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Abstract  
Heavy metal soil pollution from anthropogenic sources such as historical use of 

fertilizers, poor waste disposal, and spills from industries are a serious 

environmental problem. This can be especially damaging in developing countries 

where incentives are limited to remediate these soils, and some of the poorest 

regions are the most affected. Soil remediation can clean heavy metal polluted soil to 

a level that is sustainable for the environment and the organisms that inhabit it. 

Many conventional soil remediation techniques can be very expensive, and resource 

and energy intensive, making them poor choices for developing countries. However, 

phytoremediation, an emerging soil remediation technology, is much cheaper and 

less intensive by using the natural ability of certain plants to clean polluted soils. 

Although phytoremediation has been considered the best available technology for 

developing countries with heavy metal polluted soil, it is still being underutilized. In 

this thesis, through the examination of case studies from the U.S., several barriers are 

identified that are preventing further implementation of phytoremediation projects 

in developing countries. These barriers include, the difficulties for developing 

countries in recognising the scale of heavy metal pollution, a lack of enforcement of 

environmental legislation and standards, prohibitive costs of projects, problems with 

the effectiveness of phytoremediation as a soil remediation technology, and a lack of 

technological knowledge.  
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1 Introduction  
Soil pollution or contamination, can be roughly defined as the level of chemical 

change to soil having reached the point where it would cause harm to the 
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environment, and any species that inhabit the surrounding areas (FAO, 2011). This 

chemical change can derive from substances including heavy metals, salts, oil, and 

organic compounds. These substances either do not degrade naturally, or degrade 

over such a long period of time, that they can accumulate in the biosphere and cause 

long term negative effects to the environment (Haller, 2017). Some polluted soils 

have such a high concentration of these substances, that complex ecosystems have 

no capacity to sustain life. While some natural events such as atmospheric 

deposition and leaching of water in arid areas can result in polluted soils, the biggest 

causes are human activities. Soil pollution from anthropogenic sources such as 

historical use of fertilizers, poor waste disposal, and leaching and spills from 

industries are a major cause of environmental problems in developing countries 

(FAO, 2018). 

 There are various methods of soil remediation that can either completely remove, or 

at least successfully lower the level of pollutant concentrations to that which is 

environmentally safe. Conventional soil remediation techniques have traditionally 

been used to clean contaminated soils, either by using ex-situ methods such as 

excavation, or being applied in-situ such as pollutant containment through caps and 

liners. However, these methods tend to be very resource and energy intensive, 

expensive, and can be disruptive to natural habitats (Ghosh & Singh 2005, Jonsson & 

Haller 2014).  However, another option for cleaning polluted soils is to use 

bioremediation techniques such as phytoremediation. Phytoremediation is one of the 

more recent and less researched methods but utilizes the ability of certain plants to 

absorb and accumulate or degrade pollutants. Phytoremediation itself is a term that 

actually comprises a number of different natural processes, with the main ones 

being; phytoextraction, phytostabilization, phytodegredation, and 

phytovolatilization. Phytoextraction, which is sometimes also referred to as 

phytoaccumulation, is the process of the pollutant being absorbed through the roots, 

then translocated and stored in the leaves, flowers, and stem of the plant. The plant 

is then harvested, which removes any of the pollutant that was taken up. Harvested 

biomass can be composted or compacted in a waste disposal facility or combusted as 

fuel for bio-energy. Ash from the combustion of plant biomass, is referred to as bio-

ore and can be a profitable revenue stream. This process is generally used for 

pollutants that cannot be degraded, is very cheap to utilize, and has low 

environmental impact (in projects where the time-scale is not crucial). 
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Phytostabilization, also called in-place inactivisation, involves the roots of the plants 

stabilising and limiting the movement of pollutants within the soil. Concentrating 

and preventing pollutants from moving in the soil, helps to avoid leachate forming 

as well as limiting future soil erosion. Although this process can be useful for 

preserving the groundwater near polluted soils, a major problem is that is not a 

permanent solution and the pollutants will stay in the soil. Phytodegradation, also 

referred to as phytotransformation, breaks down soil pollutants using a plant’s 

natural metabolic processes, or by utilizing enzymes naturally produced by the 

plant. Phytovolatilization is the uptake of pollutants into the plant through the roots, 

which are then transported to the leaves. The pollutants are converted or modified 

by the plant into a more volatile state and released in the atmosphere through 

transpiration. The pollutants must be water-soluble in order for the plant to 

absorbed because it requires the capability of the plant’s natural transpiration 

process. A disadvantage to this method is that some released pollutants in gaseous 

states can form precipitates, and eventually enter into soil and ground water again.  

(Jadia & Fulekar 2009, Wuana & Okieimen 2011, Wood et al. 2016). 

Phytoremediation appears to be one of the Best Available Technologies (BAT) for 

developing countries to use clean up polluted areas due to the lower cost and lower 

resource requirements, when compared to conventional methods (Evanko & 

Dzombak 1997, Sharma & Reddy, 2004). However, phytoremediation is still 

underutilized not only in developing countries but also in those that are 

industrialized. Very few full-scale phytoremediation projects have actually been 

implemented, and it is important to try and discover why this is the case, and what 

barriers might be preventing implementation.   

 

The uptake rate is essentially the dynamics of accumulated pollutants over time, 

during different stages of plant growth (Li et. al., 2013). This is an important area of 

research because identifying stages of growth that the plant has more pollutant 

uptake, can improve the effectiveness and time efficiency of future 

phytoremediation projects. It will provide project managers with a clearer 

understanding of at what stage of growth the plants should be harvested, giving a 

better predication of the overall project duration. This is especially important for 

phytoremediation projects in developing countries, as time is a vital asset for 

communities relying on clean soils for agricultural production 
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1.1 Goal and Scope of Thesis  

 

The purpose of this thesis was to discover why phytoremediation is underutilized 

for cleaning heavy metal polluted soil in developing countries, and what barriers 

might be preventing them from implementing phytoremediation projects at present.   

 

The objectives for this thesis study were to:  

1. Examine barriers that are preventing the further implementation of 

phytoremediation for heavy metal polluted soils in developing 

countries 

2. Identify methods to operationalise implementation of heavy metal 

phytoremediation projects, in developing countries for the future. 

 

In this thesis I will try to answer some research questions in order to fulfil my 

objectives:  

1. Why have developing countries not implemented phytoremediation 

projects as a low-cost solution to heavy metal soil pollution? 

2. Are case studies from the United States, able to provide lessons that can 

help implement heavy metal phytoremediation projects in other 

developing countries? 

 

In this thesis, I use the term ‘developing’ countries, which refers to countries that the 

International Monetary Fund (2017) have designated as such.  In using this 

classification, both India and China would still be considered as developing 

countries, but countries such as Romania and Saudi Arabia are considered 

developed. This classification is often seen as flawed, and is certainly imperfect, 

however it will suffice for the purposes of this thesis as it provides a way of 

contrasting between different countries.    

