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A list of critical raw materials and elements has been established by European Commission 

based on two parameters, supply risk and economic importance. Therefore, it is important to 

derive and develop innovative technologies for extraction of these naturally occurring materials 

to meet the demand. Mining of critical elements is one of the widely applicable conventional 

methods for extraction, but it is feasible only, when there is enough quantity of desired element. 

However, when the quantity of desired element in the target source is not enough then this study 

suggests the application of Phytomining technology.  

An introduction to phytomining technology has been presented in this study, followed by 

presenting the best hyperaccumulator plants so far discovered particularly for accumulation of 

critical elements. Those hyperaccumulator plants were considered more useful which can 

accumulate high concentration of target elements. Then economic feasibility of phytomining 

technology has been done by comparing the price of 1 Kg of desired element versus the 

extraction cost per Kg of the same element. The results show that phytomining technology is 

feasible for recovery of Germanium. Data has been gathered from previously performed 

research.  
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1 INTRODUCTION 
 

1.1 Background 
 

There are many elements which are not supplied according to the quantity of their demand 

because of their extensive application in modern technology and rare occurrence in nature. This 

imbalance drives both the demand and supply, while demand increases, the availability is 

reduced. One way to address this issue is to recycle those material whose supply/production is 

less than demand. However, at times, the recycling option is not suited as it may be too 

expensive or even not practically possible. This gives rise to the situation where, we either need 

to stop using those materials, find substitutive materials, or in some cases try to find an 

innovative way to recover those natural resources which is not possible through conventional 

methods for example mining. This holds true, especially in case of critical elements.  

It is important at this point to explain what critical raw materials (CRM) are and why are they 

important for our economy. The term “critical” is used since these materials have high strategic 

and economic importance and are available in very limited quantities through traditional 

methods of extraction such as mining. These materials are important economically because they 

are used in nearly every type of industrial manufacturing process, for example, consumer 

electronics, aerospace, automotive, defense, high-tech products etc. which makes them 

strategically important because one of the aspects of a strong economy is based on industrial 

manufacturing. For this purpose, the European commission has published a list of critical 

materials which has been revised time to time by adding/removing some materials. These 

materials include Antimony, Beryllium, Borates, Cobalt, Coking Coal, Fluorspar, Gallium, 

Germanium, Heavy rare earths, Light rare earths, Indium, Magnesium, Natural Graphite, 

Niobium, Platinum group metals, Phosphate rock, Silicon metal and Tungsten. However, in 

2017 nine more materials were added by the commission that includes Baryte, Bismuth, 

Hafnium, Helium, Natural rubber, Phosphorus, Scandium, Tantalum and Vanadium (European 

commission, 2017). 
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Figure 1. Graph of CRM (red dots) Source (European commission, 2017) 

According to the Figure 1 there are two parameters which has been considered by European 

commission, the economic importance and supply risk. The materials which have higher 

economic importance and greater supply risk are considered as critical materials according to 

European commission.   

Mining dumps for most of the critical materials are obtained through traditional mining 

techniques, where some materials are found in pure form while some others are obtained through 

some sort of extraction methods. Traditional mining techniques are useful only if there is enough 

amount of the target element, but in situations where the target elements are not present in 

sufficiently large quantities, traditional mining technique becomes expensive and 
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uneconomical. In such cases, researchers in the past have tried to study, if these elements can 

be recovered from the ore bodies having small contents of target element. For this purpose, a 

technique known as “Phytomining” was developed in which hyperaccumulator plants are 

utilized to extract the target elements from the soil which are later recovered. The current study 

focuses on recovery of critical elements from ore bodies having considerably less amount of 

target element and which cannot be recovered by traditional mining techniques. A less known 

extraction technology known as phytomining has been utilized for recovery of critical elements. 

 

1.2 Research questions and objectives 
 

The current study is aimed at recovery of critical elements from ore bodies which contains 

considerably less amount of target elements. The ore bodies are in the form of mine tailing and 

dumps or other industrial wastes from which it is expensive or difficult to extract the target 

element through different extraction methods/technologies. Keeping this in view the research 

questions and objectives were formulated. First of all, in this study phytomining technology 

have been introduced and then this technology has been utilized for recovery of critical 

elements. Phytomining technology is used to recover precious metals such as Gold, but the 

present study suggests that this technology can also be applied to recovery of critical elements. 

In this regard a few research questions have been formulated, each contributing to the main 

objective that is recovery of critical elements from ore bodies containing considerably less 

contents of target elements. The first question is aimed at defining phytomining technology. 

 

RQ1: What is Phytomining and what are different technologies available to till date? 

RQ1 is essential to understand because this technology, at first place, is not so popular and 

secondly all the subsequent questions relies on this question. 

RQ2 is continuation of RQ1 because it states that: 
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RQ2: Which hyperaccumulator plants have been so far discovered for recovery of critical 

elements? 

RQ3: What is the content of target element in the discovered hyperaccumulator plants? 

RQ2 and RQ3 are continuation of RQ1 because it is essential to understand hyperaccumulator 

plants before understanding RQ2 and RQ3.  

RQ4 focuses is continuation of RQ2 and RQ3, it states that: 

RQ4: Which hyperaccumulator plants are most promising for recovery of critical elements? 

RQ4 highlights those hyperaccumulator plants which have greater ability to accumulate larger 

quantity of target elements. RQ4 separates less useful hyperaccumulator plants from more 

useful hyperaccumulator plants and provides the most promising hyperaccumulators for 

phytomining technology. The last RQ is formulated based on all the previous RQs, it provides 

all the answers of RQs in this study. It is related to cost calculations and gives an overview of 

processing cost of plants biomass after harvesting for extraction of target element. In this study, 

only processing cost of plant biomass is considered because it is the most expensive step in 

phytomining technology. Other costs like ploughing, growing, application of chemicals for 

induced hyperaccumulators, harvesting etc. are not considered because they may vary from 

country to country and not contributing much towards the final cost. RQ5 states that: 

 

RQ5: How much does it cost to process per ton ash of plants biomass to recover desired 1 Kg 

of element? 

 

However, from previous studies carried out we do not have exact data about processing the 

plants biomass for recovery of critical elements, so it has been supposed that if recovery of 

Nickel and Gold costs this much, then for recovery of critical elements will also cost somehow 

near to the mentioned cost. RQ5 gives an approximate value of the cost of processing plant 

biomass per ton ash instead of exact value.  
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1.3 Research Methodology 
 

The approach for designing this research comes from literature review and is created in such a 

way that first we understand the research problem and trends and then to approach the main 

problem. The research methods applied is a mix of quantitative and qualitative. The first and 

second research question are descriptive questions which can be answered by studying the 

literature and previous research. Before approaching other questions, it is important to 

understand the phytomining technology developed till this day. However, the importance and 

use of critical material could be best understood from literature review. Table 1 shows the 

objectives, research question and applied research methods. 

 

Research Objectives Research Questions Research Methods 

To understand and assess 

Phytomining Technology 

What is Phytomining and 

what are different 

technologies available to till 

date? 

 

Descriptive  

To determine 

hyperaccumulators for 

critical elements only 

Which hyperaccumulator 

plants have been so far 

discovered for recovery of 

critical elements? 

 

Descriptive  

To determine the 

concentration of element in 

hyperaccumulators  

What is the content of target 

element in the discovered 

hyperaccumulator plants? 

 

Quantitative  
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To evaluate the best choice 

for selection of 

hyperaccumulators for 

Phytomining 

Which hyperaccumulator 

plants are most promising for 

recovery of critical 

elements? 

Quantitative 

To evaluate the economically 

feasible elements for 

Phytomining 

How much does it cost to 

process per ton ash of plants 

biomass to recover desired 1 

Kg of element? 

Quantitative 

Table 1: Research objectives, research questions and research methods 

 

After understanding the Phytomining technology, the research gradually focuses on its main 

objective that is Recovery of critical element from plant biomass and its economic feasibility. 

The second research question is the extension of the first question in which it has been explained 

what is hyperaccumulator plant and how it plays its role in Phytomining technology. This 

question answers in the light of previous studies carried out on Phytomining and the similar 

technologies, although phytomining is not aimed at only recovery of critical elements but the 

present research is objectively aiming at only the critical elements. Therefore, only those plants 

have been mentioned which can accumulate only critical elements.  

The following research questions have become more specific for achieving the main objective 

of the present research. The third research question focuses only on assessment of the ability of 

the hyperaccumulating plants for recovery of critical elements in which only the contents of 

critical elements have been considered. The outcome of this question is a list of 

hyperaccumulator plants which has greater ability to accumulate the target element and thus 

follows the second research question. The fourth research question is further extension of third 

question, this question separates the best hyperaccumulator plants from better and good 

hyperaccumulators. This question contributes a greater extent towards the main objective of this 

research. In the end, the last research question is related to economic feasibility. This question 

is although simple and straight forward, but it is worth mentioning some sub questions here. In 

addition, it has been assumed that the processing cost of plant biomass per ton ash in case of 
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Gold and Nickel would be approximately same as processing cost of plant biomass for recovery 

of critical elements.  

 

The sub questions of RQ5 is given here:  

RQ5: How much does it cost to process per ton ash of plant biomass to recover desired 1 Kg of 

element? 

- How much does it cost per ton of ash in case of Gold and Nickel Phytomining?  

- What is the price of critical elements under consideration per Kg in the present time? 

- Is it economically feasible for recovery of desired critical element through Phytomining 

by comparing the answers from first two sub questions? 

 

The present research ends up with comparing the price per Kg of the element under 

consideration and the processing cost of plant biomass for recovery of desired 1 Kg element. In 

this research the data collected is mostly primary but, in some cases, secondary data has also 

been collected. The Figure 2 shows research design pattern. 
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Figure 2. Research design pattern 
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2 LITERATURE REVIEW 
 

This chapter has been included with aim to explain the importance of CRM in the modern age, 

its role in the modern economy and industrial applications. Further, it includes why and how 

Phytomining came into practice, at the present time how much this technology has been 

developed and what other technologies similar to Phytomining are available. In addition, this 

chapter also includes the motive behind applying this technology for recovery of critical 

elements by utilizing Phytomining technology.  

 

2.1 Critical Raw Materials 
 

There is no straight forward definition for CRM, instead there are conditions set by European 

union commission that makes certain materials critical for European economy. These conditions 

states that those materials are considered critical if they hold significant economic importance 

particularly for some key sectors, have high supply risk for Europe and they lack for substituting 

materials (European commission, 2010). The history of CRM is not new, in fact it traces back 

from 1939 and this term was first coined by “Strategic and Critical Materials Stock Piling Act” 

(Legislative council, 1939). Due its high importance it is decided to review and update the list 

of critical raw materials at least every three years (EUROPEAN COMMISSION, 2008). CRMs 

are important economically because they have wide applications in industrial manufacturing in 

nearly every kind of products particularly high-tech product. For instance, Germanium and rare 

earth elements being one of the critical materials have wide applications in manufacturing of 

high technology products like commercial as well as military high technology electronics, 

communication technologies and also Green energy technologies (Rosenberg, 2007; Panda et 

al., 2014). That is why these materials are also important from strategic point of view.  

 

Similarly, CRMs have high supply risk because they have wide applications, but its production 

is concentrated to geographically few countries therefore European countries are forced to 

import these materials or either recycle. For this reason, these materials have unstable supply 
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situation and also not secured (Achzet and Helbig, 2013) that means Europe could face a 

situation when they need some of these materials but due to changes in political/economical 

situations they could not import causing a shortage at the time of need. For instance, Antimony 

declared as critical material because more than 87% of this element are being imported from 

China. In addition, it is one of the rarest elements on the earth crust. In the near future it is 

expected that the need of this element would be even more due to its wide application in 

manufacturing industries due to which this element could face supply risk (Dupont et al., 2016). 

