-1440. doi: https://doi.org/10.20546/ijcmas.2018.702.173 

 
87. Panneerselvam, P. and Arthanari, P.M., 2011. Impact of nutrient management and agro-forestry 

systems on growth and yield of sunflower. Madras Agric J, 98, pp.136-140. 
 
88. Bakht, J.E.H.A.N., Shafi, M.O.H.A.M.M.A.D., Yousaf, M.O.H.A.M.M.A.D. and Shah, H.U., 2010. Physiology, 

phenology and yield of sunflower (autumn) as affected by NPK fertilizer and hybrids. Pak. J. Bot, 42(3), 
pp.1909-1922. 

 
89. Buttery, B.R., 1969. Analysis of the growth of soybeans as affected by plant population and 

fertilizer. Canadian Journal of Plant Science, 49(6), pp.675-684. 
 
90. Addo-Quaye, A.A., Darkwa, A.A. and Ocloo, G.K., 2011. Growth analysis of component crops in a maize-

soybean intercropping system as affected by time of planting and spatial arrangement. ARPN Journal of 
Agricultural and Biological Science, 6(6), pp.34-44. 

 
91. Rahman, M.M., Hossain, M.M., Anwar, M.P. and Juraimi, A.S., 2011. Plant density influence on yield and 

nutritional quality of soybean seed. Asian Journal of Plant Sciences, 10(2), p.125. 
 
92. o Di Nasso, N.N., Roncucci, N., Triana, F., Tozzini, C. and Bonari, E., 2011. Productivity of giant reed 

(Arundo donax L.) and miscanthus (Miscanthus x giganteus Greef et Deuter) as energy crops: growth 
analysis. Italian Journal of Agronomy, 6(3), p.22. 

 
93. El Bassam, N., 2010. Handbook of bioenergy crops: a complete reference to species, development and 

applications. Routledge. 
 
94. Kvet, J., 1971. Growth analysis approach to the production ecology of reedswamp plant 

communities. Hydrobiologia., 12, pp.15-40. 
 
95. Dykyjova, D., 1971. Production, vertical structure and light profiles in littoral stands of reed-bed 

species. Hydrobiologia, 12, pp.361-376. 
 
96. Lamers, J.P., Khamzina, A. and Worbes, M., 2006. The analyses of physiological and morphological 

attributes of 10 tree species for early determination of their suitability to afforest degraded landscapes 
in the Aral Sea Basin of Uzbekistan. Forest Ecology and Management, 221(1-3), pp.249-259. 

 
97. Demirbaş, A., 2002. Fuel characteristics of olive husk and walnut, hazelnut, sunflower, and almond 

shells. Energy Sources, 24(3), pp.215-221. 
 
98. Werther, J., Saenger, M., Hartge, E.U., Ogada, T. and Siagi, Z., 2000. Combustion of agricultural 

residues. Progress in energy and combustion science, 26(1), pp.1-27. 
 
99. Magasiner, N. and de Kock, J.W., 1987. Design criteria for fibrous fuel fired boilers. Energy world, (150), 

pp.4-12. 

https://doi.org/10.20546/ijcmas.2018.702.173


 208 

 
100. Lemus, R., Brummer, E.C., Moore, K.J., Molstad, N.E., Burras, C.L. and Barker, M.F., 2002. Biomass yield 

and quality of 20 switchgrass populations in southern Iowa, USA. Biomass and Bioenergy, 23(6), pp.433-
442. 

 
101. D. W. Meyer, W. E. Norby, D. O. Erickson and R. G. Johnson, 2002: Evaluation of Herbaceous Biomass 

Crops in the Northern Great Plains. North Dakota Agricultural Experiment Station, North Dakota State 
University, Fargo North Dakota. 

 
102. Cherney, J.H., Lowenberg-DeBoer, J., Johnson, K.D. and Volenec, J.J., 1989. Evaluation of grasses and 

legumes as energy resources. Evaluation of grasses and legumes as energy resources., pp.289-323. 
 
103. Antal, M.J., Allen, S.G., Dai, X., Shimizu, B., Tam, M.S. and Grønli, M., 2000. Attainment of the theoretical 

yield of carbon from biomass. Industrial & engineering chemistry research, 39(11), pp.4024-4031. 
 