My scope of study has included investigating case studies that involve 

phytoremediation as a remediation method combined with other bioremediation or 

conventional techniques, as this is frequently how they are implemented in larger 
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scale commercial projects. The mixed approach methods in the projects can provide 

difficulties in accurately comparing factors such as costs and timescales for 

individual elements. However, as phytoremediation is a constituent part of 

bioremediation, when paired with other bioremediation techniques it can be 

assumed that many of the factors and barriers would be applicable to both.  

 

2 Background 

2.1 Phytoremediation in the world  

In a global survey of bioremediation projects carried out by Elekwachi et al. (2014), 

responses were received from all continents, excluding Antarctica. A range of 

environmental groups, non-governmental organisations, and other companies were 

contacted in the survey in order to achieve as comprehensive data as possible. The 

survey uncovered some interesting data regarding the status of bioremediation 

across the world. Most respondents were from countries within continents that are 

typically regarded as industrialised, with the majority of responses coming from 

North America (43%). In this survey, respondents from Asia, Africa, and South 

America only made up 15.1%, 12.9% and 4.3% respectively. The methodology of the 

survey was designed so that a wide selection of candidates from all continents were 

contacted. However, it can be assumed that it would be more difficult to establish 

contact and receive responses from candidates residing in continents containing 

areas that are seen as developing. Elekwachi et al. (2014) did recognise this factor and 

reasoned that the smaller percentage of responses from some of these continents 

may have been because of lack of computer access, and possible language barriers. 

These barriers are examined in greater detail in the Analysis section of this thesis. 

According to the survey, 35% of the total respondents had successfully implemented 

phytoremediation in order to remediate polluted areas. However, there was no 

information provided as to the breakdown of the individual continents that 

answered this. It can therefore be assumed with the overall majority of North 

American responses that a significant percentage of this 35% was from that 

continent. Of the 35% responses for having successfully implementing 

phytoremediation, 45% of these were for remediating heavy metals.  It is worth 

noting a few issues with this survey, before trying to use the results as a way of 

determining the current status of phytoremediation in the world. Firstly, out of the 
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1464 online surveys that were sent out there were only 93 responses that were 

actually received, a total response rate of 7.8%. While this is considered a high 

enough response rate to extrapolate the findings to the wider world, according to 

sources such as Holbrook et al., (2007), there are definite limitations as to applying it 

as such. This is especially important considering the heavier weighting of responses 

in favour of North America. It might be possible, considering the range of 

environmental authorities, NGO’s, and universities that were contacted, that some of 

the responses of phytoremediation schemes were duplicated. Many remediation 

projects are run in cooperation with other organisations, so there is a possibility that 

several different respondents replied on behalf of one project. It is assumed that 

Elekwachi et al. (2014) would have attributed for this in the report, however no 

information is provided. There is also an additional issue with the survey report, in 

that it does not give a clear definition of what successfully implementing 

phytoremediation means. It is possible that more information about what could be 

considered a phytoremediation project was provided in the survey questions, but 

this cannot be assumed. The problem with not defining what the survey authors 

meant by ‘successfully implementing phytoremediation’, means that some 

respondents could assume that laboratory research, or small-scale studies would 

constitute as implementing phytoremediation. However, I would argue that 

‘successfully implementing phytoremediation’ should refer to a commercial 

application of phytoremediation. The difference in interpretation may give the 

impression that phytoremediation projects are actually more prevalent in the world, 

than they actually are.  

 

It is interesting to look at published data of remediation strategy in some developed 

countries, in order to gain an understanding of the status of phytoremediation. In 

their 2007 annual statement, the U.S. Environmental Protection Agency (US EPA, 

2007)) stated that between 1982-2005, there were a total 997 remediation projects in 

the U.S. However, there were only 7 phytoremediation projects, of which; 2 were still 

being designed, 3 were operational, and 2 had been completed.  Of these 7 

phytoremediation projects, 4 were being designed or being already used for heavy 

metals. This data can be compared to the U.K., a country that is similar in terms of 

development, research, and infrastructure. Part 2A of the Environmental Protection 

Act 1990 enforced the importance of identifying and remediating contaminated land, 

especially in terms of establishing liability for the clean-up. However, like 
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environmental legislation in many other countries, it does not proscribe any soil 

remediation techniques in particular as long as the chosen method has the ability to 

successfully lower pollutant concentrations. For the 2000-2007 period, the U.K. 

Environment Agency stated that in 391 polluted sites; In-situ bioremediation 

accounted for 4 projects, Ex-situ bioremediation was proposed but never put into 

operation, and phytoremediation was not even proposed as an option. (U.K. 

Environment-Agency 2009). It is interesting to note that while these two countries 

have relatively large resources and governmental support for environmental 

protection, phytoremediation remains underutilised.  

2.2 Heavy Metal Pollution 

Heavy metals are elements that can cause serious problems in animals and plants, 

especially when present in high concentrations. Small amounts of heavy metals, such 

as Fe, Zn, Cu, Co, Cr, Mn, Ni, are actually necessary for some metabolic processes in 

organisms, but can be toxic if taken in excess. Metals and metalloids such as Pb, Hg, 

Cd, and As are not thought to be needed for any biological functions, so can 

particularly problematic if exposed to. Heavy metal poisoning, in humans can be 

caused by exposure to a range of sources including polluted food, water, and air. 

Once absorbed into the body, heavy metals can cause a range of health problems 

such as brain damage, renal failure, osteoporosis, and emphysema. For example, Cd 

is extremely toxic, and in lower amounts can cause flu like symptoms, and in cases 

of long term exposure can cause serious respiratory damage (Jadia & Fulekar 2009). 

The higher the level of heavy metal poisoning and the longer the exposure, the more 

serious the problems can be.  Heavy metals are commonly introduced into the 

environment from anthropogenic sources such as Anthropogenic sources of heavy 

metal pollution are activities such as industrial waste, agricultural run-off from 

fertilisers, mining, and smelting.  Heavy metals from these types of sources can enter 

soil and water courses, polluting sites for the future. Plants and animals that inhabit 

polluted habitats will transfer any heavy metals through their food chain as they are 

consumed. Due to the biomagnification of substances, the higher the trophic level of 

an organism, the higher the amount of heavy metal they will consume and 

accumulate (Liphadzi & Kirkham 2005, Jadia & Fulekar 2009). 

Due to the health concerns attributed to heavy metals, most countries have soil 

standards which provide a base limit on heavy metals within their soils. If soil has a 
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heavy metal concentration over the soil standard, then it is considered to be polluted 

and should be remediated back to a sustainable level. It can be difficult to find 

information on definitive soil limits for heavy metals, because it is dependent on 

various factors. Firstly, establishing a concentration threshold for toxicity will 

depend on what future uses are planned for the land containing polluted soil. If 

people are expected to have regular access to the land then the risk from exposure 

for both short and long term will need to be accounted for, so the limit will be lower. 