Another aspect of critical materials is to find substituted materials which in most of the cases is 

not possible, therefore it is necessary to make use of these materials efficiently and need to 

address in advance the shortage of these materials before Europe face a major serious situation. 

According to a report published by European Academies Science Advisory Council EASAC 

(2016) with the title “Priorities for critical materials for circular economy” cites the work done 

by JRC (2013) in which critical elements with associated technologies are rated based on their 

importance as shown in Table 2. 

Elements Rating Associated Technology 

Rare Earths: Dy, Pr, Nd 

Rare Earths: Eu, Tb, Y 

Gallium 

Tellurium 

 

High 

High 

High 

High 

 

 

vehicles, wind 

lighting 

lighting, solar 

solar 

Graphite 

Rhenium 

Hafnium 

Germanium 

Platinum 

Indium 

 

Medium-High 

Medium-High 

Medium-High 

Medium-High 

Medium-High 

Medium-High 

vehicles 

fossil fuels 

nuclear 

lighting 

fuel cell 

solar, lighting, nuclear 
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Table 2: Critical Elements and Associated Technologies. Source: (JRC, 2013) 

 

2.2 Phytomining 
 

Traditional mining of metals is usually performed for obtaining in large quantities which is 

expensive and usually done for well-known metals occurring in large quantities naturally. In 

addition traditional mining is a threat to the environment, the impacts it has on the environment 

is explained by Conesa and Schulin, (2010). On the other hand for getting precious metals 

(Gold) and rare earth metals there is a nontraditional technique available which is also termed 

as green technology and is called as Agromining/Phytomining, which is also one type of 

phytoextraction technology. In traditional mining techniques metals are usually extracted from 

high grade ores while in agromining metals are extracted from low grade ores or metal 

contaminated soil with the help of known plants which are also known as hyperaccumulator 

plants. This term was first coined by jaffre et al., (1976). Many researchers have defined 

hyperaccumulator plants, but the basic criteria is that, those plants which can accumulate metals 

100 times more than the ordinary plants growing in the similar environment (Brooks et al., 

1977). The process of phytomining involves growing hyperaccumulator plants in the soil 

containing target metals then Harvesting the plants, Drying and Aishing, then small 

concentration of bio ore are obtained and smelting of metal is performed (Robinson et al., 1999). 

There are certain factors which influence the performance of phytomining for high yield of 

Rare Earths: La, Ce, Sm 

Rare Earths: Gd 

Cobalt 

Tantalum 

Niobium 

Vanadium 

Tin 

Chromium 

Medium 

Medium 

Medium 

Medium 

Medium 

Medium 

Medium 

Medium 

Vehicles 

lighting 

vehicles, fossil fuels 

geothermal, fossil fuels 

CCS 

CCS 

Solar 

desalination 
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target metal recovery. Literature shows these factors depends on the type of metal to be 

recovered, type of plant species utilized, type of soil used (soil pH), use of Fertilizers and 

Chelates) (Sheoran et al., 2009). The process of phytomining and phytoremediation is same but 

the ultimate purpose for both is different. Phytomining is aim at recovery of metals from 

hyperaccumulator plants for economical reasons but phytoremediation is done for 

environmental reasons.  

 

For a successful phytomining it is very important to get high biomass of hyperaccumulator 

plants, with high contents of desired element and thus highly concentrated ash. To achieve 

successful phytomining researchers have performed field and laboratory experiments by 

changing different parameters which could not be generalized for all the elements, to elaborate 

this point we need to have a look on literature and see the examples how these experiments have 

been performed to recover high concentration of target metals/elements from associated media 

(soil/mining dump). 

 

For this purpose, the case of Ni recovery from hyperaccumulator plants, Rinorea bengalensis 

and Phyllanthus securinegoides was considered, which was done by Vaughan et al., (2017). the 

process flow diagram is shown in Fig.3 according to which bio-ore are first produced from the 

respective plant’s species which are then water washed for recovery of K, the washed ash are 

then leached with H₂SO₄ for extraction of Ni, and as a last step, from the respective solution Ni 

is recovered as Ni(OH)2 by precipitation with using potassium carbonate solution. The 

researchers also proposed to exploit the heat energy produced for drying as well as heating 

process solutions, In addition the byproducts K-solution and gypsum (CaSO4.2H2O) could also 

be recycled for Ni farm as fertilizer to overcome the depletion of these elements in the soil. The 

researchers further claim that this process requires less capital investment, shorter lead time and 

more pure form of Ni. 
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Fig. 3. Process Flow diagram of Hydrometallurgical processing of nickel biomass [source: 

Vaughan et al., (2017)] 

 

. 

 

Chaney et al., (1998) claims that Ni, Co, Pd, Rh, Ru, Pt, Ir and Re are able to be recovered from 

soil by growing Brassicaceae plants, particularly Alyssum in the soil contaminated with the 

mentioned metals, their patent states the method of recovery according to which the soil is 

treated for maintaining low pH (4.5-6.2), lower calcium concentration (acidifying soil with 

sulphur, sulphuric acid or leaching etc), and adding ammonium (fertilizer) and chelating agents 

(EDTA/NTA) . It is further claimed that Ni in order of 2.5% or even more could be achieved in 

above ground tissues, harvesting these above ground plant materials, drying followed by 

combustion (roasting/sintering/smelting) to oxidize/vaporize organic materials and then 

recovering the metal from the ash/bio-ore by conventional technique (acid dissolution and 

electrowinning) (Chaney et al., (1998))   

 

An ideal hyperaccumulator plant for phytomining of a certain element should have some of the 

following properties, they should be fast growing producing high biomass, should be self -

adjustable to the local weather, have high tolerance to the metal pollutants, should have great 

root system of translocating substance from roots to shoots, able to survive against diseases and 
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pests, able to be treated agrotechnically and by harvesting (Alkorta et al., 2004, Leštan et al., 

2008), however in reality there has not been discovered a single plant which possess all of the 

above properties but it could be possible to be reengineered non-accumulator plants to achieve 

some of the above mentioned properties (Bhargava et al., 2012). The most promising factors 

affecting accumulation of heavy metals includes soil factors, environmental factors and genetic 

factors as discussed in more details by Bhargava et al., 2012, however it is further argued that 

two approaches could be adopted to modify plants for better accumulation property, 

conventional breeding and genetic engineering. Previous studies reveal the fact that plant 

breeding plays a vital role in phytomining enhancement, for instance Kumar., et al (1995) 

studied 106 different cultivars of Brassica juncea (Indian mustard) for accumulation of lead in 

its roots and its transportation to shoots, as a result they have identified the least and most 

efficient cultivar of the same plant (Kumar et al., 1995). Another studies done by Bhargava et 

al.,(2008) also reveals the same kind of results in which Chenopodium was evaluated, 

Chenopodium quinoa was able to accumulate high concentration of Zn, Cr and Cd while 

Chenopodium album and Chenopodium bushianum were able to accumulate high concentration 

of Ni (Bhargava et al.,2008). Similarly, Biotechnology and genetic engineering could also play 

a vital role in finding the best choice for hyperaccumulating plants. Combination of species are 

still desirable like Thlaspi caerulescens (known for high metal uptake with low biomass) and 

Brassica juncea which is known for high biomass and fast growing plant (Brooks and Robinson,  

1998). Genetic engineering techniques could also help in finding ideal plants such as having 

capability of accumulating high concentration of metals and at the same time have high yield of 

above ground biomass, a strategy (Figure 4) has been proposed by Kärenlampi et.,al (2000) to 

utilize the knowledge from genetic engineering in phytoextraction technologies (Kärenlampi et 

al., 2000).  
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Fig. 4. A general strategy for designing metal-tolerant/accumulator plants using genetic 

engineering [Source: (Kärenlampi et al., 2000)] 

 

As stated earlier that the primary motive behind phytomining is the economical gain of the 

metals from metal contaminated soil or from ores which could not be profitable if done by 

traditional mining techniques, so according to Li et al., (2003) there is a need to search for ideal 

hyperaccumulator plant species, well maintained soil, proper management of crop and well-

developed techniques for processing biomass and extraction technologies if commercially 

viable technology is desired (Li et al., 2003). However, heat energy obtained during combustion 

of the biomass could also be utilized as proposed by various researchers, for instance Harris et 

al., (2009) has estimated the profitability of Ni phytomine by using Berkheya coddii, to be 

approximately 11,500 AU$/ha/harvest including the electrical energy generated from the 

harvested biomass, and approximately 26,000 AU$/ha/harvest for Gold phytomine by using 

Brassica juncea including electric energy generated from respected harvested biomass (Harris 

et al., 2009). To make phytomining/phytoextraction more economically cost effective, recovery 

of energy is desirable (Li et al., 2003). Anderson et al.,(1999) have also proposed a model of 

phytomining for metals (Fig. 4) in which sale of energy produced from bio mass combustion is 

proposed to be one of the sources of economical gain (Anderson et al.,1999). Sheoran et 

al.,(2013) have also concluded in their research that recovery of heat energy from biomass 
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combustion could be one of the sources of profit from phytomining, In addition evaluating the 

economics of phytomining related metal price in market should also be considered importantly 

(Sheoran et al., 2013).   

 

Fig. 5 Proposed model of Phytomining for metals [Source: (Anderson et al.,1999)] 

 

2.3 Other Phytoremediation Technologies 
 

Recovery of metals from secondary source of metals such as soil which contains contents of 

target metal is getting popularity due to the high demand of metals worldwide (Van der Ent et 

al,. 2015). Therefore, the associated technologies are also gaining popularity worldwide and 

proving its usefulness. There are several different phytoremediation technologies available with 

a slight difference in its ultimate goal. For instance, phytoremediation is a technology (similar 

to phytomining) but the ultimate goal is to clean the contaminated soil from organic and 

inorganic pollutants that has serious impact on public health and environment (Cristaldi et al., 
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2017). The basic criteria including utilizing high biomass hyperaccumulators is same, but the 

ultimate goal is to clean the soil instead of recovery of target metals. However, in some cases 

energy recovery from phytoremediation is also proposed for economical benefits (Jiang et al., 

2015). Another similar technology known as Phyto-stabilization is also in practice which is 

used by utilizing certain plants which are able to decrease the mobility of metals to ground water 

or its entry in food chain through adsorption or any other mechanism (Erakhrumen, 2007). 

However, this technology is not that much useful because the pollutants still remain in the soil 

but their mobility becomes restricted (Sarwar et al., 2017). Similarly, phytovolatilization 

technology coverts the metals in volatile form and releases them in the air (Ghosh and Singh, 

2005). A report prepared by US Environmental Protection Agency has done a review of 

phytoremediation technologies as shown in Table 3. 