104. Wilén, C., Moilanen, A. and Kurkela, E., 1996. Biomass feedstock analyses. 
 
105. Illerup, J.B. and Rathmann, O., 1997. CO2 gasification of wheat straw, barley straw, willow and giganteus. 

In Fuel and Energy Abstracts (Vol. 1, No. 38, p. 36). 
 
106. Leemhuis, R.J. and de Jong, R.M., 1997. Biomassa: biochemische samenstelling en conversiemethoden 

(confidential report, in Dutch). Petten, ECN, ECN, p.16. 
 
107. ECN laboratories. Energieonderzoec Centrum Nederland. Available at 

https://www.ecn.nl/phyllis2/Biomass/View/2533 (last accessed 12/12/17) 
 
108. Miller, R.S. and Bellan, J., 1997. A generalized biomass pyrolysis model based on superimposed cellulose, 

hemicellulose and liqnin kinetics. Combustion science and technology, 126(1-6), pp.97-137. 
 
109. Luo, C., Brink, D.L. and Blanch, H.W., 2002. Identification of potential fermentation inhibitors in 

conversion of hybrid poplar hydrolyzate to ethanol. Biomass and bioenergy, 22(2), pp.125-138. 
 
110. Richard, T. and Trautmann, N., 1996. Substrate Compostition Table. Cornell University Ithaca, NY, 14853, 

p.2002. 
 
111. Grover, P.D., 1989. Thermochemical characterization of biomass residues for gasification. Biomass 

Research Laboratory. Chemical Engineering Department, Indian Institute of Technology, Delhi, India. 
 
112. Şensöz, S. and Kaynar, İ., 2006. Bio-oil production from soybean (Glycine max L.); fuel properties of Bio-

oil. Industrial Crops and Products, 23(1), pp.99-105. 
 
113. Agblevor, F.A., Besler-Guran, S., Montane, D. and Wiselogel, A.E., 1997. Biomass feedstock variability and 

its effect on biocrude oil properties. In Developments in Thermochemical Biomass Conversion (pp. 741-
755). Springer, Dordrecht. 

 
114. Smeenk, J., Brown, R.C. and Eckels, D., 1999. Determination of vapor phase alkali content during biomass 

gasification. In Proceedings of the 4th Biomass Conference of the Americas: A Growth Opportunity in 
Green Energy and Value-Added Products (Vol. 2, pp. 961-967). 

 
115. Tillman, D.A., 2000. Biomass cofiring: the technology, the experience, the combustion 

consequences. Biomass and Bioenergy, 19(6), pp.365-384. 
 
116. Hallgren, A.L., Engvall, K. and Skrifvars, B.J., 1999, August. Ash-induced operational difficulties in fluidised 

bed firing of biofuels and waste. In Proc. 4th Conf. Biomass Americas, August (Vol. 29). 
 
117. Gaur, S. and Reed, T.B., 1995. An atlas of thermal data for biomass and other fuels (No. NREL/TP--433-

7965). National Renewable Energy Lab., Golden, CO (United States). 

https://www.ecn.nl/phyllis2/Biomass/View/2533


 209 

 
118. Scahill, J., Diebold, J.P. and Feik, C., 1997. Removal of residual char fines from pyrolysis vapors by hot gas 

filtration. Developments in Thermochemical Biomass Conversion, Springer Science+ Business Media, 
Dordrecht, pp.253-266. 

 
119. Jacobson, M., 2017. Miscanthus budget for biomass production. Available at 

https://extension.psu.edu/miscanthus-budget-for-biomass-production (last viewed 10/6/2021) 
 
120. Serapiglia, M.J., Cameron, K.D., Stipanovic, A.J., Abrahamson, L.P., Volk, T.A. and Smart, L.B., 2013. Yield 

and woody biomass traits of novel shrub willow hybrids at two contrasting sites. BioEnergy 
Research, 6(2), pp.533-546. 

 
121. Wullschleger, S.D., Davis, E.B., Borsuk, M.E., Gunderson, C.A. and Lynd, L.R., 2010. Biomass production in 

switchgrass across the United States: Database description and determinants of yield. Agronomy 
Journal, 102(4), pp.1158-1168. 