If the land is going to be used for agricultural purposes, then the threshold 

concentration will vary depending on whether the crops are grown for biofuel, 

animal feed, or for human consumption. Soil characteristics such as the profile and 

pH, will also have an effect on establishing threshold concentrations. Most countries 

and environmental or government agencies rely on very different standards on what 

is an acceptable level of heavy metal pollution for soils. As examined in 4.3.1 of this 

thesis, these variations in standards may lead to problems in developing countries.  

Heavy metals cannot be degraded naturally, so phytoremediation process such as 

phytodegredation and phytovolatilization will be ineffective. Heavy metals must 

either be taken up into the plant through phytoextraction, or fixed through 

phytostabilization. The chemical stability, at least in terms of degradation, of heavy 

metals is a problem when designing remediation projects because the mass of 

pollutant will remain constant. The heavy metal pollutant, in the case of 

phytoextraction, will still need disposing of. In the case of phytostabilization, the 

heavy metal is still present in the soil, it is just fixed in the soil by the plant to 

prevent leaching (Baker et al. 2000). 

An important aspect of successful heavy metal soil phytoremediation projects is 

identifying and utlising hyperaccumulators. Hyperaccumulators are plant species 

that are able to grow in polluted soils, that would otherwise be toxic and inhibit 

growth, and phytoextract large concentrations of the pollutants. They can 

accumulate concentrations of heavy metals up to 500 times greater than other plants 

(Qiu et. al., 2004). According to Baker and Brooks’ definition (1989), to be considered 

a hyperaccumulator of Cd, a plant must be able to uptake 100mg/kg−1 in its shoots. 

3 Methodology 
I will address objectives 1-2 through the use of a literature review and case studies 

from successful phytoremediation projects in other countries. 
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3.1 Review of Literature 

In order to provide background information for this thesis, as well as to help provide 

answers to some of the research questions, a thorough study of literature was 

undertaken. The scope of the study was limited to English language articles, 

although this meant reliance on some second-hand sources especially when 

researching contemporary experiences in some developing countries.  

Phytoremediation is still relatively new and underdeveloped as a technology for soil 

remediation. There is only a limited amount of data about existing in-situ heavy 

metal projects available, especially with regard to developing countries. Most of the 

information available has come from laboratory research project, or small-scale field 

experiments looking at identifying hyperaccumulators for future projects. Therefore, 

in order to obtain enough information, I have included information from a wider 

scope of sources. During the original research for this thesis, I found that there was 

very little data from developing countries, so I expanded my scope geographically to 

include developed countries, so I could find some information to work with. I also 

expanded my scope to include information about heavy metal water pollution, 

again, in order to have enough data.     

3.2 Case Studies 

A range of examples from successful phytoremediation projects were studied, in 

order to achieve objectives 1-2.  A brief comparison of these case studies can be 

found in Table 1. The case studies provide an example of how phytoremediation can 

be applied to real scenarios of heavy metal soil pollution. Much of the research 

conducted about phytoremediation has been investigating the viability of individual 

plants species to be used for future projects. These have generally been conducted in 

laboratory conditions, rather than from the result of experiences from commercial 

applications. Very few countries have actually successfully implemented 

phytoremediation outside of research. During the preliminary research for this 

thesis, I originally intended to only include case studies from developing countries 

in order to examine the barriers affecting implementation. However, after 

conducting a broad scan of case studies across the world, I discovered that there was 

not enough information regarding heavy metal phytoremediation case studies in 

developing countries. I therefore decided to use information from countries, that 

were less relevant for the original purpose, but to examine whether it was possible to 
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extrapolate data from them. In order to have enough data to examine, I have chosen 

to include case studies from the U.S. as these case studies have the most amount of 

information available for public access. Other countries that have implemented 

phytoremediation outside of laboratory conditions, include China (Onah et al., 2017), 

Romania (Dimitriu, 2014), and Italy (Sprocati et al., 2014) amongst others. However, 

those projects have not been as well documented as those available from the U.S. 

Many of these phytoremediation projects have limited available information about 

the project, such as the cost, duration, and public involvement. These missing factors 

are integral to assessing whether case studies from developed can be used as 

examples for developing countries, and whether barriers can be identified. 

Table 1. Case Study Comparison of the project type, phytoremediation processes, size of the project area, and the 

heavy metal pollutants 

 

In the global survey about the use of bioremediation, carried Elekwachi et al. (2014), 

several barriers affecting the ability of developing countries to implement 

bioremediation projects were identified. Elekwachi et al. looked primarily at the 

issues surrounding the lack of understanding and access to modelling systems, 

however also mentioned areas such as cost, legislation and policy, and management 

issues. Based on the types of barriers identified by Elekwachi et al. (2014) and 

through the literature study, I have chosen to classify barriers to phytoremediation 

into categories. These categories are ‘Recognition of the Scale of the Pollution’, 

‘Legislation and Enforcement’, ‘Cost’, ‘Effectiveness’, and ‘Technical Knowledge. 

These categories of barriers are not rigid, and many of the points raised in one 

barrier can be linked to another.  For example; the recognition of the scale of the 

pollution would be improved with increased technical knowledge. There are other 

barriers that I have not included that are important, socio-economic for example, but 

Case Study Type of Project Phytoremediation 
objectives  

Phytoremediation 
area (ha) 

Heavy metal 
pollutants 

Aberdeen Proving 
Ground 

Pilot/Field 
Demonstration 

Phytostabilization 0.50 As, Pb  

Palmerton Zinc Pile Full Revegetation 850.00 Cd, Pb, Zn 

Spring Valley Pilot/ Field 
Demonstration 

Phytoextraction Not Stated As 

Ensign-Bickford 
Company 

Full Phytoextraction 0.95 Pb 
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I have decided to focus instead on those mentioned as I believe them to be more 

significant.    

4 Results and Discussion 

4.1 Case Studies from the United States 

I have compiled information collected from the case studies in Tables 1-3, for 

comparison. Further information about the case studies is found in Sections 4.1.1-

4.1.4 in this thesis.   