Mechanism Process Goal Media Contaminants Plants Status 

Phytoextraction Contaminant 

extraction 

and capture 

Soil, 

sediment, 

sludges 

Metals: Ag, 

Cd, Co, Cr, 

Cu, Hg, Mn, 

Mo, Ni 

Pb, Zn; 

Radionuclides: 

90Sr, 137Cs, 

239Pu, 

238,234U 

 

 

Indian 

mustard 

pennycress, 

alyssum, 

sunflowers, 

hybrid 

poplars 

 

Laboratory, 

pilot, and 

field 

applications 

 

Rhizofiltration Contaminant 

extraction 

and capture 

Groundwater, 

surface water 

Metals 

Radionuclides 

 

Sunflower, 

Indian 

mustard, 

water 

hyacinth 

Laboratory 

and pilot scale 
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Phytostabilization Contaminant 

containment 

Soil, 

sediment, 

sludges 

As, Cd, Cr, 

Cu, Hs, Pb, Zn 

 

Indian 

mustard, 

hybrid 

poplars, 

grasses 

Field 

application 

Rhizodegradation Contaminant 

destruction 

Soil, 

sediment, 

sludges, 

ground water 

Organic 

compounds 

(TPH, PAHs, 

pesticides 

chlorinated 

solvents, 

PCBs) 

Red 

mulberry, 

grasses, 

hybrid 

poplar, 

cattail, rice 

Field 

application 

Phytodegradation Contaminant 

destruction 

Soil, 

sediment, 

sludges, 

ground water, 

surface water 

Organic 

compounds, 

chlorinated 

solvents, 

phenols, 

herbicides, 

munitions 

Algae, 

stonewort, 

hybrid 

poplar, 

black 

willow, 

bald 

cypress 

Field 

demonstration 

Phytovolatilization 

 

 

 

 

 

 

Contaminant 

extraction 

from media 

and release 

to air 

Ground 

water, soil, 

sediment 

sludges 

 

 

 

Chlorinated 

solvents, some 

inorganics (Se, 

Hg and As) 

Poplars, 

alfalfa, 

black 

locust, 

Indian 

mustard 

Laboratory 

and field 

application 

Table 3. Phytoremediation Technologies [ Source: US Environmental Protection Agency, 

2000] 
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3 MATERIALS AND METHODS 
 

Based on the literature review and previous research, data was collected from famous Journal 

and scientific articles for finding out the hyperaccumulator plants discovered so far. Narrowing 

down research, the data containing hyperaccumulator plants for accumulation of critical 

elements so far discovered were recorded. The contents of critical elements in the unit mg/kg in 

the hyperaccumulators were analyzed. Based on the collected data, the hyperaccumulators 

which has the ability to collect high concentration of target elements were recorded, or in other 

words the most promising hyperaccumulator plants were selected. In addition, for maintaining 

a common standard, the concentration of target elements where applicable were converted from 

other units (mg/g, microgram/g etc) to standard unit that is mg/kg. based on the selected most 

promising hyperaccumulator plants the latest prices of the associated elements per Kg were find.  

 

Second part of data collection is aimed at carrying out economical assessment for this purpose, 

the processing cost of pant biomass per ton ash was calculated based on the previously carried 

out research for recovery of 1 Kg of Nickel and Gold through Phytomining. Only the processing 

cost was taken into consideration ignoring other associated cost like planting, harvesting, 

application of chemicals etc. The reason for ignoring all these costs is because this cost is not 

that much in phytomining. The highest cost accounted is only the processing of plant biomass 

for recovery of target elements. In addition, this is study is a preliminary study with the idea of 

recovery of critical elements by utilizing Phytomining technology. therefore, other associated 

smaller cost which could be considered in phytomining operation is neglected. As a last part, 

processing cost of plant biomass and price of target elements per Kg were compared to draw a 

conclusion of economic feasibility of phytomining for recovery of critical elements. 

 

 

 

3.1 Discovered hyperaccumulator plants and reported concentration of 

associated elements (mg/Kg). 
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Phytomining capability of 9 plant species were investigated in two different kinds of soil, Soil 

A was top soil from road side construction near Freital (Dresden, Saxony), while soil B was 

taken from mining affected area of Freiberg (Saxony, Germany) Only the highest 

concentration is mentioned in both soil types (ignoring the soil types). Data is shown in Table 

4. 

 

Table 4. Concentration of Elements in hyperaccumulators [Source: Wiche and Heilmeier, 

2016] 

In five herbaceous plant species Achillea millefolium L., Artemisia vulgaris L., Papaver rhoeas 

L., Taraxacum officinale and Tripleurospermum inodorum the concentration of rare earth 

elements were investigated which were growing in close proximity to road. The purpose of the 

S. 

No 

Plants Elements mg/kg 

Germanium 

(Ge) 

 

Lanthanum 

(La) 

Neodymium 

(Nd) 

 

Gadolinium 

(Gd) 

Erbium 

(Er) 

1.  Hordeum 

vulgare 

0.22 0.077 0.063 0.017 0.019 

2.  Phalaris 

arundinacea 

0.338 0.065 0.051 0.010 0.024 

3.  Panicum 

miliaceum 

0.325 0.098 0.087 0.031 0.019 

4.  Zea mays 0.358 0.102 0.081 0.016 0.009 

5.  Avena sativa 0.282 0.146 0.141 0.056 0.038 

6.  Lupinus albus 0.008 0.110 0.079 0.013 0.018 

7.  Lupinus 

angustifolius 

0.031 0.385 0.311 0.063 0.030 

8.  Fagopyrum 

esculentum 

0.011 0.375 0.198 0.041 0.016 

9.  Brassica napus 0.050 0.250 0.247 0.095 0.056 

https://education.jlab.org/itselemental/ele057.html
https://education.jlab.org/itselemental/ele060.html
https://education.jlab.org/itselemental/ele064.html
https://education.jlab.org/itselemental/ele068.html
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study was to investigate the concentration of rare earth elements in selected plant’s organs that 

is roots, stems and leaves. Plants were grown on four different areas, however for ease of 

understanding it was decided to sum up the concentration in root, stem and leaves to show total 

concentration of REE in each plant. As an example, only, the data collected from Area one is 

mentioned in Table 5 for light REEs and Table 6 for Heavy REEs. 

 

S. 

No 

Plants Elements (Light rare earth elements) mg/kg 

Gd Ce Sm La Nd 

 

Pr Eu 

1.  A. millefolium 0.07 14.54 Below 

detection 

limit 

0.92 102.3 2.14 0.12 

2.  A. vulgaris 0.12 12.43 Below 

detection 

limit 

0.71 53.82 4.12 0.16 

3.  T. inodorum 0.41 19.15 0.15  2.07 102.7 3.95 0.18 

4.  P. rhoeas 0.39 16.45 Below 

detection 

limit 

1.10 102.2 1.57 0.10 

5.  T. officinale 0.10 12.34 0.16 0.44 59.70 1.70 0.10 

Table 5. Concentration of Elements in hyperaccumulators [Source: Mikołajczak et al., 2017] 

 

 

In table 6 contents of heavy rare earth elements (HREE) are shown collected from Area 1. HREE 

includes: scandium (Sc), yttrium (Y), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium 

(Er), thulium (Tm), ytterbium (Yb) and lutetium (Lu). In table 6 total concentration of each 
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HREE is shown in each plant by ignoring the contents in each plant’s organs that is leaves, stem 

and roots. 

 

S. 

No 

Plants  Elements (Heavy rare earth elements) mg/kg 

Lu Er Ho Tb Tm Y Yb Dy Sc 

1.  A. 

millefoliu

m 

0.10  8.01  Below 

detection 

level 

Below 

detection 

level 

0.19  0.43  0.11  Below 

detection 

level 

0.15  

2.  A. 

vulgaris 

0.18  5.28  0.12  Below 

detection 

level 

0.12  0.30  0.12  Below 

detection 

level 

0.33  

3.  T. 

inodorum 

 

0.12  21.58  Below 

detection 

level 

Below 

detection 

level 

0.34  1.00  0.14  Below 

detection 

level 

0.27  

4.  P. rhoeas 0.10  40.03  Below 

detection 

level 

Below 

detection 

level 

0.23  0.67  0.15  Below 

detection 

level 

0.19  

5.  T. 

officinale 

Belo

w 

dete

ction 

level 

1.91  Below 

detection 

level 

Below 

detection 

level 

Below 

detectinn 

level 

0.15  0.15  Below 

detection 

level 

0.18  

Table 6. Concentration of Elements in hyperaccumulators [Source: Mikołajczak et al., 2017] 

 

 

Study was carried out at Davidschacht miining dump-field in Freiberg (Saxony, Germany) to 

evaluate the potential of Phytomining for Germanium and rare earth elements (Midula et al., 

2017), the results of which is illustrated in Table 7. According to Midula et al., 2017 mine dumps 
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are often overlooked for secondary source of Germanium and rare earth elements. Total of 15 

naturally occurring vascular plant species were taken from the selected dump area.  

 

S.No Plant Species Elements (mg/kg) 

Germanium 

(Ge) 

Lanthanum 

(La) 

Neodymium 

(Nd) 

Gadolinium 

(Gd) 

1.  Agrostis capillaris 

 

0.17 0.37 0.35 0.12 

2.  Betula pendula 

 

0.06 0.13 0.13 0.07 

3.  Calamagrostis 

epigejos 

 

0.12 0.31 0.29 0.11 

4.  Lotus corniculatus 

 

0.07 0.69 0.62 0.18 

5.  Phalaris 

arundinacea 

 

0.57 0.08 0.09 0.07 

6.  Phragmites 

australis 

 

0.63 0.07 0.07 0.06 

7.  Pinus sylvestris 

 

0.07 0.36 0.35 0.13 

8.  Populus tremula 

 

0.07 0.42 0.40 0.15 

9.  Quercus robur 

 

0.08 0.17 0.17 0.08 

10.  Fallopia japonica 

 

0.06 0.13 0.12 0.07 
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11.  Salix caprea 

 

0.27 0.08 0.09 0.06 

12.  Silene vulgaris 

 

0.06 0.08 0.08 0.06 

13.  Spiraea douglasii 

 

0.05 0.10 0.10 0.06 

14.  Tanacetum 

vulgare 

 

0.19 0.13 0.12 0.07 

15.  Tussilago farfara 

 

0.08 0.32 0.30 0.12 

Table 7. Concentration of Elements in hyperaccumulators [Source: Midula et al., 2017] 

 

In an experiment performed by Wyttenbach et al., (1998), concentration of REEs La, Ce, Nd, 

Sm, Eu, Gd, Tb, Yb and Lu in leaves of 6 plant species were determined at 3 different sites 

CHA, AUE and WUR. The plant species included Norway spruce, silver fir, maple, ivy, 

blackberry, and wood fern. The results of the experiment are shown in Table 8.  
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S.No Plant 

species 

Site Elements (mg/kg) 

La Ce Nd Sm Eu Gd Tb Yb Lu 

1.  Maple CHA 1.078 0.560 0.544 0.103 0.0209 0.106 0.0166 0.0222 0.0028 

2.  Wood fern CHA 0.637 0.659 0.239 0.024 0.003 0.008 0.8 0.0014 0.00018 

3.  Blackberry CHA 0.336 0.185 0.141 0.027 0.0055 0.027 0.0039 0.005 0.00062 

4.  Ivy CHA 0.172 0.075 0.067 0.009 0.0018 0.008 0.0011 0.002 0.00026 

5.  silver fir CHA 0.097 0.061 0.065 0.014 0.0032 0.017 0.0035 0.0083 0.00101 

6.  Spruce CHA 0.078 0.060 0.053 0.013 0.003 0.016 0.0032 0.0076 0.00092 

7.  Spruce AUE 0.110 0.110 0.069 0.014 0.0031 0.016 0.0031 0.0069 0.00083 

 

8.  Blackberry WUR 0.076 0.055 0.033 0.006 0.0013 0.006 0.0009 0.0017 0.00021 

Table 8. Concentration of Elements in hyperaccumulators [Source: Wyttenbach et al., (1998)] 
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An experiment was performed by Shan et al., (2003) to study the accumulation of Light REEs 

(La, Ce, Pr and Nd) by natural fern Dicropteris dichotoma in different parts of the plant such as 

leaves, roots and different components of the fern leaves. The concentration of Light REEs in 

different parts of the fern is mentioned in the table 9. However, average concentrations in 

different parts of the plants were calculated for comparison to get one value.  