 
122. Perlack, R.D., Eaton, L.M., Turhollow Jr, A.F., Langholtz, M.H., Brandt, C.C., Downing, M.E., Graham, R.L., 

Wright, L.L., Kavkewitz, J.M., Shamey, A.M. and Nelson, R.G., 2011. US billion-ton update: biomass supply 
for a bioenergy and bioproducts industry. 

 
123. Schwarz, K.U., Greef, J.M. and Schnug, E., 1995. Untersuchungen zur Etablierung und Biomassebildung 

von Miscanthus giganteus unter verschiedenen Umweltbedingungen. Selbstverl. d. 
Bundesforschungsanstalt f. Landwirtschaft Braunschweig-Völkenrode. 

 
124. Jorgensen U., 1996. Miscanthus yields in Denmark. In: Chartier P, Ferrero GL, Henius UM, Hultberg S, 

Sachau J, Wiinblad M, editors. Biomass for energy and the environment: Proceedings of the Ninth 
European Bioenergy Conference, Copenhagen, Denmark, 24–27 June 1996. New York: Pergamon. p. 48–
53.  

 
125. Jorgensen U., 1997. Genotypic variation in dry matter accumulation and content of N, K and Cl in 

Miscanthus in Denmark. Biomass and Bioenergy 1997;12:155–69  
 
126. Netzer, D.A., Tolsted, D.N., Ostry, M.E., Isebrands, J.G., Riemenschneider, D.E. and Ward, K.T., 2002. 

Growth, yield, and disease resistance of 7-to 12-year-old poplar clones in the north central United States. 
 
127. Ion, V., Dicu, G., Dumbravă, M., Bășa, A.G., Temocico, G. and Epure, L.I., 2014. Results regarding biomass 

yield at sunflower under different planting patterns and growing conditions. Scientific Papers-Series A, 
Agronomy, 57, pp.205-210. 

 
128. Ion, V., Basa, A.G., Dicu, G., Dumbrava, M. and Epure, L.I., 2015. Biomass yield at sunflower under 

different sowing and growing conditions from South Romania. In fifteenth International Multidisciplinary 
Scientific Geoconference. “SGEM 2015", SGEM2015 Conference Proceedings, ISBN 978-619-7105-38-4 / 
ISSN 1314-2704, June 18-24, 2015, Book4, 67-74 pp. 

 
129. Walle, I.V., Van Camp, N., Van de Casteele, L., Verheyen, K. and Lemeur, R., 2007. Short-rotation forestry 

of birch, maple, poplar and willow in Flanders (Belgium) I—Biomass production after 4 years of tree 
growth. Biomass and bioenergy, 31(5), pp.267-275. 

 
130. Fang, S., Xu, X., Lu, S. and Tang, L., 1999. Growth dynamics and biomass production in short-rotation 

poplar plantations: 6-year results for three clones at four spacings. Biomass and Bioenergy, 17(5), pp.415-
425. 

 
131. Das, D.K. and Chaturvedi, O.P., 2005. Structure and function of Populus deltoides agroforestry systems in 

eastern India: 1. Dry matter dynamics. Agroforestry systems, 65(3), pp.215-221. 
 
132. Marosvölgyi, B., Halupa, L. and Wesztergom, I., 1999. Poplars as biological energy sources in 

Hungary. Biomass and Bioenergy, 16(4), pp.245-247. 

https://extension.psu.edu/miscanthus-budget-for-biomass-production


 210 

 
133. Proe, M.F., Craig, J., Griffiths, J., Wilson, A. and Reid, E., 1999. Comparison of biomass production in 

coppice and single stem woodland management systems on an imperfectly drained gley soil in central 
Scotland. Biomass and Bioenergy, 17(2), pp.141-151. 

 
134. Stolarski, M.J., Szczukowski, S., Tworkowski, J., Krzyżaniak, M. and Załuski, D., 2017. Willow biomass and 

cuttings' production potential over ten successive annual harvests. Biomass and Bioenergy, 105, pp.230-
247. 

 
135. Sevel, L., Nord-Larsen, T. and Raulund-Rasmussen, K., 2012. Biomass production of four willow clones 

grown as short rotation coppice on two soil types in Denmark. biomass and bioenergy, 46, pp.664-672. 
 