Table 2. Case Study Comparison of the polluter, public involvement, plants used in project, cost, and project 

duration 

  

On 2 out of 4 of the sites involved in the case study, the U.S. military were 

responsible for the polluting operations, and were ultimately responsible for the 

clean up of the site. The pollution at Ensign-Bickford Company was caused by 

operations involving the testing of weapons and weapons for the U.S. military. The 

only case study to have a purely civilian cause of pollution was the Palmerton Zinc 

Pile. There were clear indicators of public involvement in the phytoremediation 

projects at the Aberdeen Proving Ground and at Spring Valley. At Aberdeen 

Proving Ground, public acceptance of the project was assessed through various open 

meetings held in the local area, where the pollution problem was discussed and 

feedback was heard. In the Spring Valley project, homeowners that were eligible 

were offered phytoremediation as a low impact alternative, as opposed to soil 

excavation, based on their needs. There may have also been public involvement in 

the other case studies, but it has not been recorded so should not be assumed. All 

case studies used very different plants in their projects because of their varying  

Case Study Polluter Public Involvement Plants 
Used  

Cost of 
Phytoremediation 

($) 

Project Duration 

Aberdeen 
Proving Ground 

U.S. Army Public Meetings Poplar 127,480 1996-2001 

Palmerton Zinc 
Pile 

CBS 
Corporation 

Not Stated Grass Seeds 9,000,000 2001- On going 

Spring Valley U.S. Army Owners involved in 
decision making  

Edenfern 475,000 2004- On going 

Ensign-Bickford 
Company 

Ensign- 
Bickford 
Company 

Not Stated Mustard 
Greens 

Not Stated 1998 (7 months) 
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project aims. Poplar was selected for Aberdeen Proving Ground because of its 

inherent phytostabilising qualities. Conversely, the aim of the project at Palmerton 

Zinc Pile was to increase revegetation over a large area, so cheap plants that could 

tolerate pollution were required. For the case studies at Spring Valley and Ensign- 

Bickford Company, plants that were hyperaccumulators of As and Pb respectively 

were selected. None of the case studies chose to use plants that had any possible 

value as biofuels or phytomining.  The Aberdeen Proving Ground case study, which 

was the smallest project area (0.5 ha) to remediate, cost $127,480. In comparison, the 

largest remediation area in Palmerton Zinc Pile cost $9,000,000, although this also 

included the cost of building the necessary project infrastructure.  3 out of the 4 case 

studies took more than five years to complete (Aberdeen Proving Ground, 

Palmerton Zinc Pile, and Spring Valley). The phytoremediation projects at 

Palmerton Zinc Pile and Spring Valley, although beginning in 2001 and 2004 

respectively, are still classified as on-going. Even at Ensign-Bickford Company, the 

shortest case study at a duration of 7 months, was still recommended for further 

treatments over 1999 and 2000. 

 

Table 3. Case Study Comparison showing average pollutant concentration before and after phytoremediation, as 

well as notes about whether the project could be viewed as successful.   

The concentration of heavy metals in the soil at the Palmerton Zinc Pile and 

Aberdeen Proving ground case studies was too high to use phytoextraction as a 

phytoremediation strategy. So conventional soil remediation methods were used to 

reduce the concentration of pollutant within the soil, and phytoremediation was 

Case Study Average pollutant 
concentration 
before project 

(mg/kg) 

Average pollutant 
concentration after project 

(mg/kg) 

Success of Project 

Aberdeen Proving 
Ground 

(As) 1,440   
(Pb) 94,200 

Negligible reduction in heavy 
metals 

Overall project successful, 
phytoremediation project 
prevented wider contamination  

Palmerton Zinc Pile (Cd) 1,300   
(Pb) 6,475  
(Zn) 35,000 

Not Stated Revegetation project successful, 
over 70% of project are retained 
cover 

Spring Valley (As) 16-20 (As) 7-11 Average reduction of 9mg/kg by 
2005.  No information given after 
2005 

Ensign-Bickford 
Company 

(Pb) 635 (Pb) 478 Successful reduction in Pb 
contamination across all areas 
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used at these sites to fix the heavy metals through phytostabilization (Aberdeen 

Proving Ground) or revegetate the site (Palmerton Zinc Pile).  Phytoextraction was 

suitable for the case studies at Spring Valley and the Ensign-Bickford Company site 

because the concentration of pollutants was much lower. The phytoremediation 

projects in all case studies displayed some success. The phytostabilization project at 

Aberdeen Proving Ground prevented the leaching of Arsenic and Lead into nearby 

watercourses. The revegetation project at Palmerton Zinc Pile was very successful 

with over 70% of land involved in the study having retained permanent vegetative 

cover after five years. The phytoextraction project at Spring Valley managed to 

reduce the arsenic pollution by an average of 9mg/kg across the site. However, it 

was recommended that more growth cycles were completed in order to reduce the 

average arsenic concentrations even further. At Palmerton Zinc Pile, the 

phytoextraction project was able to achieve an average Pb reduction of 157mg/kg.  

Further cycles were recommended but it has not been recorded whether they took 

place.          

 

4.1.1 Aberdeen Proving Ground 

The Aberdeen Proving Ground (Edgewood Area), Maryland was previously by the 

U.S. army to test and dispose of explosive and chemical ordnance, as well as large 

scale burning of materials including scrap metals. Maximum detected concentrations 

of some heavy metals, around locations of the 30,000-hectare site, include Cadmium 

(50 mg/kg), Mercury (22 mg/kg), Lead (94,200 mg/kg), Chromium (878 mg/kg), and 

Arsenic (1,440 mg/kg). The levels of Arsenic and Lead were particularly of high 

concern to environmental health, and the remediation aim was to clean the soil 

levels of Arsenic and Lead to under 328 m/kg and 1,000 mg/kg respectively.  

After weighing up the different options, the EPA and Army Toxic and Hazardous 

Materials Agency decided that the site should undergo in-situ containment and 

limited disposal. As well as excavating polluted soil and treating ex-situ, capping 

contaminated areas, and various conventional techniques, it also included a small 

field (0.5 hectares) demonstration of phytoremediation involving 156 poplar trees 

with the main aim of containing the contamination and minimising leaching into 

ground water. The other alternatives for strategies were deemed either too 

expensive, or not effective enough.  The total cost for the entire project was around 
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$2,769,000, with the bulk of the cost coming from the conventional soil remediation 

methods. The cost of the phytoremediation within the larger project was 

approximately: $80 per tree for planting, preparation of the site costing $5,000, and 

operation and management over project lifespan costing $30,000. There was also an 

additional cost of clearing the unexploded ordinance, totalling $80,000. This brings 

the total cost of the phytoremediation project to $127,480. The combined 

conventional and phytoremediation methods met requirements such as cost 

effectiveness, achieving long term effectiveness, ease of implementation, and having 

both state and public acceptance. The public acceptance was assessed through 

various open meetings held in the local area, where the pollution problem was 

discussed. The vast majority of the public were in favour and appreciated being 

informed. However, the decision to choose the option with the lowest cost was also 

queried by some, as some people felt that a higher priority was given to that rather 

than community health. A few members of the public even disagreed that any action 

was even necessary at all and was not worth the financial cost. There is little 

information available about the success of the phytoremediation element of the 

overall project, other than contamination was generally contained in the 

phytoremediation area. However, the overall project was deemed to be successful 

(U.S. EPA, 1996).   

4.1.2 Palmerton Zinc Pile 

The Palmerton Zinc Pile, in Pennsylvania, was a site that was previously used for 

Zinc smelting, with industrial activities finally ceasing there in 1980 after 82 years. A 

bioremediation project, which included a significant phytoremediation element, 

started there in 1991 with the intent to remediate the soil that was polluted by heavy 

metals from the Zinc smelting operations. Due to the level of pollution at the site, 

much of the area was almost completely defoliated, so the EPA also aimed to 

increase vegetation cover. Heavy metal pollution at the site ranged from; 364 to 1,300 

mg/kg of Cadmium, 1,200 to 6,475 mg/kg for Lead, and 13,000 to 35,000 mg/kg for 

Zinc.   
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Figure 2. Defoliation at Palmerton Zinc Pile (Wismer, n.d.) 