Table 9. Concentration of Elements in hyperaccumulators [Source: Shan et al., 2003] 

 

Fu et al., (2001) carried out a study in which the concentration of REEs were determined in five 

species of soil grown plants. The five species includes Taxodium japonicum, Populus sieboldii, 

Sasa nipponica, Thea sinensis and Vicia villosa. Concentration of REEs in each plant sample 

was determined in root, trunk and leave, however for ease of understanding in Table 10a and 

10b we have calculated the whole concentration of each REE in each plant that is by adding the 

concentration in root, trunk and leave. In addition, tolerance value has also been ignored and in 

S.No  

Parts of 

Dicropteris 

dichotoma 

 

Light REEs (mg/kg) 

La Ce Pr Nd 

1.  Leaf 1503.4–2148.4 

(avg. 1825.9) 

2829.7–

3956.6 

(avg. 3393.15) 

463.5–609.5 

(avg. 536.5) 

1023.1–

1358.7 

(avg. 1190.9) 

2.  Rhizome 213.3–544.4 

(avg. 378.85) 

233.7–243.0 

(avg. 238.35) 

105.1–126.3 

(avg. 115.7) 

337.8–352.4 

(avg. 345.1) 

3.  Adventitious root 118.8–141.5 

(avg. 130.15) 

108.4–157.7 

(avg. 133.05) 

36.9–201.5 

(avg. 119.2) 

146.3–1247.9 

(avg. 697.1) 

 Avg. conc. in Leaf+ 

Avg. conc. in Rhizome+ 

Avg. conc. in 

Adventitious root 

2334.9 3764.55 771.4 2233.1 
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case of plant species Taxodium japonicum and Populus sieboldii, the trunk’s year, only trunk 1 

year old have been taken into consideration. 

S.No Plant 

Species 

                            Rare earth elements (mg/kg) 

La Ce Pr Nd Sm Eu 

1. Vicia 

villosa 
0.3088 0.4213 0.0829 0.3365 0.0741 0.0240 

2. Sasa 

nipponica 
0.3828 0.8236 0.0885 0.3270 0.0697 0.0195 

3. Thea 

sinensis 
0.4762 0.4813 0.0122 0.4957 0.1125 0.0313 

4. Taxodium 

japonicum 
0.3557 0.1712 0.0596 0.214 0.0415 0.0138 

5. Populus 

sieboldii 
4.709 0.6716 0.905 3.3926 0.7085 0.2100 

Table 10a. Concentration of Elements in hyperaccumulators [Source: Fu et al., (2001)] 

 

S. 

No 

Plant 

Species 

                            Rare earth elements (mg/kg) 

Gd Tb Dy Ho Er Tm Yb Lu 

1. Vicia 

villosa 

0.0812 0.0116 0.0688 0.0137 0.0418 0.0051 0.0330 0.00534 

2. Sasa 

nipponica 

0.0790 0.0115 0.0664 0.0136 0.0399 0.0054 0.0330 0.00525 

3. Thea 

sinensis 

0.1877 0.0178 0.1066 0.0230 0.0723 0.0092 0.0556 0.00907 

4. Taxodium 

japonicum 

0.0617 0.0095 0.0553 0.0127 0.0386 0.0045 0.0234 0.00379 

5. Populus 

sieboldii 

0.8907 0.121.2 0.6741 0.1244 0.3259 0.0331 0.1719 0.02306 

Table 10b. Concentration of Elements in hyperaccumulators [Source: Fu et al., (2001)] 
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Concentration of REEs were determined by Fu et al., (2000) in five species of seaweed, Ecklonia 

cava, Delisea fimbriata, Ptilonia okadai, Ulva fasciata, and Codium fragile collected from the 

coast of Aburatsubowan Bay situated in Miura, Japan. Concentration of each REE is shown in 

Table 11a and 11b. For ease of understanding we have ignored tolerance value and in case of 

Ulva fasciata, the HF value as it was dissolved in acid solution. In addition, in case of Ecklonia 

cava the concentration blade and stipe have been added to give one value. 

 

S.No Plant 

Species 

                            Rare earth elements (mg/kg) 

La Ce Pr Nd Sm Eu 

1. Ecklonia 

cava 

0.0262 0.0808 0.0053 0.0228 0.00514 0.00143 

2. Delisea 

fimbriata 

0.034 0.043 0.0094 0.0388 0.0100 0.00270 

3. Codium 

fragile 

0.0329 0.076 0.0086 0.0393 0.0093 0.0281 

4. Ulva 

fasciata 

0.109 0.172 0.0244 0.098 0.0248 0.0073 

5. Ptilonia 

okadai 

0.0334 0.078 0.0102 0.0453 0.0120 0.0036 

Table 11a. Concentration of Elements in hyperaccumulators [Source:  Fu et al., (2000)] 
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S. 

No 

Plant 

Species 

                            Rare earth elements (mg/kg) 

Gd Tb Dy Ho Er Tm Yb Lu 

1. Ecklonia 

cava 

0.0069 0.0011 0.0067 0.00157 0.0051 0.0008 0.0060 0.0011 

2. Delisea 

fimbriata 

0.0123 1.81 0.0100 0.00214 0.0059 0.0006 0.0038 0.0006 

3. Codium 

fragile 

0.0120 0.0018 0.0120 0.00264 0.0081 0.0011 0.0070 0.0012 

4. Ulva 

fasciata 

0.0305 0.0048 0.0296 0.0063 0.0190 0.0026 0.0163 0.0027 

5. Ptilonia 

okadai 

0.0162 0.0023 0.0138 0.0029 0.0085 0.0011 0.0063 0.0010 

Table 11b. Concentration of Elements in hyperaccumulators [Source:  Fu et al., (2000)]
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Wiche et al., (2017) studied concentration of Germanium and selected rare earth elements in top 

soil and soil grown plants in different land use types which includes moist grassland, mesic 

grassland and arable land. The plant species utilized were Hordeum vulgare, Brassica napus, 

Zea mays, Phalaris arundinacea, Lysimachia vulgare, Arrhenatherum elatius, Arrhenatherum 

pratensis, Phalaris arundinacea This study was carried out in post mining area of Freiberg 

(Saxony, Germany). The concentration of Germanium and rare earth elements are listed in table 

12 (ignoring the tolerance values). 

S.No Land 

Use 

Type 

Plant 

Species 

Element (mg/kg) 

Ge La Nd Gd Er 

1.  

 

 

Arable land 

Brassica napus 

 

0.0043 0.080 0.030 0.0063 0.0018 

Zea mays 

 

0.071 0.058 0.043 0.0081 0.0037 

Hordeum 

vulgare 

 

0.117 0.119 0.087 0.020 0.011 

2.  

Mesic 

Grassland 

Arrhenatherum 

pratensis 

 

0.072 0.071 0.031 0.0081 0.0028 

Arrhenatherum 

elatius 

0.065 0.114 0.077 0.022 0.011 

3.  

Moist 

grassland 

Lysimachia 

vulgare 

 

0.025 0.076 0.029 0.0068 0.0025 

Phalaris 

arundinacea 

0.449 0.097 0.071 0.016 0.0060 

Table 12. Concentration of Elements in hyperaccumulators [Source: Wiche et al., (2017)] 
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An experiment performed by Wiche et al., (2016), in which concentration of rare earth elements 

were determined in shoots of White lupin (Lupinus albus) and barley (Hordeum vulgare) which 

were grown in a mixed cultures and monocultures. The study was aimed at examining whether 

the processes in the rhizosphere of white lupin growing in mixed cultures with barley may affect 

the uptake of REEs (La, Nd, Sm, Gd, Y, Dy and Er) ibn relation to the uptake of the nutrients 

(P, Fe and Mn) in shoots of barley. However, concentration of rare earth elements were also 

found and is shown in table 13 with mono cultures and mixed cultures. 

 

 Rare earth elements (mg/kg) 

La Nd Sm Gd Y Dy Er 

Shoots 

of 

barley 

L0 0.018 0.017 0.0029 0.0043 0.012 0.0023 0.0022 

L11 0.034 0.032 0.0052 0.0076 0.020 0.0039 0.0036 

L33 0.037 0.033 0.0059 0.0077 0.024 0.0030 0.0037 

Shoots 

of lapin 

L0 0.051 0.032 0.0069 0.0091 0.045 0.0072 0.0034 

L11 0.022 0.018 0.0044 0.0041 0.025 0.0030 0.0017 

L33 0.029 0.025 0.0035 0.0057 0.029 0.0038 0.0024 

 

Table 13 Concentrations of nutrients and REEs in shoots of barley and white lupin growing in 

monocultures (barley monoculture: L0; white lupin monoculture: L100) and barley growing in 

mixed cultures with 11 % white lupin (L11) or 33 % white lupin (L33) [Source: Wiche et al., 

(2016)] 

 

Pot experiment was performed by Tabasi et al (2017) to study the phytoextraction of metal mine 

tailings situated at Sarcheshmeh copper mine, Iran. The plant species Medicago sativa L. 

(Alfalfa) was utilized in this experiment to investigate its growth based on seven amendments 

made to the soil, and its ability to uptake metals from mine tailings and stream sediment of 

tailing dam surface. The results of this experiment showed that Alfalfa has high potential for 

phytoextraction however, as per experiment 7 soil treatments were performed to assess the 

accumulation of metals by alfalfa plant. As we are interested only in critical metals so the 
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concentration of Ge and In will be discussed here. For Indium the highest concentration was 

found in T6 soil which is 63.5±2.3 mg/kg in roots and 50.8±2.4 mg/kg in shoots. Similarly for 

Germanium 50.3±1.6 in roots and 36.8±3.2 mg/kg in shoots. Ignoring the tolerance values and 

adding the concentration in roots and shoots, alfalfa plant can collectively accumulate total of 

114.3 mg/kg (63.5+50.8) Indium and 87.1 mg/kg (50.3+36.8) Germanium. 

 

Jambhulkar et al., (2009) carried out a field experiment in which ecologically and economically 

important plant species were grown on fly ash dump at Khaperkheda thermal powerplant in 

Maharashtra state, India on an area of 10 hectare by utilizing bioremediation technology. The 

objective of this study was to assess the metal accumulation potential of different plant species. 

Although the experiment was performed for other metals as well, but we are interested in 

chromium for being critical material. The results are shown in table 14  

 

S. No Plant species Concentration of Chromium (mg/kg) 

 

           Min-Max                                     Avg 

1.  Pongamia pinnata 8.2–8.6 8.4 

2.  Tectona grandis 6.1–6.4 6.2 

3.  Delbergia sisoo 7.8–8.2 8.0 

4.  Cassia siamea 9.3–9.7 9.5 

5.  Eucalyptus hybrida 7.1–7.4 7.2 

6.  Dendrocalamus 

strictus 

4.8–5.2 5.0 

Table 14. Concentration of Elements in hyperaccumulators [Source: Jambhulkar et al., (2009)] 
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Similarly, Babcock et al. 1983 (cited in Jambhulkar et al (2009)) study’s reveals the uptake of 

chromium by Typha Latifolia which were grown on coal ash basin on the Savannah River plant, 

the results shows that the Typha Latifolia can accumulate chromium upto 7.04 mg/kg in its 

shoots 

 

Hu et al., (2014) carried out their research in Yan’an city of the Loess Plateau, China to 

investigate the amount of toxic metals in certain common green plants in said city. 

Concentration of chromium being critical raw material in investigated plant species is shown in 

table 15, ignoring the tolerance values. 