136. Kopp, R.F., Abrahamson, L.P., White, E.H., Volk, T.A., Nowak, C.A. and Fillhart, R.C., 2001. Willow biomass 

production during ten successive annual harvests. Biomass and Bioenergy, 20(1), pp.1-7. 
 
137. Nissim, W.G., Pitre, F.E., Teodorescu, T.I. and Labrecque, M., 2013. Long-term biomass productivity of 

willow bioenergy plantations maintained in southern Quebec, Canada. Biomass and bioenergy, 56, 
pp.361-369. 

 
138. Yue, Y., Hou, X., Fan, X., Zhu, Y., Zhao, C. and Wu, J., 2017. Biomass yield components for 12 switchgrass 

cultivars grown in Northern China. Biomass and Bioenergy, 102, pp.44-51. 
 
139. Iqbal, Y., Gauder, M., Claupein, W., Graeff-Hönninger, S. and Lewandowski, I., 2015. Yield and quality 

development comparison between miscanthus and switchgrass over a period of 10 years. Energy, 89, 
pp.268-276. 

 
140. West, D.R. and Kincer, D.R., 2011. Yield of switchgrass as affected by seeding rates and dates. Biomass 

and bioenergy, 35(9), pp.4057-4059. 
 
141. Sharma, N., Piscioneri, I. and Pignatelli, V., 2003. An evaluation of biomass yield stability of switchgrass 

(Panicum virgatum L.) cultivars. Energy conversion and management, 44(18), pp.2953-2958. 
 
142. Ibrahim, H.M., 2012. Response of some sunflower hybrids to different levels of plant density. APCBEE 

Procedia, 4, pp.175-182. 
 
143. Vassilevska-Ivanova, R., Shtereva, L., Kraptchev, B. and Karceva, T., 2014. Response of sunflower 

(Helianthus annuus L) genotypes to PEG-mediated water stress. Central European Journal of 
Biology, 9(12), pp.1206-1214. 

 
144. Saensee, K., Machikowa, T. and Muangsan, N., 2012. Comparative performance of sunflower synthetic 

varieties under drought stress. International Journal of Agriculture and Biology, 14(6), pp.929-934. 
 
145. Grzesiak, S., Filek, W., Skrudlik, G. and Niziol, B., 1996. Screening for drought tolerance: evaluation of 

seed germination and seedling growth for drought resistance in legume plants. Journal of Agronomy and 
Crop Science, 177(4), pp.245-252. 

 
146. Porcel, R. and Ruiz-Lozano, J.M., 2004. Arbuscular mycorrhizal influence on leaf water potential, solute 

accumulation, and oxidative stress in soybean plants subjected to drought stress. Journal of Experimental 
Botany, 55(403), pp.1743-1750. 

 
147. SUNARYO, W., WIDORETNO, W. and NURHASANAH, N., 2016. Drought tolerance selection of soybean 

lines generated from somaticembryogenesis using osmotic stress simulation of poly-ethylene glycol 
(PEG). Nusantara Bioscience, 8(1). 

 
148. Evans, C.E. and Etherington, J.R., 1991. The effect of soil water potential on seedling growth of some 

British plants. New Phytologist, 118(4), pp.571-579. 
 



 211 

149. Tschaplinski, T.J., Tuskan, G.A. and Gunderson, C.A., 1994. Water-stress tolerance of black and eastern 
cottonwood clones and four hybrid progeny. I. Growth, water relations, and gas exchange. Canadian 
Journal of Forest Research, 24(2), pp.364-371. 

 
150. Moradshahi, A., SALEHI, E.A.B. and KHOLD, B.B., 2004. SOME PHYSIOLOGICAL RESPONSES OF BRASSICA 

SP TO WATER DEFICIT STRESS UN-DER LABORATORY CONDITIONS. 
 
151. Maiti, S., Purakayastha, S. and Ghosh, B., 2007. Thermal characterization of mustard straw and stalk in 

nitrogen at different heating rates. Fuel, 86(10-11), pp.1513-1518. 
 
152. Vetayasuporn, S., 2007. Using Cattails {Typha latifolia) as a Substrate for Pleurotus ostreatus (Fr.) Kummer 

Cultivation. Journal of Biological Sciences, 7(1), pp.218-221. 
 