 

The type of plants used in this phytoremediation project were not specified in the 

source, other than being identified as a seed mixture. Various other bioremediation 

methods were also used on this site, such as the application of an ‘Ecoloam’ mixture 

and leaf-litter compost. One of the EPA’s additional stated aims of this of this project 

was to limit wind erosion, and the spreading of heavy metal contamination through 

air-borne particles into other soil or nearby water sources. The project also ensured 

that there would be permanent vegetation covering the site which would increase 

evapotranspiration. It was important that phytoremediation prevented water from 

leaching through the polluted soil and limited the movement of heavy metal 

contamination to any groundwater. The estimated cost for the phytoremediation 

project and revegetating 850 hectares of the site was $9,000,000. However, this also 

included the cost of building almost 100 miles of tracks and roads for the Ecoloam 

application trucks. This project has shown considerable success, and by 2006, almost 

600 hectares have had substantial and retained vegetative cover. As information 

about the project has not been updated, it is unclear how the heavy metal 

concentrations in the soil have been affected. (Federal Remediation Technologies 

Roundtable (2007). 
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4.1.3 Spring Valley 

Spring Valley in Maryland is a formerly used defence site, where the research and 

testing of many different chemicals and explosives, including mustard gas, were 

carried out during the first world war. In 1998, Army Engineers conducted 

investigations in cooperation with EPA and Washington, D.C. District Department 

of the Environment, to assess the level of soil pollution at the site. It was discovered 

that there was a very large amount of heavy metal soil pollution, mostly with 

regards to high levels of Arsenic. 1,632 residential and commercial properties on the 

site were assessed for soil pollution during the investigation, with 177 of these 

properties needing remediation. The EPA aimed to reach the target concentration of 

below 20 mg/kg with the remediation project.  

Figure 3. Arsenic phytoremediation using Edenfern at a Spring Valley Home (Baylock, n.d.) 

 

Much of the Arsenic pollution was considered very high and had to be excavated 

and removed to be remediated ex-situ. Properties with Arsenic concentrations of 20 

mg/kg and above, and at soil depths greater than 1m, were not deemed suitable for 

phytoremediation at this site. On properties with lower levels of Arsenic pollution, 

the owners were given the option to choose phytoremediation. 22 of these less 

affected properties chose to implement phytoremediation as a cleaning strategy. For 

the phytoremediation of Arsenic, ferns from the Pteris genus, also known as 

Edenfern or brakefern were selected. One brake fern was planted for every square 

foot of contaminated area and left to grow over a period of five months. The ferns 
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were then harvested and removed. 16 of the properties only required one cycle, but 

some of the properties affected by higher levels of Arsenic pollution needed 

additional growth cycles. However, after five years the Arsenic level in all properties 

was back down to a sustainable soil standard, with the average concentration of 

being now between 7-11 mg/kg. 

The total cost of the Spring Valley remediation project was calculated at $250 

million, of which the phytoremediation element was estimated at around $475,000. 

The bulk of the total project cost would have been the soil excavation and building of 

infrastructure and equipment, such as groundwater monitoring wells. The project 

began in 2001 and is currently still listed as on going.  (US Army Corps of Engineers, 

2015).      

4.1.4 Ensign-Bickford Company 

The Ensign-Bickford Company, located since 1836 in Connecticut, is a firm 

specialising in the manufacture of various equipment and systems for clients such as 

the U.S. military, as well as other industrial firms. The company had previously 

manufactured and disposed of munitions on their site, which led to the discovery of 

heavily contaminated soil in 1996. The method of ordinance disposal that was used 

was called Open Burn and Open Detonation and involved the controlled explosion, 

and then the burying of waste munitions. However, this method can result in 

incomplete combustion of the material, which can then contaminate nearby soil and 

water. After investigations, the soil at the area used by Ensign-Bickford Company 

was found to have an average Lead concentration of 635 mg/kg. The EPA firstly 

identified an area of 0.6 hectares, that was then increased to a total of 0.95 hectares in 

1998, on which a phytoremediation project could be implemented.      

The aim of the phytoremediation project was two-fold; firstly, to reduce lead soil 

concentrations back to a sustainable limit. Secondly, to stabilize leachable lead in the 

soil to prevent it from coming into contact with nearby water sources. For these two 

purposes, three plants were selected to be used for the treatment beginning in 1998; 

Brassica juncea (Indian Mustard), a species of sunflower, and an unstated species. The 

growing season lasted for 4 months, and the total lead concentrations at the site 

decreased from the average of 635 mg/kg to an average of 478 mg/kg. Further 

treatment was recommended through 1999 and 2000 to reduce the lead 

concentration to an acceptable level, however, the results of the further cycles are not 
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available and project is listed as completed. There was no information available 

about the costs of the project.  

4.2 Barriers Facing further implementation of Phytoremediation  

From examining the case studies and looking at literature surrounding the subject, I 

have identified some of the barriers affecting the implementation of larger scale 

heavy metal phytoremediation projects in developing countries. I have classified 

these barriers into different categories, as explained in the Methodology section of 

this thesis. I have summarized these barriers in Table 4 below.  

Table 4. Some of the key barriers affecting the further implementation of heavy metal soil phytoremediation 

projects in developing countries  

 

Recognition of Scale of the 
Pollution 

Limited global awareness of soil 
pollution 

Lack of monitoring equipment 

Limited access to GIS  

Legislation and Enforcement 

Absence of national soil standards 

Ineffective enforcement by enforcing 
bodies 

Corruption and collusion 

Cost 

High project costs 

Lack of current investment potential 

Long payback time 

Few financial incentives 

Effectiveness 

Limited to soil depths of <1m  

Limited to low to moderate soil 
pollution levels 

May require multiple growth cycles 

Lack of success outside of laboratory  

Need for public involvement 

Technological Knowledge 

Lack of knowledge across the world  

Lack of published data 

Lack of phytoremediation projects in 
developing countries 

Absence of necessary infrastructure 
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There can be limitations for developing country using case studies from a developed 

country for guidance, because of inherent differences in terms of wealth, 

development, climate etc. Conversely, examining successful case studies from a 

developed country, can be valuable as it provides information on the barriers need 

to be overcome in order to implement their own phytoremediation projects.    