 

S.No Plant Species Chromium (mg/kg) 

1.  Sabina chinensis 0.292 

2.  Juniperus formosana 0.258 

3.  Ailanthus altissima 0.243 

4.  Ligustrum vicaryi 0.195 

5.  Salix matsudana var. matsudana 0.225 

6.  Sophora japonica 0.268 

7.  Salix matsudana 0.258 

8.  Picea asperata 0.217 

9.  Buxus sinica var. parvifolia 0.205 

10.  Fraxinus chinensis 0.365 

11.  Prunus ceraifera cv. Pissardii 0.385 

12.  Robinia pseudoacacia 0.097 

13.  Berberis thunbergii 0.263 

14.  Ulmus pumila 0.125 

Table 15. Concentration of Elements in hyperaccumulators [Source: Hu et al., (2014)] 
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Mazej and Germ (2009) studied the concentration of trace elements in four aquatic vascular 

plant species, grown on artificial lake Valenjsko jezero situated at central Slovenia in Salek 

Valley. The lake is full of fly ash due to coal mining and wastes from Sostanj thermal power 

plant, becoming source of some trace elements. As we are interested in only Chromium the 

concentration of Cr in four aquatic plant species Najas marina (Naj mar), Potamogeton lucens 

(Pot luc), Nuphar lutea (Nup lut) and Potamogeton nodosus (Pot nod) in different organs of 

plant species are shown in figure 6 The figure shows that concentration of Chromium in roots 

of Naj mar, Pot luc and Pot nod is considerably high as compare to other organs of the plant. In 

Potamogeton lucens it is around 9 mg/kg. 

 

 

Figure 6. Concentration of Chromium in different organs of aquatic plants [Source: Mazej and 

Germ (2009)] 

 

Bali et al., (2010) carried out an experiment in which concentration of cobalt was investigated 

in metallophyte Medicago sativa, under two conditions: influence of growth substrate metal 

concentration (500 and 1000 part per million) and exposure time (time plants exposed to metal 

solution). The results of the experiment are shown in Table 16. 
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Plant organ Metal Concentration 

(ppm) 

Exposure time 

(hours) 

Uptake 

(mg/kg) 

 

 

Root 

 

 

 

 

 

Cobalt 

 

 

500 

24 

48 

72 

37800 

111900 

53600 

 

1000 

24 

48 

72 

34000 

142400 

42300 

 

 

Shoot 

 

500 

24 

48 

72 

5700 

13800 

13700 

 

1000 

24 

48 

72 

7000 

17800 

17000 

Table 16. Concentration of Elements in hyperaccumulators [Source: Bali et al., (2010)] 

 

Vardanyan and Ingole (2006) carried out a study in which aquatic macrophytes were collected 

from Sevan (Armenia) and Carambolim (India) lakes, to investigate the concentration of several 

heavy metals. We are considering only Cobalt and Chromium being critical materials. Total 45 

samples of macrophytes which belongs to 8 families were collected, out of which 36 from Sevan 

Lake (Armenia) and 9 from Carambolim, old Goa, India were collected. The resulting 

concentration are shown in table 17 and 18. Macrophyte species in table 17 have been collected 

from Sevan Lake while macrophyte species in table 18 have been collected from Carambolim 

Lake, however in table 17 the concentration of mentioned metals is shown by adding the 

concentration in each plant organs that is root, leaf, stem and flower to give a whole value where 

applicable.  
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Macrophyte Species 

Metal (mg/kg) 

Cr Co 

Potamogeton pectinatus L 26.14 55.0 

Potamogeton pussilus L 3380 14.4 

Batrachium divaricatum   

(Schrank) Wimm. 

31.43 21.2 

Hippuris vulgaris L. 6.47 7.60 

Myriophyllum spicatum L. 3123 44.4 

Lemna minor L 13.48 16.0 

Chara vulgaris 3.95 0.093 

Potamogeton crispus L 38.73 13.9 

Potamogeton pussilus L. 8.01 1.88 

Rorippa islandica (Oeder) 

Borb. 

8.34 0.046 

Holosteum umbellatum L. 4.97 12.8 

Lepidium latiffolium 4.08 11.9 

Lythrum salicaria L 9.65 11.4 

Puccinellia sevangensis 

(Grossh.) 

3.68 6.47 

Eleocharis palustris (L.) Roem. 

Et. Schult 

2.21 10.2 

Bolboschoenus maritimus (L.) 

Palla 

7.20 6.97 

Calamagrostis epigeios (L.) 

Roth 

6.89 14.2 

Equisetum rammossimum Desf 4.32 1.18 

Mentha arvensis L 12.37 12.9 

Glyceria plicata Fries 8.70 11.5 
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Scirpus tabernaemontani C. C. 

Gmel. 

4.93 16.1 

Bidens tripartite L. 5.59 5.32 

Sparganium erectum L 5.39 21.1 

Juncus rticulates L 10.38 2.74 

Ranunculus sceleratus L 5.49 21.9 

Polygonum amphibium L 7.15 17.0 

Scrophylaria alata Gilib. 7.87 18.9 

Myosotis caespitosa L. F. 

Schultz. 

12.81 6.44 

A29 Alopecurus myosoroides 

Huds. 

4.82 13.8 

Potentilla anserine L. 11.00 16.7 

Chara vulgaris 10.93 11.7 

Fontinalis anthipiretica 61.56 0.098 

Fontinalis anthipiretica 44.98 3.26 

Filago arvensis L 20.51 6.30 

Asperula humifusa (Biele.) 

Bess 

41.14 20.6 

Potamogeton crispus L. 24.02 49.6 

 

Table 17. Concentration of Elements in hyperaccumulators [Source: Vardanyan and Ingole 

(2006) ] 
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Macrophyte Species 

Metal (mg/kg) 

Cr Co 

Pistia stratiotes L 118.47 9.59 

Nelumbium speciosum willd 66.74 13.73 

Ludwigia perennis L. 271.98 19.62 

Nymphoides Hill cristatum 

(Roxb.) O.Kuntze 

138.65 11.09 

Lemna trisulca L 55.30 2.94 

Sagittaria sagittiflia L 176.09 8.93 

Sesuvium portulacastrum L 29.97 4.50 

Nymphae stellata willd 86.67 3.99 

Sargassum ilicifolius 13.43 14.54 

 

Table 18. Concentration of Elements in hyperaccumulators [Source: Vardanyan and Ingole 

(2006)] 

 

Bonanno (2011) conducted a research in which concentration of different elements were 

investigated in roots, rhizomes stems and leaves of Phragmites australis which is a common 

reed. The samples were collected from the mouth area of Imera Meridionale River situated in 

Sicily, Italy. Although the concentration of the critical materials Be, Co, Pd, Pt and Sb were 

determined but it was considerably very low except for Co. The concentration of Co in roots, 

rhizomes, stem and leaves was 8.00, 0.50, 0.12 and 0.22 mg/kg respectively (ignoring tolerance 

value). 

 



 
 
 
 

39 
 

Thiébau et al., (2010) carried out their research in which metal accumulation was investigated 

in two aquatic plants, Elodea canadensis and Elodea nuttallii in samples collected from three 

different sites situated in north-eastern France. The sites include Manom pond, Schwarzbach 

and La Plaine Lake. Although accumulation of other metals by the mentioned plants were 

investigated but Cr being critical metal is mentioned in table 19 (ignoring tolerance values).  

Sites  Plant Species Cr (mg/kg) 

Manom Elodea nuttallii 2.09 

Schwarzbach Elodea nuttallii 1.26 

La Plaine Lake Elodea nuttallii 1.24 

La Plaine Lake Elodea canadensis 1.18 

Table 19. Concentration of Chromium in Elodea nuttallii and Elodea canadensis [Source: 

Thiébau et al., (2010)] 

 

Pandey (2012) investigated concentration of heavy metals in Azolla caroliniana (naturally 

occurring water fern), and its ability for phytoremediation of heavy metals of the fly ash pond. 

The results show that Azolla caroliniana was able to accumulate 232 mg/kg of Cr in its root and 

frond. 

 

Briand et al., (2017) investigated the concentration of 14 trace elements in numerous organisms 

that represents main trophic structures involved in the functioning of complicated reef 

ecosystem in south-west lagoon of New Caledonia. As a part of their research 12 samples of 

seagrass (specie’s name not mentioned) were analyzed and found the concentration of Co and 

Cr as 1.35 ± 1.77 and 18.90 ± 30.78 mg/kg respectively.  

 

Zhang et al., (2015) investigated the accumulation of La by aquatic macrophyte, Elodea nuttallii, 

in a laboratory experiment by inducing different concentrations of La artificially and then 
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finding out the resulting concentration of La in Elodea nuttallii. The results are shown in table 

20 (ignoring tolerance values). 

 

 

 

Plant 

species 

La concentration (mg/L) La concentration in Elodea 

nuttallii (mg/kg) 

 

Elodea 

nuttallii 

0 Not Detected 

5 1950 

10 2730 

15 3700 

20 3970 

Table 20. Concentration of La in Elodea nuttallii [Source: Zhang et al., (2015)] 

Xu et al., (2012) investigated the concentration of La in aquatic macrophyte Hydrocharis dubia 

(BI.) Backer as a part of their research in a laboratory environment. La in the form of lanthanum 

nitrate was first added to the medium in which the mentioned plant was grown with 

concentration of 0, 40, 80, 120, and 160 μM and then the concentration of La was calculated. 

The results are shown in table 21 (ignoring tolerance values). 

 

Plant specie Lanthanum nitrate (μ M) La concentration in plant(mg/kg ) 

 

Hydrocharis dubia (BI.) 

Backer 

0 Not detected 

40 1,050.2 

 80 1,520.8 

 120 1,540.3 

 160 2,640.7 

Table 21. La concentration in Hydrocharis dubia (BI.) Backer [Source: Xu et al., (2012)] 
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Yang et al., (1999) carried out an experiment in which concentration of rare earth elements were 

investigated in aquatic environment. An artificial setting was made in which Duckweed 

(Sperollela polyrrhiza), crustacean (Daphnia margna), goldfish (Carassius auratus L.) and 

shellfish (Bellamya aeruginosa) were added to an aquarium along with the stock solutions of 

concentration 1.00 mg/mL La(NO3)3.6H20, CeC13.TH20, SmCI3.nH20, Gd203 (99.9%) and 

Y203 (99.9%). The concentrations of selected rare earth elements were then calculated after a 

specific period of time (hours/days). The results show that duckweed accumulated La 110 mg/kg 

sampled at 1 day, Ce 150 mg/kg sampled at 1 day, Sm 110 mg/kg sampled at 12 hours, Gd 90 

mg/kg sampled at 12 hours, and Y 150 mg/kg sampled at 1 day. Accumulated concentration of 

metals are the approximate values because taken from bar charts. The concentration varies at 

different sample days so here we have mentioned only the highest concentrations. 

 

3.2 Most Promising hyperaccumulators for Phytomining  
 

After carefully analyzing the gathered data, the most promising hyperaccumulator plants were 

selected randomly from the tables based on the high concentrations of target elements. Other 

hyperaccumulators were not selected because the concentration of target element was less than 

40 mg/Kg. Based on concentration of target element in hyperaccumulator plants initially it was 

found that Dicropteris dichotoma is the most promising hyperaccumulator plant for 

accumulation of high concentration of Ce. But as far as concerning to Phytomining, 

accumulation of high concentration of target element is not the only one criteria for 

Phytomnining. There are other criteria too for feasibility of phytomining for an element like, 

cost of phytomining, price of target element per Kg, application chemicals, soil condition etc. 

therefore, for feasibility of phytomining operation concentration of target element in 

hyperaccumulator plants is not the only one criteria.  
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The most promising hyperaccumulator plants based on the high concentration of element’s 

accumulation are shown in table 22.  

S/

No 

Plant species Metal Concentration/k

g 

(mg/Kg) 

Amount of 

biomass 

required to 

produce 1 kg 

of metal 

(Kg) 

Reference 

1. T. inodorum Nd 

 

102.7 9737.0 Mikołajczak et al.,2017 

2. P. rhoeas Er 40.03 24981.26 Mikołajczak et al.,2017 

3. Dicropteris 

dichotoma 

La 

 

2334.9 428.28 Shan et al., 2003 

4. Dicropteris 

dichotoma 

Ce 3764.55 265.63 Shan et al., 2003 

5. Dicropteris 

dichotoma 

Pr 771.4 1296.34 Shan et al., 2003 

6. Dicropteris 

dichotoma 

Nd 2233.1 447.81 Shan et al., 2003 

7. Medicago sativa 

L. 