153. Suda, K., Shahbazi, A. and Li, Y., 2009. The feasibility of using cattails from constructed wetlands to 

produce bioethanol. In Proceedings of the 2007 National Conference on Environmental Science and 
Technology (pp. 9-15). Springer, New York, NY. 

 
154. Blunt, R., 2006. The Effect of an Altered Glucosinolate Profile, on the Invertebrates Within a Brassica 

Napus Crop (Doctoral dissertation, University of Nottingham). 
 
155. Department of Primary Industries and Fisheries, 2008. Soybean – growing guide for Queensland – variety 

update 2008. DPIF Queensland Australia. Available at 
http://www.australianoilseeds.com/__data/assets/pdf_file/0010/7669/Queensland_Soybean_Grower_
Guidelines.pdf (Last accessed 30/3/2021) 

 
156. Afzal, S., Begum, N., Zhao, H., Fang, Z., Lou, L. and Cai, Q., 2017. Influence of endophytic root bacteria on 

the growth cadmium tolerance and uptake of switchgrass (Panicum virgatum L.). Journal of applied 
microbiology. 

  
157. Arduini, I., Masoni, A., Mariotti, M. and Ercoli, L., 2004. Low cadmium application increase miscanthus 

growth and cadmium translocation. Environmental and Experimental Botany, 52(2), pp.89-100. 
 
158. Ali, A., Guo, D., Mahar, A., Wang, Z., Muhammad, D., Li, R., Wang, P., Shen, F., Xue, Q. and Zhang, Z., 2017. 

Role of Streptomyces pactum in phytoremediation of trace elements by Brassica juncea in mine polluted 
soils. Ecotoxicology and environmental safety, 144, pp.387-395. 

 
159. Andreazza, R., Bortolon, L., Pieniz, S., Barcelos, A.A., Quadro, M.S. and Camargo, F.A., 2015. 

Phytoremediation of vineyard copper-contaminated soil and copper mining waste by a high potential 
bioenergy crop (Helianthus annus L.). Journal of plant nutrition, 38(10), pp.1580-1594. ***** 

 
160. Arduini, I., Masoni, A. and Ercoli, L., 2006. Effects of high chromium applications on miscanthus during 

the period of maximum growth. Environmental and Experimental Botany, 58(1-3), pp.234-243 
 
161. Arora, K., Sharma, S. and Monti, A., 2016. Bio-remediation of Pb and Cd polluted soils by switchgrass: a 

case study in India. International journal of phytoremediation, 18(7), pp.704-709. 
 
162. Bang, J., Kamala-Kannan, S., Lee, K.J., Cho, M., Kim, C.H., Kim, Y.J., Bae, J.H., Kim, K.H., Myung, H. and Oh, 

B.T., 2015. Phytoremediation of heavy metals in contaminated water and soil using Miscanthus sp. 
Goedae-Uksae 1. International journal of phytoremediation, 17(6), pp.515-520. 

 
163. Bauddh, K. and Singh, R.P., 2012. Growth, tolerance efficiency and phytoremediation potential of Ricinus 

communis (L.) and Brassica juncea (L.) in salinity and drought affected cadmium contaminated 
soil. Ecotoxicology and Environmental safety, 85, pp.13-22. 

 
164. Çelebi, Ş.Z., Ekin, Z. and Eryiğit, T., 2017. Lead Phytoremediation Potential of Hydroponically Cultivated 

Crop Plants. INTERNATIONAL JOURNAL OF AGRICULTURE AND BIOLOGY, 19(5), pp.1141-1148. 
 

http://www.australianoilseeds.com/__data/assets/pdf_file/0010/7669/Queensland_Soybean_Grower_Guidelines.pdf
http://www.australianoilseeds.com/__data/assets/pdf_file/0010/7669/Queensland_Soybean_Grower_Guidelines.pdf


 212 

165. De Maria, S., Puschenreiter, M. and Rivelli, A.R., 2013. Cadmium accumulation and physiological response 
of sunflower plants to Cd during the vegetative growing cycle. Plant Soil Environ, 59(6), pp.254-261. 