4.2.1 Recognition of Scale of the Pollution 

A significant cause of the current scarcity of phytoremediation projects in 

developing countries in general, is the lack of awareness within these countries 

about the full scale of pollution. Generally, developing countries do not have an 

accurate appreciation of the amount of land that is polluted, the levels of pollution in 

the soil, and the damages it can cause to the environment and human health 

(Wesseling et al. 2001). In the global survey of bioremediation, carried out by 

Elekwachi et al. (2014), there was a definite correlation between a region’s per capita 

income, and the perception of soil pollution there. However, while according to the 

responses from the survey, more than 75% of respondents were worried about soil 

pollution within their regions, there was no indication as to whether this worry was 

proportional to the actual soil pollution. For example, as the majority of responses 

were from North America where the scale of soil pollution is more accurately 

recognised, this may have skewed the overall results. The authors of the survey did 

not publish the individual responses of each continent, which may have given a 

better appreciation for just how much developing countries are aware of the scale of 

soil pollution. 

A significant issue of recognising soil pollution within a country is also linked to 

factors discussed in sections 4.1.2 and 4.1.5. of this thesis, as it often requires the use 

of technical equipment and knowledge in order to achieve. Suspected polluted areas 

would need to be investigated by experts, and then mapped digitally using 

Geographic Information Systems (GIS) so that a national database can be created. 

This also requires the support and funding of governmental and environmental 

bodies, to provide the necessary skills and equipment. (Food and Agricultural 

Organization of the United Nations, 2018). This can be seen in the U.S. case studies 

where once an area was suspected of being polluted, the EPA and other authorities 

took over the site to carry out detailed investigations and record their findings. It can 

be argued that this is an easier undertaking in the U.S., not only because of the 
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enforcement of CERCLA, but also because a generally more regulated and recorded 

industrial sector. This means that governing bodies are largely more aware of the 

processes causing soil pollution within the U.S. and can identify possible polluted 

areas based on historical records of activities. This is a significant issue within 

developing countries, as there has often been little historical record or regulation of 

soil polluting activities within areas. Conversely, it is interesting to note in that in all 

the case studies, the scale of pollution on these sites was only recognised many years 

after the historical sources of contamination had ended.  

None of the case studies involved the EPA enforcing a cessation of activities, 

although, in at least the Palmerton Zinc Pile study, they must have had some 

awareness of the possibility of soil pollution during the sites operational life.   

It is also interesting to note that on 2 out of 4 of these sites, the U.S. military were 

responsible for operations. This may have played some part in the time taken in 

order to investigate and recognise the scale of pollution. Militaries are usually very 

secretive regarding any activities taking place on their sites, especially with regards 

to weapon testing, in order to protect national securities. For example, in the Spring 

Valley case study, the previous history of the site has been largely kept secret 

because of the weapons development which took place there. Site investigations 

only took place when civilian workers accidentally uncovered forgotten munitions, 

and further research on the site’s history was carried out. This is a problem not only 

for developed countries, as many developing countries have allowed their militaries 

to store and dispose of ordnance with little or no records. Additionally, this is not 

just limited to militaries, as many industries have no incentive to publicise 

information about any polluting activities. This all leads to a lack of awareness of 

quite how serious the levels of soil pollution may be in developing countries.  

 

4.2.2 Legislation and Enforcement 

From examining the four case studies, it is clear to see the strength of environmental 

legislation and enforcement that is available within the U.S. It is important to 

recognise that the actual pollution of the soil in the first case that is not necessarily a 

sign of lax environmental legislation or enforcement. Most of the pollution of these 

sites started before the enactment of the majority of substantive environmental laws, 

and the formation of the EPA in 1970. Instead, it is more significant to examine the 

actions taken after the extent of heavy metal contamination was identified at the 
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sites. Once pollution on the case study sites was actually identified, remediation 

projects were then designed and implemented within 10 years. The EPA managed to 

find the original polluters for all case studies and ensured that they were responsible 

for bearing the cost of the clean-up, with the EPA providing support where 

necessary. With the use of the CERCLA Superfund, and the use of EPA for 

enforcement, guidance, and monitoring, the U.S. has a powerful tool to help 

remediate polluted sites.  

The United States possesses strong environmental legislation and support in regards 

to the remediation of polluted soil, including the Resource Conservation and 

Recovery Act of 1976, the Surface Mining Control and Reclamation Act of 1977, and 

CERCLA 1980. Under the Comprehensive Environmental Response, Compensation, 

and Liability Act (Superfund) 1980 (CERCLA), the EPA is provided with authority to 

clean up uncontrolled or abandoned polluted sites. The EPA are also powered with 

the ability to find the liable party and ensure that they take financial responsibility 

for the clean-up. If the responsible party is unable to be found, then the clean-up can 

be financed from the Superfund Trust, which is in turn financed through taxes on 

petroleum and chemical businesses. Over the years there has been a decrease in the 

amount of money available to the EPA to clean sites, with fewer polluted sites being 

remediated. For example, 20 sites were cleaned in 2009- itself a reduction, to only 8 

sites in 2014 (Beins & Lester 2015). 

Areas that are designated as Superfund sites are designated as such due to their 

potential to cause a significant risk to human health or the environment. Superfund 

sites are then placed in the National Priorities List, which guides the EPA in 

determining which sites are most important to remediate. The National Priorities 

List, designates important sites based on the capacity to cause detrimental public or 

environmental health. The public has the ability to access information and comment 

on it throughout the process. The included case studies were all designated as 

Superfund sites, and remediation on all sites was continually enforced and 

monitored by the EPA due to considerable the considerable soil and water pollution 

from the activities that previously took place there (Beins & Lester 2015, U.S. 

Government Accountability Office 2015). 

The term ‘developing countries’ can conjure up some negative stereotypes of the 

advancement, and even a perception of lawlessness when it comes to some areas of 

the world. Some sources such as Wesseling et al. (2001) and (Wuana & Okieimen 
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(2011), put forward the suggestion that it can be the absence of environmental 

legislation regarding the prohibiting of pollutants, that are restricting developing 

countries. However, while this might have some truth with certain specific chemicals 

not being expressly forbidden; for example, the pesticides Carbaryl and Chlorpyrifos 

in India (Agro-News, 2017), developing countries all possess at least some basic form 

of legislation that protects natural resources and human health from exploitation. 

Many developing countries used legislation from developed countries as 

frameworks for their own, especially in the case of countries that were once 

colonized by developed countries. For this thesis, a cursory investigation was 

complemented of the 139 IMF developing countries, using the Ecolex environmental 

legislation database. All 139 countries have some form of legislation concerning soil 

or environmental protection from pollution, either through specific legislation or 

their constitutions (Ecolex, 2018). As this was only a basic investigation, no 

conclusions can be drawn as to the strength of the legislation individual countries, 

and exactly what actions are either prohibited or legally enforced. However, using 

the legislation from a developing country such as Afghanistan, can be an interesting 

example due to the amount of civil turmoil it has undergone during the last century. 

Under Section 838 of Afghanistan’s Criminal Act, a person who intentionally causes 

pollution of sites by the disposal of substances, and materials harmful to public 

health, can be sentenced to prison if prosecuted. The guilty person must also be 

responsible for paying the social and environmental costs of remedying the adverse 

effects (Islamic Republic of Afghanistan Environment Law- National Assembly of 

Afghanistan, 2007). On a broad scale, this legislation is dissimilar to that found in 

developed countries. This provides a demonstration that even a country that has 

struggled so much with war and unstable governments, such as Afghanistan, still 

has the ability to draft environmental policies.  