In 114.3 8748.91 Tabasi et al., 2017 

8. Medicago sativa 

L. 

Ge 87.1 11481.06 Tabasi et al., 2017 

9. Potamogeton 

pussilus L 

Cr 3380 295.86 Vardanyan and Ingole, 

2006 

10. Potamogeton 

pectinatus L 

Co 55.0 18181.82 Vardanyan and Ingole, 

2006 

11. Ludwigia perennis 

L. 

Cr 271.98 3676.74 Vardanyan and Ingole, 

2006 

Table 22. Most Promising hyperaccumulators for Phytomining 
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3.3 Latest prices (2018) per kg of the elements 
 

Prices of elements per Kg according to year April 2018 were analyzed and listed in table 23. 

The reason for including these prices is to investigate the feasibility of phytomining for 

considered critical elements. If the price for an element is less than the processing cost of the 

plant biomass then the phytomining operation for that element is considered feasible otherwise 

it will not be feasible for recovery an element through phytomining. The latest prices per Kg is 

listed in Table 23. 

S.No Element Purity  Price/Kg 

(USD/Kg) 

Source 

1. Neodymium (Nd) 99.5% 60.00 Mineralprices.com, April 

(2018) 

2. Erbium (Er) 99.9% 95.00 Mineralprices.com, April 

(2018) 

3. Lanthanum (La) 99% 7.00 Mineralprices.com, April 

(2018) 

4. Cerium (Ce) 99% 7.00 Mineralprices.com, April 

(2018) 

5. Praseodymium (Pr) 99% 85.00 Mineralprices.com. April 

(2018). 

6. Indium (In)  720.00 Mineralprices.com, (2018) 

7. Germanium (Ge) 99.9% 1830.00 Preciousmetalpurchase.com, 

April (2018) 

8. Ferro Chromium (Cr) 50-70% 2.80 Infomine.com, April (2018) 

9. Cobalt (Co) 99.80% 90.00 Lme.com, April (2018) 

Table 23. Latest prices (2018) per kg of the elements 

Prices of some of these elements were listed as per ton from the price sources but as per Kg 

price was required so based on per ton per Kg price was calculated.  
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3.4 Market price of element per Kg VS cost of processing plant biomass to 

get respective per Kg of element 
 

Next, it was evaluated that what is market price of an element per Kg and how much does it cost 

to process plant biomass to get desired 1 kg of element. Although, previous research does not 

reveal the exact data but, we can make an approximation by keeping in view the other 

critical/noncritical elements and their processing cost of plant biomass. The comparison of 

processing cost and price of element per Kg will shed light on future research and profitability 

analysis. In phytomining technology, the costliest process is processing the plant biomass for 

element recovery, which can be done mainly by two techniques that is pyrolysis (combustion of 

plant biomass) and via acid digestion. Pyrolysis is attractive because the heat energy produced 

could be recovered and used for producing electricity, while in the second technique plant matter 

(after drying in sun or oven) is digested via acid and then further processing is performed for 

example electrowinning or solvent extraction (Harris et al., 2009) so we are only considering 

the cost of processing the plant biomass in this study.  

 

According to the previous studies carried out, the processing of plant biomass for recovery of 

desired element we have considered only the processing cost of the plant biomass per ton of ash 

via solvent extraction. For this purpose, there are slightly different calculations done by different 

researchers, so far in case of Ni recovery it was assumed by Harris et.,al (2009) if the plant 

biomass produced is 22 ton/ha then the cost of processing biomass per ton is AUS  $782/ton ash 

(according to year 2009) in all the three cases considered, the metal recovered would be 1 kg by 

utilizing technique of solvent extraction. Similarly, for Au phytomining it was assumed that if 

the plant biomass/ha is 20 ton then the cost of solvent extraction would be also AUS $782/ton 

ash to produce 1 kg of Au (Harris et al., 2009). 
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Another research done by Anderson et.,al (2003) states that if biomass production is 10ton/ha 

then the cost of processing plant biomass would be US $643/ton ash (according to 2003) by 

utilizing solvent extraction to recover 1 kg of Au (Anderson et al., 2003) Similarly, studies done 

by Wilson-corral et al., (2012) reveals that if the biomass yield is 8.3 ton/ha then the cost of Au 

recovery by utilizing solvent extraction would be US $1000/ton (according to year 2012) 

Wilson-corral et al., (2012). 

 

Now from above data the calculation was done for the processing cost of plant biomass in the 

present value According to Harris et al., (2009) it costs AUS $782/ton ash to extract 1 Kg of 

Nickel in year 2009 so in year 2009 on average 1 USD equals to AUS $1.28 (according to 

http://www.forecast-chart.com/usd-australian-dollar.html) so it costs USD 611 in year 2009 to 

process 1 ton of plant biomass via solvent extraction and it will cost USD 710.73 in 2018 

(according to http://www.usinflationcalculator.com/) with cumulative inflation rate of 16.3% . 

The same calculations apply for Au phytomining. Similarly, for gold the processing cost of plant 

biomass via solvent extraction was US $643/ton ash in 2003 which becomes US 

$872.08(according to http://www.usinflationcalculator.com/) in 2018. In addition, in case of 

Wilson-corral et al., (2012) for Au phytomining it cost US $1000/ton in year 2012 so in year 

2018 it will cost US $1086.94. The technology used for metal recovery in all the considered 

cases is via solvent extraction method. 

 

S.No Element 

Recovered  

Cost in the year Cost in 2018 

 

Source  

1. Nickel US $611/ton ash 

in 2009 

USD 710.73 

(cumulative 

inflation rate 

16.3%) 

(Harris et al., 

2009) 

http://www.forecast-chart.com/usd-australian-dollar.html
http://www.usinflationcalculator.com/
http://www.usinflationcalculator.com/
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2. Gold US $611/ton ash 

in 2009 

USD 710.73 

(cumulative 

inflation rate 

16.3%) 

(Harris et al., 

2009) 

3. Gold  US $643/ton ash 

in 2003 

US $872.08 

(cumulative 

inflation rate 

35.6%) 

(Anderson et 

al., 2003) 

4. Gold US $1000/ton in 

2012 

US $1086.94 

(cumulative 

inflation rate 

8.7%) 

(Wilson-corral 

et al., 2012) 

Table 24. Processing cost of plant biomass (present value) 

 

4 RESULTS AND DISCUSSION  
 

This section is dedicated to discussing drawn results that have been achieved based on the 

gathered data and after its analysis. For this purpose, it is worth to get back to the formulated 

research questions and discuss what results have been achieved based on each formulated 

question in the former section.  

 

Therefore, the first research question about Phytomining technology have already been 

answered from the literature review, along with the explanation of similar to phytomining 

technologies and its application based on the desired requirement. In addition, in the sane section 

the term “hyperaccumulator plants” was also explained in detail. It has been answered how, 

when and by whom this term was first coined and used. The second research question, about the 

hyperaccumulator plants so far discovered has also been answered in detail description. 

Different scientific articles were included in this research in which hyperaccumulator plants so 
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far discovered particularly for recovery of critical elements have been discussed. The third 

research question was about the contents/concentration of critical elements in each 

hyperaccumulator plants so far discovered, so it has also been answered. Answers to the research 

questions two and three have been answered collectively in the Tables 4 to Table 21. In these 

tables discovered hyperaccumulator plants and the concentration of associated critical elements 

in the unit mg/kg have been shown. According to the results, it is evident that highest 

concentration of element Ce was found in natural fern Dicropteris dichotoma during an 

experiment performed by Shan et al (2003). The concentration was 3764.55 mg/Kg. A fern is a 

flowerless plant which have leafy fronds and one of the vascular plants. They have very good 

vascular system for transport of water and nutrients. However, Dicropteris dichotoma is one the 

hyperaccumulators which are used for phytoremediation of Rare earth elements particularly for 

pollutants (Ichihashi et al., 1992). Similarly, concentration of other rare earth elements such as 

La, Pr and Nd were also detected in considerably high concentrations in the same plant. 

Although, it was an experimental research in the laboratory instead of field demonstration but 

keeping in view the high concentration of target elements, this plant could be better choice for 

phytomining operation.  

 

Other critical elements were also found in high concentration such as Cr in hyperaccumulators 

Potamogeton pussilus L and Ludwigia perennis L. with concentration of 3380 mg/Kg and 

271.98 mg/Kg respectively. And Ge in Medicago sativa L with the concentration of 87.1 mg/kg.   

 

4.1 Feasibility of Phytomining 
 

In this preliminary study the main objective was to assess the feasibility of Phytomining for 

recovery of critical elements. Therefore, the last research question was also related to the same 

subject. Before coming to the main results, it is worth mentioning some conditions already set 

for considering Phytomining a feasible or not feasible technology for recovery of critical 

elements. The first condition was that, if the processing cost of plant biomass to recover desired 

1 Kg of element increases than the price of element per Kg, then this technology is not feasible 
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for that element. The second condition was that the processing of plant biomass was considered 

the costliest process in phytomining technology, the third condition was that processing cost of 

plant biomass was considered same as recovery of Nickel and Gold from plant biomass through 

solvent extraction method.  

After considering the above-mentioned conditions, For feasibility of phytomining of selected 

critical elements first of all the most promising hyper accumulators were searched as shown in 

Table 22, seven hyperaccumulators were found most promising that includes T. inodorum, P. 

rhoeas, Dicropteris dichotoma, Medicago sativa L, Potamogeton pussilus L, Potamogeton 

pectinatus L and Ludwigia perennis L. Based on the selected most promising 

hyperaccumulators, nine critical elements were found good candidates for phytomining that 

includes Neodymium (Nd), Erbium (Er), Lanthanum (La), Cerium (Ce), Praseodymium (Pr), 

Indium (In), Germanium (Ge), Ferro Chromium (Cr) and Cobalt (Co). Latest prices per Kg of 

these elements were found, out of which Germanium was found the most expensive element 

having price of US $ 1830/Kg with 99% purity. Next, the processing cost of plant biomass to 

recover 1 Kg of desired element was assessed through solvent extraction method. For such 

purpose the case of recovery of Nickel and Gold was considered in 3 different studies already 

carried out by Harris et al., 2009, Anderson et al., 2003 and Wilson-corral et al., 2012 (Refer 

Table 24). In all the three cases metal recovery was done via solvent extraction method from 

plant biomass. As these studies were carried out in previous years therefore the calculated costs 

expressed were also in previous years, therefore it was necessary to convert this cost in the 

present value. Consequently, rate of inflation was applied to find the cost in the year 2018.  

 

For recovery of Gold and Nickel in case of Harris et al., 2009, the calculated cost in the present 

value was found US $ 710.73 for recovery of 1 Kg of Gold and nickel. However, there was a 

slight difference in cost in other two considered cases, in case of Anderson et al., 2003 it will 

cost US $ 872.08 to recover 1 Kg of Gold while in case of (Wilson-corral et al., 2012) it will 

cost US $ 1086.94 to recover 1 Kg of Gold in year 2018. However, this difference might be due 

to the difference in countries where the study was carried out with difference in prices. 

Therefore, it is possible to ignore this difference.  Now, if we compare this cost with the prices 
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of selected critical elements it is evident that phytomining of Germanium is feasible by utilizing 

solvent extraction method. The present value of Germanium per Kg is US $1830 per Kg. 

however, the present value of Indium is also US $720 per Kg, so it is also possible that 

phytomining of Indium might be feasible but there need further studies for feasibility of Indium 

phytomining.  