 
166. Forte, J. and Mutiti, S., 2017. Phytoremediation Potential of Helianthus annuus and Hydrangea paniculata 

in Copper and Lead-Contaminated Soil. Water, Air, & Soil Pollution, 228(2), p.77. 
 
167. Hsiao, K.H., Kao, P.H. and Hseu, Z.Y., 2007. Effects of chelators on chromium and nickel uptake by Brassica 

juncea on serpentine-mine tailings for phytoextraction. Journal of hazardous materials, 148(1-2), pp.366-
376. 

 
168. Karak, T., Bhattacharyya, P., Paul, R.K. and Das, D.K., 2013. Metal accumulation, biochemical response 

and yield of Indian mustard grown in soil amended with rural roadside pond sediment. Ecotoxicology and 
environmental safety, 92, pp.161-173. 

 
169. Korzeniowska, J. and Stanislawska-Glubiak, E., 2015. Phytoremediation potential of Miscanthus× 

giganteus and Spartina pectinata in soil contaminated with heavy metals. Environmental Science and 
Pollution Research, 22(15), pp.11648-11657. 

 
170. Kötschau, A., Büchel, G., Einax, J.W., von Tümpling, W. and Merten, D., 2014. Sunflower (Helianthus 

annuus): phytoextraction capacity for heavy metals on a mining-influenced area in Thuringia, 
Germany. Environmental earth sciences, 72(6), pp.2023-2031. 

 
171. Liu, C., Lou, L., Deng, J., Li, D., Yuan, S. and Cai, Q., 2016. Morph-physiological responses of two 

switchgrass (Panicum virgatum L.) cultivars to cadmium stress. Grassland science, 62(2), pp.92-101. 
 
172. Mani, D., Kumar, C., Patel, N.K. and Sivakumar, D., 2015. Enhanced clean-up of lead-contaminated alluvial 

soil through Chrysanthemum indicum L. International Journal of Environmental Science and 
Technology, 12(4), pp.1211-1222. 

 
173. Memoli, V., Esposito, F., De Marco, A., Arena, C., Vitale, L., Tedeschi, A., Magliulo, V. and Maisto, G., 2017. 

Metal compartmentalization in different biomass portions of Helianthus annuus L. and Sorghum bicolor 
L. grown in an agricultural field inside an urban fabric. Applied Soil Ecology, 121, pp.118-126. 

 
174. Niu, Z.X., Sun, L.N., Sun, T.H., Li, Y.S. and Hong, W.A.N.G., 2007. Evaluation of phytoextracting cadmium 

and lead by sunflower, ricinus, alfalfa and mustard in hydroponic culture. Journal of environmental 
sciences, 19(8), pp.961-967. 

 
175. Redovniković, I.R., De Marco, A., Proietti, C., Hanousek, K., Sedak, M., Bilandžić, N. and Jakovljević, T., 

2017. Poplar response to cadmium and lead soil contamination. Ecotoxicology and environmental 
safety, 144, pp.482-489. 

 
176. Romeo, S., Francini, A., Ariani, A. and Sebastiani, L., 2014. Phytoremediation of Zn: identify the diverging 

resistance, uptake and biomass production behaviours of poplar clones under high zinc stress. Water, Air, 
& Soil Pollution, 225(1), p.1813. 

 
177. Shi, G. and Cai, Q., 2009. Cadmium tolerance and accumulation in eight potential energy 

crops. Biotechnology Advances, 27(5), pp.555-561. 
 
178. Singh, D., Agnihotri, A. and Seth, C.S., 2017. Interactive effects of EDTA and oxalic acid on chromium 

uptake, translocation and photosynthetic attributes in Indian mustard (Brassica juncea L. var. 
Varuna). CURRENT SCIENCE, 112(10), p.2034. 

 
179. Tahmasbian, I. and Sinegani, A.S., 2014. Chelate-assisted phytoextraction of cadmium from a mine soil 

by negatively charged sunflower. International Journal of Environmental Science and Technology, 11(3), 
pp.695-702. 