Therefore, it appears that the issues with implementing phytoremediation, lie not 

with the lack of environmental legislations preventing soil pollution, but rather with 

the lack of enforcement of environmental legislation. Environmental legislations 

preventing soil pollution, have no value if there is not sufficient enforcement carried 

out by trusted and efficient regulatory bodies. It is often the case in developing 

countries that these standards are not enforced, and there is a lot of corruption 

between governmental bodies and companies which allow polluting activities to 

continue in return for bribes (Stephenson & Black 2014, Faure 1995). Haller (2017), 
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for example, provides the statistic of 87% of Nicaragua’s waste dumps being 

unauthorized, which has added to the already polluted soil within the country.  

Many developing countries have similar stories with unregulated industries taking 

place, although legislation is in place to supposedly stop this (Slater, 1999).   

Table 5. Soil Quality Guidelines comparison between Mexico and a U.S. State in mg/kg (State of Maryland 

Department of the Environment 2000, Ministry of the Environment and Natural Resources 2007) 

 

 

 

 

 

 

 

 

 

 

 It is interesting to compare soil standards in Table 5, which I have compiled and 

compared using data available from a developing country, Mexico, with that of a 

developed country, the U.S.  There are a number of differences not only in the 

individual figures, but also how the countries presented their standards. Firstly, a 

whole country (Mexico) is being compared with a single state in the U.S. This is 

because many U.S. states have their own soil standards that are separate to those 

provided from the EPA. There is much variation in the soil characteristics, 

geography, and climate between U.S. states so most states use their own individual 

standards. I have chosen to include Maryland soil standards as two of the case 

studies are from that state. Another key difference is that Mexican soil standards also 

put agricultural and residential classifications together, whereas Maryland state 

separate into residential and non-residential. This essentially shows that Maryland 

state uses the same standards for agricultural and industrial, whereas Mexico 

separates them. However, the primary difference between the two sets of standards 

is that Maryland require a much more demanding soil standard to be met. It can be 

reasoned, that similar to other developed countries, Maryland has a greater 

Soil Quality Guidelines in Mexico and Maryland state in the U.S. (mg/kg) 

  Mexico U.S. (Maryland)  
Agricultural/ 
Residential 

Industrial  Residential Non-Residential  

Arsenic  22.0 260.0 2.3 6.2 

Barium  5,400.0 67,000.0 550.0 1500.0 

Beryllium  150.0 1,900.0 16.0 42.0 

Cadmium  37.0 450.0 7.8.0 21.0 

Mercury  23.0 310.0 0.1 0.1 

Nickel  1,600.0  20,000  160.0 410.0 

Silver  390.0   5 100  39.0 100.0 

Lead  400.0 800.0 400.0 400.0 

Selenium  390.0 5,100.0 - - 

Thallium  5.2 67.0 0.5 1.5 

Vanadium  78.0 1,000.0 55.0 150 

Zinc - - 2,300.0 6,200.0 
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awareness of the state of soil pollution within the country, as well as access to the 

funding and resources necessary in order to remediate polluted soils to a lower limit. 

These two soil standards make an interesting comparison because of varying 

climates, wealth, and technology play an issue. The soil standards guidelines were 

published seven years apart. (State of Maryland Department of the Environment 

2000, Ministry of the Environment and Natural Resources 2007).  

Conversely, many developing countries either do not have soil standards (such as 

seen in Table 5.), or at least do not openly publish this information. The absence of 

available soil standards in a developing country either points to a lack of knowledge 

about their importance, or the use of soil standards from other countries. Relying on 

soil standards from developing countries can be problematic as it provides an 

unrealistic goal for them to try and meet with their climatic situation, access to 

funding and technology. Developing countries generally do not have the capabilities 

of meeting the higher limits set by countries such as the U.S.     

The case studies demonstrate that successful phytoremediation projects in 

developed countries are a result of an awareness of the problems caused by soil 

pollution, and regulatory bodies backed by strong legislation to enforce soil 

standards. In comparison, developing countries often do not have this access to this 

which suggests a lack of governmental support for projects, and enforcement.     

4.2.3 Cost 

Cost is still the main driver in choosing remediation technologies, as recognised by 

Elekwachi et al. (2014).  As shown by the case studies in the U.S., phytoremediation, 

although generally much cheaper than most conventional soil remediation methods, 

may still be prohibitively expensive. (Van Der Lelie et al. 2001). Even the Aberdeen 

Proving Ground case study, while having the smallest project area (0.5 ha) to 

remediate still cost $127,480. The largest remediation area in Palmerton Zinc Pile cost 

$9,000,000, although this also included the cost of building the necessary project 

infrastructure.  These are still considerable costs, even for a country with well-

developed funding streams from CERCLA Superfund, or the relatively rich polluters 

that are responsible for paying for remediation. The U.S. case studies are likely of 

limited use as a cost indicator for developing countries, as factors like higher wages, 

cost of materials, and other equipment should be taken into account. It would be 

expected that the project cost for phytoremediation would be significantly lower if 
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implemented in developing countries. However, developing countries generally do 

not have access to large sources of money, as most of their government departments 

are already underfunded and operate under strict budgets. It is conceivable that 

poorer developing countries could instead opt to leave polluted areas without any 

soil remediation at all, in order to avoid spending what could be huge sums of 

money that are needed elsewhere. An additional problem for developing countries is 

that although poorer regions are often the most likely to suffer from soil pollution, 

they are generally not a high priority for government concern (Haller, 2017). 

Investors are also less likely to want to fund soil remediation projects in poorer 

areas, as they are unlikely to see much of a return on their investment capital. 

(Ongley and Booty, 1999). In order to achieve contaminated soil project funding 

from either governmental departments or private investors, a number of factors 

would be examined; Firstly, whether the project is likely to be successful, the 

expected duration of the project, and whether the project would be cost effective. If 

these criteria were not successfully met, it is very unlikely that a project would go 

ahead. So, although a heavily polluted area might have a high need to be remediated 

based on its proximation to human settlements, it could be a low priority for 

decision makers unless it had a potential to either see a return on profit, or at least be 

cost effective.    

Figure 4. Cost Advantage of Phytoextraction for Metals (Schnoor, 1997).  

 

According to Conesa et al. (2012), the financial optimism for investment about 

phytoremediation as a technology, as predicted by Glass (1999) has not been 

actualized. Glass reported that between 1998 and 1999, the global phytoremediation 

market value increased from $15–18 bn per year to $34–54 bn per year, with the 

prediction that the U.S. market itself would rise to $235–400 million by 2005. 
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However, this did not happen and interest from investors has cooled both in the 

U.S., and worldwide.  Van Der Lelie et al. (2001) theorizes that this is because of the 

difficulties of achieving a favourable return on investment often due to the species of 

plants that were chosen. In the U.S. case studies, none of the plant species used in the 

phytoremediation projects, were crops that could achieve a conventional return on 

investment i.e.  either as sale for food or biofuels. Due to the importance of a 

constant income to those reliant on the land within marginalised and poor regions, it 

is important that any plant selected to be used for phytoremediation should have 

some monetary value from either food, biofuel, or other material use (Pronoza et al. 