4.2 Germanium 
 

Germanium is one of the important elements economically and have low possibility of 

substitution, due to its growing demand and scarce occurrence it was declared as critical element 

by European Commission. However, this element is scarce but is not very rare on earth crust, 

its abundance on earth crust is approximately 1.6 ppm (Höll et al., 2007). Germanium is widely 

used in key emerging technologies particularly clean energy technologies (Graedel 2011). This 

element was first discovered by Clemens Winkler, a German chemist in year 1886, from 

Freiberg, Saxony Germany. Germanium also holds strategic importance because they have wide 

application in defense, for instance they are used in tanks due to its application in infrared optics 

for detection of infrared radiation (Guberman 2012). Keeping in view its increasing demand it 

is estimated that the demand of Germanium will increase by 2130% as compare to the demand 

in 2010 (Elshkaki and Graedel 2013). Production of Germanium is limited to specific 

geographical area for example 70% of world’s Germanium demand is fulfilled by China (USGS 

2013).  

 

Rosenberg., (2009) further argues about the use of Germanium in semiconductor industries 

particularly in optoelectronic and electronic applications, manufacturing of infrared optics 

particularly for night vision instruments. It is further argued that this element has proved its 

importance in manufacturing of detector materials particularly in spectroscopy, and in 

ultraviolet optical fibers in telecommunication industry. The use of Germanium in 

telecommunication industry means that it is used in almost every part of the world. In addition, 

it is also used as a catalyst in the production of polyesters. In Japan Germanium is also used in 

medical applications such as production of organogermanium compounds.  
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It is also possible to recycle germanium, but the recycling rate of this element is quite low 

according to Licht et al., (2015) only 43 ton of germanium is recycled of the total of 7636 ton 

which is available from zinc leach residue. Rosenberg., (2009) also argues that the recycling of 

germanium from scrap of telecommunication industry is not a considerable source of recycled 

germanium. Recycling is one way to meet the demand while on the other hand phytomining for 

germanium could be another way to recover this scarce element. Research conducted by Midula 

et al., (2017) was also on the same subject in which two hyperaccumulator plants Phragmites 

australis and Phalaris arundinacea were considered most promising for phytomining of 

Germanium at contaminated areas of the Davidschacht mining dump-field in Freiberg (Saxony). 

Therefore, keeping in view the high economic, strategic importance and scarcity of the element 

this study suggests phytomining of germanium economically feasible.  

 

5 CONCLUSIONS 
 

The two dimensions of critical raw material, that is supply risk and economic importance are 

forcing scientists and researchers to continuously find out the possible solutions to tackle the 

associated problems. If at one side supply risk is getting affected, then on another side a 

country’s economy is also getting affected due to the scarcity of these materials. Today in such 

a competitive environment it is very important to continuously search for innovative 

technologies to tackle the problem of supply risk and make this supply more and more secure, 

because day by day new high-tech products are being introduced in the market demanding for 

more and more raw materials. Once if this supply risk becomes secure the problem of 

economically important critical raw materials will also be solved to some extent. However, the 

use of these materials is increasing day by day while its supply is the same which means one 

day, depletion of these naturally occurring resources will occur. Therefore, there is a need to 

search for green technologies so that, at one side the risk of depletion will never happen and on 

the other side these technologies are better for our environment. Keeping in view the importance 

of green technologies and the problems associated with supply risk of the critical material, this 
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study was aimed at determining the feasibility of phytomining for Critical elements. Thus, it 

was important to understand phytomining technology and the technologies that are similar to 

phytomining.  

This study is a step forward towards application of green technology for recovery of critical 

elements. Phytomining is a relatively new technology therefore, its commercial application for 

recovery of critical elements has not yet been implemented. There is still a need for development 

of this technology on a commercial scale, particularly for the recovery of critical elements, 

although commercial application of similar technology such as phytoremediation for cleaning 

of contaminated soil is available. Towards implementation of phytomining, this study highly 

recommends seven hyperaccumulator plants suitable for phytomining that includes T. 

inodorum, P. rhoeas, Dicropteris dichotoma, Medicago sativa L, Potamogeton pussilus L, 

Potamogeton pectinatus L and Ludwigia perennis L. In addition, this study highly recommends 

that phytomining being a green technology is economically feasible for recovery of Germanium 

by using solvent extraction method for recovery from plant biomass. However, the highest 

concentration of element was detected in Ce that is 3764.55 mg/Kg but recovery of Ce by 

utilizing phytomining technology was not found economically feasible due to its price per Kg.  

 

5.1 Limitations 
 

The main limitation related to this research was the limited availability of exact data. Not much 

literature is available on the recovery of critical elements by utilizing phytomining technology. 

Therefore, there were some assumptions on the basis of which this research was conducted. For 

instance, the cost associated with phytomining like planting, harvesting application of chemicals 

etc was ignored. Also, the cost of element recovery from plant biomass was calculated in relation 

to recovery of Nickel and Gold through solvent extraction method which might or might not 

increase in case of recovery of Germanium. In other words it was assumed that the cost 

associated with recovery of Nickel and Gold by utilizing solvent extraction method will be same 

in case of Germanium recovery.  
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5.2 Future Research 
 

Based on the present research it is suggested to carry out a laboratory or field experiment for 

feasibility of Germanium phytomining. Also, it is suggested to calculate the cost of element 

recovery other than solvent extraction method. There might be a possibility that other extraction 

technologies might be cheaper than solvent extraction method.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 
 

53 
 

LIST OF REFERENCES 
 

Achzet, B. and Helbig, C., 2013. How to evaluate raw material supply risks—an overview. 

Resources Policy, 38(4), pp.435-447 

 

Alkorta, I., Hernández-Allica, J., Becerril, J.M., Amezaga, I., Albizu, I., Onaindia, M. and 

Garbisu, C., 2004. Chelate-enhanced phytoremediation of soils polluted with heavy 

metals. Reviews in Environmental Science and Biotechnology, 3(1), pp.55-70. 

 

Anderson, C.W., Stewart, R.B., Moreno, F.N., Wreesmann, C.T., Gardea-Torresdey, J.L., 

Robinson, B.H. and Meech, J.A., 2003. Gold phytomining. Novel developments in a plant-based 

mining system. In Proceedings of the Gold 2003 Conference: New Industrial Applications of 

Gold. World Gold Council and Canadian Institute of Mining, Metallurgy and Petroleum 

 

Anderson, C.W.N., Brooks, R.R., Chiarucci, A., LaCoste, C.J., Leblanc, M., Robinson, B.H., 

Simcock, R. and Stewart, R.B., 1999. Phytomining for nickel, thallium and gold. Journal of 

Geochemical Exploration, 67(1-3), pp.407-415 

 

Babcock, M.F., Evans, D.W. and Alberts, J.J., 1983. Comparative uptake and translocation of 

trace elements from coal ash by Typha latifolia. Science of the Total Environment, 28(1-3), 

pp.203-214. 

 

Bali, R., Siegele, R. and Harris, A.T., 2010. Biogenic separation, accumulation and cellular 

distribution of Cu, Co, and Ni in Medicago sativa under idealized conditions. Separation 

Science and Technology, 45(10), pp.1395-1401. 

 



 
 
 
 

54 
 

Bhargava, A., Carmona, F.F., Bhargava, M. and Srivastava, S., 2012. Approaches for enhanced 

phytoextraction of heavy metals. Journal of Environmental Management, 105, pp.103-120. 

 

Bhargava, A., Carmona, F.F., Bhargava, M. and Srivastava, S., 2012. Approaches for enhanced 

phytoextraction of heavy metals. Journal of Environmental Management, 105, pp.103-120. 

 

Bhargava, A., Shukla, S., Srivastava, J., Singh, N. and Ohri, D., 2008. Genetic diversity for 

mineral accumulation in the foliage of Chenopodium spp. Scientia horticulturae, 118(4), 

pp.338-346. 

 

Bonanno, G., 2011. Trace element accumulation and distribution in the organs of Phragmites 

australis (common reed) and biomonitoring applications. Ecotoxicology and environmental 

safety, 74(4), pp.1057-1064. 

 

Briand, M.J., Bustamante, P., Bonnet, X., Churlaud, C. and Letourneur, Y., 2017. Tracking trace 

elements into complex coral reef trophic networks. Science of the Total Environment, 612, 

pp.1091-1104. 

 

Brooks, R.R. and Robinson, B.H., 1998. The potential use of hyperaccumulators and other 

plants for phytomining. Plants that hyperaccumulate heavy metals, pp.327-356. 

 

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. 



 
 
 
 

55 
 

Chaney, R.L., Angle, J.S., Baker, A.J. and Li, Y.M., University of Maryland and College Park, 

1998. Method for phytomining of nickel, cobalt and other metals from soil. U.S. Patent 

5,711,784. 

 

Conesa, H.M. and Schulin, R., 2010. The Cartagena–La Unión mining district (SE Spain): a 

review of environmental problems and emerging phytoremediation solutions after fifteen years 

research. Journal of Environmental Monitoring, 12(6), pp.1225-1233. 

 

Cristaldi, A., Conti, G.O., Jho, E.H., Zuccarello, P., Grasso, A., Copat, C. and Ferrante, M., 

2017. Phytoremediation of contaminated soils by heavy metals and PAHs. A brief 

review. Environmental Technology & Innovation, 8, pp.309-326. 

 

Dupont, D., Arnout, S., Jones, P.T. and Binnemans, K., 2016. Antimony recovery from endof-

life products and industrial process residues: a critical review. Journal of Sustainable 

Metallurgy, 2(1), pp.79-103. 

 

EASAC (2016). Priorities for critical materials for circular economy. Report [online] Available 

at:https://www.easac.eu/fileadmin/PDF_s/reports_statements/Circular_Economy/EASAC_Crit

ical_Materials_web_corrected_Jan_2017.pdf [Accessed 28 Apr. 2018]. 

 

Elshkaki, A. and T. E. Graedel. 2013. Dynamic analysis of the global metals flows and stocks 

in electricity generation technologies. Journal of Cleaner Production 59: 260–273. 

 

Erakhrumen, A.A., 2007. Phytoremediation: an environmentally sound technology for pollution 

prevention, control and remediation in developing countries. Educ. Res. Rev. 2, 151e156. 

https://www.easac.eu/fileadmin/PDF_s/reports_statements/Circular_Economy/EASAC_Critical_Materials_web_corrected_Jan_2017.pdf
https://www.easac.eu/fileadmin/PDF_s/reports_statements/Circular_Economy/EASAC_Critical_Materials_web_corrected_Jan_2017.pdf


 
 
 
 

56 
 

 

EU Commission, (2010). [online] Available at: http://www.euromines.org/files/what-we-

do/sustainable-development-issues/2010-report-critical-raw-materials-eu.pdf [Accessed 23 

Apr. 2018]. 

 

EU Commission, (2017). Methodology for establishing the EU of Critical Raw Materials. 

Brussels  

 

EUROPEAN COMMISSION (2008), The raw material initiative – meeting our critical needs 

for growth and jobs. European Union: Brussels. 14 p. [online] Available at: http://eur-

lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52008DC0699&from=EN [Accessed 

26 Apr. 2018]. 

 

Fu, F., Akagi, T., Yabuki, S. and Iwaki, M., 2001. The variation of REE (rare earth elements) 

patterns in soil-grown plants: a new proxy for the source of rare earth elements and silicon in 

plants. Plant and soil, 235(1), pp.53-64. 

 

Fu, F.F., Akagi, T., Yabuki, S., Iwaki, M. and Ogura, N., 2000. Distribution of rare earth 

elements in seaweed: implication of two different sources of rare earth elements and silicon in 

seaweed. Journal of Phycology, 36(1), pp.62-70. 

 

Ghosh, M., Singh, S.P., 2005. A review on phytoremediation of heavy metals and utilization of 

it’s by products. Asian J. Energy Environ. 6, 214e231. 

Graedel, T. E. 2011. On the future availability of the energy metals. Annual Review of Materials 

Research 41(1): 323–335. 