 



 213 

180. Tahmasbian, I. and Sinegani, A.A.S., 2016. Improving the efficiency of phytoremediation using electrically 
charged plant and chelating agents. Environmental Science and Pollution Research, 23(3), pp.2479-2486. 
******* 

 
181. Tőzsér, D., Harangi, S., Baranyai, E., Lakatos, G., Fülöp, Z., Tóthmérész, B. and Simon, E., 2018. 

Phytoextraction with Salix viminalis in a moderately to strongly contaminated area. Environmental 
Science and Pollution Research, 25(4), pp.3275-3290. 

 
182. Munir, M.A., Malik, M.A. and Saleem, M.F., 2007. Impact of integration of crop manuring and nitrogen 

application on growth, yield and quality of spring planted sunflower (Helianthus annuus L.). Pakistan 
Journal of Botany, 39(2), p.441. 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 


	Declaration
	Abstract
	Dedication
	Acknowledgement
	Table of contents
	CHAPTER ONE
	INTRODUCTION
	1.1 BACKGROUND
	1.2 JUSTIFICATION OF STUDY AND CONTRIBUTION TO KNOWLEDGE
	1.3 RESEARCH GAPS AND PROJECT AIM AND OBJECTIVES
	1.4 THESIS OUTLINE
	1.5 Significance of the study

	CHAPTER TWO
	LITERATURE REVIEW
	2.1 Soil contamination
	2.2 Heavy metals contamination
	2.3 Heavy metal classification
	2.4 Remediation
	2.4.1 Physical remediation
	2.4.1.1 Soil replacement
	2.4.1.2 Soil isolation
	2.4.2 Thermal remediation
	2.4.2.1 Vitrification
	2.4.3 Electrochemical remediation
	2.4.3.1 Electrokinetic remediation
	2.4.4 Chemical remediation
	2.4.4.1 Soil washing
	2.4.4.2 Immobilization
	2.4.4.3 Encapsulation
	2.4.5 Biological remediation
	2.4.5.1 Microbial bioremediation
	2.4.5.2 Phytoremediation
	2.4.5.2.1 Phytostabilization
	2.4.5.2.2 Phytovolatilization
	2.4.5.2.3 Phytoextraction
	2.5 Metal accumulator plants of interest
	2.5.1 Brassica juncea (Indian mustard)
	2.5.2 Glycine max (Soybean)
	2.5.3 Helianthus anuus (Sunflower)
	2.5.4 Miscanthus sinensis (Silvergrass)
	2.5.5 Panicum virgatum (Switchgrass)
	2.5.6 Salix spp. (Willow)
	2.5.7 Populus spp. (Poplar)
	2.5.8 Typha latifolia (Cattails)
	2.6 Multicriteria decision analysis application for phytoremediation
	2.7 Biomass valorization for energy
	2.7.1 Direct combustion of biomass
	2.7.2 Biological conversion for producing liquid and gaseous fuels
	2.7.3 Chemical conversion for producing liquid fuels.
	2.7.4 Thermochemical conversion to produce fuel
	2.7.4.1 Gasification
	2.7.4.2 Pyrolysis
	2.7.4.2.1 Slow pyrolysis
	2.7.4.2.2 Fast pyrolysis
	2.7.4.2.3 Flash pyrolysis
	2.7.5 Pyrolysis products
	2.7.5.1 Bio-oil
	2.7.5.2 Biochar
	2.7.5.3 Syngas
	2.8 Combing phytoremediation with bioenergy production
	2.9 Biochars and their environmental significance
	2.9.1 Biochar for wastewater treatment
	2.9.2 Efficiency of biochar treatment for heavy metals in wastewater

	CHAPTER THREE
	METHODOLOGY
	3.1 Introduction
	3.2 Methodology for Multicriteria Decision Analysis
	3.2.1  Systematic review protocol
	3.2.2  Defining the decision problem
	3.2.3  Defining criteria/indicators
	3.2.4  Data collection for different criteria and KPIs
	3.2.4.1 Translocation factor (TF)
	3.2.4.2  Calorific value
	3.2.4.3 Biochemical composition (% dry wt)
	3.2.4.4 Biomass production
	3.2.4.5 Root system
	3.2.4.6 Second generation attribute (SGA)
	3.2.4.7 Crop growth rate (CGR)
	3.2.4.8 Yield Index (YI)
	3.2.4.9 Metal Tolerance Index (MTI)
	3.2.5 Multicriteria decision matrix
	3.3 Methodology for Phytoremediation study
	3.3.1  Soil properties
	3.3.1.1 Soil pH
	3.3.1.2 Soil texture
	3.3.1.3 Soil moisture content (SMC)
	3.3.1.4 Soil organic matter (SOM)
	3.3.1.5 Cation exchange capacity (CEC)
	3.3.2 Enumeration of soil microorganisms
	3.3.3 Heavy metals determination
	3.3.4 Preparation of Bacillus aryabhattai AB211
	3.3.5  Soil and metal stock preparations
	3.3.6 Experimental protocol
	3.3.7 Calculating important parameters
	3.3.7.1 Bioconcentration factor (BCF)
	3.3.7.2 Translocation factor (TF)
	3.3.7.3 Metal tolerance index (MTI)
	3.3.8 Statistical analysis
	3.4 Methodology for pyrolysis study
	3.4.1 Measuring the calorific value of biomass sample prior to pyrolysis
	3.4.2 Estimating pyrolysis product
	3.5 Methodology for Column experiments for wastewater treatments.
	3.5.1 Material preparation and characterization
	3.5.2 Column leaching experiment
	3.5.3 Batch adsorption isotherm experiment
	3.5.4 Statistical analysis

	CHAPTER FOUR
	DEVELOPING A MULTI-CRITERIA DECISION MATRIX FOR SPECIES SELECTION
	4.1 Background
	4.2 Aim and objectives
	4.3 Results and discussion
	4.3.1 Species performance according to specified Criteria/KPIs
	4.3.1.1 Pollutant accumulation (translocation factor)
	4.3.1.2  Calorific value
	4.3.1.3 Biochemical composition (% dry wt)
	4.3.1.4 Biomass production
	4.3.1.5 Rooting system
	4.3.1.6 Second generation attribute (SGA)
	4.3.1.7 Crop growth rate (CGR)
	4.3.1.8 Yield index (YI)
	4.3.1.9 Metal Tolerance Index (MTI)
	4.3.2 Multi-criteria analysis matrix
	4.3.3  Result synthesis
	4.3.4 Application
	4.3.5 Conclusion

	CHAPTER FIVE
	5.0 PHYTOEXTRACTION OF METAL-CONTAMINATED SOIL USING HELIANTHUS ANNUUS  (SUNFLOWER)
	5.1 Background
	5.2 Aim and Objectives
	5.3 Result and discussions
	5.3.1 Soil properties
	5.3.2 Effects of heavy metal stress on H. annuus growth
	5.3.3 Effects of AB211 strain on plant growth under different metal treatments
	5.3.4 Heavy metal accumulation of H. annuus under different metal treatments and the role of PGPB, B. aryabhattai AB211

	5.4 Conclusion
	CHAPTER SIX
	VALORIZATION OF POST-REMEDIATION BIOMASS: THE ROLE OF BIOCHARS IN MANAGING CONTAMINANTS IN AQUEOUS SOLUTION
	6.1 Introduction
	6.2 Results and discussions
	6.2.1 Heating value of sunflower under different metal treatments
	6.2.2 Pyrolysis yield
	6.2.3 Characterization
	6.2.2 Total heavy metal concentration in sunflower-derived biochar after pyrolysis
	6.2.3 Speciation of heavy metals in sunflower metal-enriched biochar after pyrolysis
	6.3 Column adsorption of metal contaminants using sunflower-derived metal-enriched biochar
	6.4 Batch adsorption isotherms

	CHAPTER SEVEN
	GENERAL DISCUSSION, LIMITATION/RECOMMENDATION AND CONCLUSION
	7.1 Summary of findings and discussion
	7.1.1 Sunflower and silvergrass emerging in MCDM analysis of candidates and implications
	7.1.2 Potential of Sunflower for phytoextraction
	7.1.3 Role of plant growth promoting bacteria, Bacillus aryabhattai on plant growth and implications for sustainable phytoremediation.
	7.1.4 The effect of post-remediation pyrolysis of metal-rich sunflower biomass on the stabilization and immobilization of heavy metals.
	7.1.5. The effectiveness of stable metal-rich sunflower biochar for heavy metal removal in aqueous solution and implications for wastewater management.
	7.2  Limitations and recommendation
	7.3 Conclusion