 
 
 
 

57 
 

 

Guberman, D. E. 2012. 2011 minerals yearbook: Volume I—Minerals and metals, germanium. 

Reston, VA, USA: U.S. Geological Survey. 

 

Harris, A.T., Naidoo, K., Nokes, J., Walker, T. and Orton, F., 2009. Indicative assessment of 

the feasibility of Ni and Au phytomining in Australia. Journal of Cleaner Production, 17(2), 

pp.194-200. 

 

Harris, A.T., Naidoo, K., Nokes, J., Walker, T. and Orton, F., 2009. Indicative 

assessment of the feasibility of Ni and Au phytomining in Australia. Journal of Cleaner 

Production, 17(2), pp.194-200. 

 

Höll, R., Kling, M. and Schroll, E., 2007. Metallogenesis of germanium—A review. Ore 

Geology Reviews, 30(3-4), pp.145-180. 

 

Hu, Y., Wang, D., Wei, L., Zhang, X. and Song, B., 2014. Bioaccumulation of heavy metals in 

plant leaves from Yan׳ an city of the Loess Plateau, China. Ecotoxicology and environmental 

safety, 110, pp.82-88. 

 

Ichihashi, H., Morita, H. and Tatsukawa, R., 1992. Rare earth elements (REEs) in naturally 

grown plants in relation to their variation in soils. Environmental Pollution, 76(2), pp.157-162. 

 

Infomine.com, (2018). Ferro Chrome [online] Available at: 

http://www.infomine.com/investment/metal-prices/ferro-chrome/ [Accessed 03 May. 

2018]. 

http://www.infomine.com/investment/metal-prices/ferro-chrome/


 
 
 
 

58 
 

 

Jaffré, T., Brooks, R.R., Lee, J. and Reeves, R.D., 1976. Sebertia acuminata: a 

hyperaccumulator of nickel from New Caledonia. Science, 193(4253), pp.579-580. 

 

Jambhulkar, H.P. and Juwarkar, A.A., 2009. Assessment of bioaccumulation of heavy metals 

by different plant species grown on fly ash dump. Ecotoxicology and environmental 

safety, 72(4), pp.1122-1128. 

 

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. 

 

JRC (2013) Critical Metals in the Path towards the Decarbonization of EU Energy Sector. 

Report Available at: https://publications.europa.eu/en/publication-detail/-

/publication/505c089c-7655-4546-bd17-83f91d581190/language-en [Accessed 28 Apr. 2018]. 

 

Kärenlampi, S., Schat, H., Vangronsveld, J., Verkleij, J.A.C., van der Lelie, D., Mergeay, M. 

and Tervahauta, A.I., 2000. Genetic engineering in the improvement of plants for 

phytoremediation of metal polluted soils. Environmental Pollution, 107(2), pp.225-231. 

 

Kumar, P.N., Dushenkov, V., Motto, H. and Raskin, I., 1995. Phytoextraction: the use of plants 

to remove heavy metals from soils. Environmental science & technology, 29(5), pp.1232-1238. 

Legislative Councel, (1939). Strategic and Critical Materials Stock Piling Act. Technical 

Report, 50 U.S.C. 98, Office of the Legislative Council, U.S. House of Representatives, 

Washington, D.C. [online] Available at: http://legcounsel.house.gov/Comps/Strategic% 

20And%20Critical%20Materials%20Stock%20Piling%20Act.pdf〉 [Accessed 24 Apr. 2018]. 

https://publications.europa.eu/en/publication-detail/-/publication/505c089c-7655-4546-bd17-83f91d581190/language-en
https://publications.europa.eu/en/publication-detail/-/publication/505c089c-7655-4546-bd17-83f91d581190/language-en


 
 
 
 

59 
 

 

Leštan, D., Luo, C.L. and Li, X.D., 2008. The use of chelating agents in the remediation of 

metal-contaminated soils: a review. Environmental pollution, 153(1), 

 

Li, Y.M., Chaney, R., Brewer, E., Roseberg, R., Angle, J.S., Baker, A., Reeves, R. and Nelkin, 

J., 2003. Development of a technology for commercial phytoextraction of nickel: economic and 

technical considerations. Plant and Soil, 249(1), pp.107-115. 

 

Licht, C., Peiró, L.T. and Villalba, G., 2015. Global substance flow analysis of gallium, 

germanium, and indium: Quantification of extraction, uses, and dissipative losses within their 

anthropogenic cycles. Journal of Industrial Ecology, 19(5), pp.890-903. 

 

Lme.com, (2018). Cobalt. [online] Available at: https://www.lme.com/Metals/Minor-

metals/Cobalt#tabIndex=0 [Accessed 03 May. 2018]. 

 

Mazej, Z. and Germ, M., 2009. Trace element accumulation and distribution in four aquatic 

macrophytes. Chemosphere, 74(5), pp.642-647. 

 

Midula, P., Wiche, O., Wiese, P. and Andráš, P., 2017. Concentration and bioavailability of 

toxic trace elements, germanium, and rare earth elements in contaminated areas of the 

Davidschacht dump-field in Freiberg (Saxony) 

Mikołajczak, P., Borowiak, K. and Niedzielski, P., 2017. Phytoextraction of rare earth elements 

in herbaceous plant species growing close to roads. Environmental Science and Pollution 

Research, pp.1-13. 

 

https://www.lme.com/Metals/Minor-metals/Cobalt#tabIndex=0
https://www.lme.com/Metals/Minor-metals/Cobalt#tabIndex=0


 
 
 
 

60 
 

Mineralprices.com. (2018). Mineralprices.com - The Global Source for Metals Pricing. 

[online] Available at: http://mineralprices.com/ [Accessed 14 Feb. 2018]. 

 

Panda, R., Kumari, A., Jha, M.K., Hait, J., Kumar, V., Kumar, J.R., Lee, J.Y., 2014. Leaching 

of rare earth metals (REMs) from Korean monazite concentrate. J. Ind. Eng. Chem. 20, 

2035–2042. 

 

Pandey, V.C., 2012. Phytoremediation of heavy metals from fly ash pond by Azolla 

caroliniana. Ecotoxicology and Environmental Safety, 82, pp.8-12. 

 

Preciousmetalpurchase.com. (2018). Germanium | Precious Metal Purchase. [online] 

Available at: http://preciousmetalpurchase.com/metals/germanium/ [Accessed 14 Feb. 

2018]. 

 

Robinson, B.H., Brooks, R.R. and Clothier, B.E., 1999. Soil amendments affecting nickel and 

cobalt uptake by Berkheya coddii: potential use for phytomining and phytoremediation. Annals 

of Botany, 84(6), pp.689-694. 

 

Rosenberg, E., 2007. Environmental speciation of germanium. Ecol. Chem. Eng. 14, 707–732. 

 

Rosenberg, E., 2009. Germanium: environmental occurrence, importance and 

speciation. Reviews in Environmental Science and Bio/Technology, 8(1), p.29. 

 



 
 
 
 

61 
 

Sarwar, N., Imran, M., Shaheen, M.R., Ishaque, W., Kamran, M.A., Matloob, A., Rehim, A. 

and Hussain, S., 2017. Phytoremediation strategies for soils contaminated with heavy metals: 

Modifications and future perspectives. Chemosphere, 171, pp.710-721. 

 

Shan, X., Wang, H., Zhang, S., Zhou, H., Zheng, Y., Yu, H. and Wen, B., 2003. Accumulation 

and uptake of light rare earth elements in a hyperaccumulator Dicropteris dichotoma. Plant 

Science, 165(6), pp.1343-1353. 

 

Sheoran, V., Sheoran, A.S. and Poonia, P., 2009. Phytomining: a review. Minerals 

Engineering, 22(12), pp.1007-1019. 

 

Sheoran, V., Sheoran, A.S. and Poonia, P., 2013. Phytomining of gold: a review. Journal of 

Geochemical Exploration, 128, pp.42-50. 

 

Tabasi, S., Hassani, H. and Azadmehr, A.R., 2017. Phytoextraction-based process of metal 

absorption from soil in mining areas (tailing dams) by Medicago sativa L.(Alfalfa)(Case study: 

Sarcheshmeh porphyry copper mine, SE of Iran). Journal of Mining & Environment, 8(3), 

pp.419-431. 

 

Thiébaut, G., Gross, Y., Gierlinski, P. and Boiché, A., 2010. Accumulation of metals in Elodea 

canadensis and Elodea nuttallii: Implications for plant–macroinvertebrate interactions. Science 

of the total environment, 408(22), pp.5499-5505. 

US Environmental Protection Agency. Introduction to Phytoremediation., (2000). Report 

[online] Available at: https://nepis.epa.gov/Adobe/PDF/30003T7G.PDF [Accessed 30 Apr. 

2018]. 

 



 
 
 
 

62 
 

USGS (U.S. Geological Survey). 2013. Mineral commodity summaries 2013. Reston, VA, 

USA: U.S. Geological Survey. 

 

van der Ent, A., Baker, A.J., Reeves, R.D., Chaney, R.L., Anderson, C.W., Meech, J.A., Erskine, 

P.D., Simonnot, M.O., Vaughan, J., Morel, J.L., Echevarria, G., Fogliani, B., Rongliang, Q., 

Mulligan, D.R., 2015. Agromining: farming for metals in the future? Environ. Sci. Technol. 49, 

4773–4780. 

 

Vardanyan, L.G. and Ingole, B.S., 2006. Studies on heavy metal accumulation in aquatic 

macrophytes from Sevan (Armenia) and Carambolim (India) lake systems. Environment 

international, 32(2), pp.208-218. 

 

Vaughan, J., Riggio, J., Chen, J., Peng, H., Harris, H.H. and Van Der Ent, A., 2017. 

Characterisation and hydrometallurgical processing of nickel from tropical agromined bio-

ore. Hydrometallurgy, 169, pp.346-355. 

 

Wiche, O. and Heilmeier, H., 2016. Germanium (Ge) and rare earth element (REE) 

accumulation in selected energy crops cultivated on two different soils. Minerals 

Engineering, 92, pp.208-215 

 

Wiche, O., Kummer, N.A. and Heilmeier, H., 2016. Interspecific root interactions between 

white lupin and barley enhance the uptake of rare earth elements (REEs) and nutrients in shoots 

of barley. Plant and soil, 402(1-2), pp.235-245. 

 



 
 
 
 

63 
 

Wiche, O., Zertani, V., Hentschel, W., Achtziger, R. and Midula, P., 2017. Germanium and rare 

earth elements in topsoil and soil-grown plants on different land use types in the mining area of 

Freiberg (Germany). Journal of Geochemical Exploration, 175, pp.120-129. 

 

Wyttenbach, A., Furrer, V., Schleppi, P. and Tobler, L., 1998. Rare earth elements in soil and 

in soil-grown plants. Plant and soil, 199(2), pp.267-273. 

 

Xu, Q., Fu, Y., Min, H., Cai, S., Sha, S. and Cheng, G., 2012. Laboratory assessment of uptake 

and toxicity of lanthanum (La) in the leaves of Hydrocharis dubia (Bl.) Backer. Environmental 

Science and Pollution Research, 19(9), pp.3950-3958. 

 

Yang, X., Yin, D., Sun, H., Wang, X., Dai, L., Chen, Y. and Cao, M., 1999. Distribution and 

bioavailability of rare earth elements in aquatic microcosm. Chemosphere, 39(14), pp.2443-

2450. 

 

Zhang, J., Zhang, T., Lu, Q., Cai, S., Chu, W., Qiu, H., Xu, T., Li, F. and Xu, Q., 2015. Oxidative 

effects, nutrients and metabolic changes in aquatic macrophyte, Elodea nuttallii, following 

exposure to lanthanum. Ecotoxicology and environmental safety, 115, pp.159-165. 

 

 