2016). Farmers in poorer countries generally cannot afford to leave a field with no 

income for several months, and this would have a negative effect on encouraging 

implementation phytoremediation projects in agricultural areas.  

4.2.4 Effectiveness 

Although there have been a number of successful laboratory phytoremediation 

studies, there is a significant problem of these not being an indicator of successful 

real-world applications. Plants grown in laboratory conditions do not have to 

contend with various stressors found outside, such as temperature variations, 

inconsistent precipitation, animal interference, diseases, as well as competition with 

other plant species (Van Der Lelie et al. 2001). An overreliance of laboratory tests 

without full scale applications can provide a false confidence in the ability of 

phytoremediation as a technology to combat heavy metal soil pollution 

(Erakhrumen, 2007). There are limits to the soil pollution levels that plants are able 

to grow in, even for hyperaccumulators. It is not just a case of phytoremediation 

projects requiring longer periods of time to remediate highly polluted soils, but also 

the fact that plant growth can be seriously inhibited and thus may not a viable 

option (Erakhrumen, 2007).  Which means that for effective phytoremediation, 

projects are restricted to areas with lower concentrations of heavy metals. This can 

be problematic for developing countries that have areas suffering from very high 

levels of soil pollution, as phytoremediation simply does not have the capacity to 

work there (Ghosh and Singh, 2005). This was one of the problems raised in the case 

study at Spring Valley, where out of 177 properties needing phytoremediation, 

phytoremediation was only suitable to be used on 22 of them. The majority of other 

properties in the case study had too high levels of arsenic that would have severely 

prohibited the growth of the plants. The effectiveness of phytoremediation treatment 
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is also usually limited in soils to a surface depth of 1m, limiting the effectiveness if 

the source of pollution has been buried deeper, such as in the Aberdeen Proving 

Ground case study.  

Phytoremediation is a slow process and is dependent on the growing period of the 

plants that are used. If an area has particularly polluted soil, then more than one 

growth cycle of plants may be required in order to achieve effective remediation. 

Sometimes this may take up to several years, as shown by the U.S. case studies. 3 out 

of the 4 case studies took more than five years to complete (Aberdeen Proving 

Ground, Palmerton Zinc Pile, and Spring Valley). The phytoremediation projects at 

Palmerton Zinc Pile and Spring Valley, although beginning in 2001 and 2004 

respectively, are still classified as on-going. Even at Ensign-Bickford Company, the 

shortest case study at a duration of 7 months, was still recommended for further 

treatments over 1999 and 2000.  The long-time frame of phytoremediation projects 

can seem like a definite negative for a developing country that requires a quick 

resolution.  It can be important to the decision makers and investors of a developing 

country that has spent its scarce resources on implementing projects, that results are 

seen as soon as possible. If polluted soils are located in areas that are not currently 

being immediately contested for use as agricultural or residential land, then time 

constraints are less of a problem. However, as agricultural and residential land are 

often prioritised in developing countries, because of limited resources, investors 

value fast remediation as they want to see a quick return on their investment. This 

makes it more likely for investors to be more likely to choose more expensive but 

quicker conventional soil remediation techniques, such as excavation. This can be the 

case with countries suffering from unstable governments and civil strife, as a long-

term outlook on remediation strategy can be difficult to achieve or even promote.  It 

is understandable, from a time-scale point of view at least, why developing countries 

might not favour phytoremediation as a remediation option.  

The importance of continued public involvement during phytoremediation projects 

should also be recognised. The U.S. case studies from Aberdeen Proving Ground 

and Spring Valley both had significant public involvement which helped to steer the 

development and implementation. In the Spring Valley case study, homeowners 

who met the criteria, were offered the choice of phytoremediation as a low impact 

soil remediation method. This demonstrates that their individual needs of having 

unobtrusive remediation where possible, were recognised. The homeowners were 
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not forced to accept phytoremediation but were continually guided and supported 

through the process. In the Aberdeen Proving Ground case study, decision making 

about the remediation project was open to people living in the surrounding areas, 

through public meetings. The public meetings gave the opportunity for people to 

comment on the proposed plans and ask questions to the authorities. Quite how 

much weight was given to the public response by the authorities is unknown, but 

the minutes from the meetings are available on the internet. Some of the statements 

brought up from the meetings are those from people actually thanking the 

authorities for holding the public meetings in the first place. Conversely, in 

developing countries, people are often not given the opportunity to have their 

opinions heard. Haller (2017) notes that it is the most marginalised people within 

developing countries that often suffer the most from soil pollution. These people are 

frequently not given a voice in any decision-making, although they are usually those 

that are most affected. It is essential for the long-term success of phytoremediation 

projects that there is public involvement throughout the development and 

implementation process. This is especially important if developing countries will be 

relying on local farmers to implement and oversee the phytoremediation project. 

There is little incentive for locals to manage and support a project that they do not 

understand and were not involved in the discussion of.   

4.2.5 Technological Knowledge 

Within developing countries, there is certainly a lack of familiarity with the 

phytoremediation technique and its advantages and disadvantages, amongst both 

environmental authorities and the wider public (Wantanabe, 1997). With the 

majority of research taking place in North America and Europe, there is simply not 

enough expertise in developing countries in order to implement phytoremediation 

projects themselves, and especially without assistance from developed countries 

(Ongley and Booty, 1999).  However, lack of technical knowledge is an issue that can 

even be seen in developed countries as well. Lachapelle & Montpetit carried out a 

2015 survey of 100 accredited professionals working with decontamination in 

Quebec, Canada. In the survey, the professionals were asked to rank their 

knowledge about phytoremediation on a scale between 0 and 10. 90% of the 

responses were recorded at 5 or below, with none of the responses being above an 8. 

In order to validate the responses to this survey, Lachapelle & Montpetit asked a set 

of questions to each professional, in which over 50% answered more than half of the 
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questions wrongly. Additionally, fewer than 10% of the respondents had previously 

recommended or implemented a phytoremediation project in the past. The wide 

range of backgrounds needed for the implementation of successful projects is shown 

in Figure 5 below. 

Figure 5. Table showing the types of experts needed for phases of a phytoremediation project (ITRC,2009) 

 

Soil pollution in developed countries is usually mapped using Geographic 

Information Systems. Many developing countries do not have the I.T software, 

knowledge, or ability to access to these systems in order to record pollution areas 

and help to design and implement phytoremediation projects. This issue is also 

linked those discussed in section 4.3.1. of this thesis. Additionally, the use of online 

databases has been touted as an invaluable tool to help design future 

phytoremediation projects. However, according to the global survey of 

bioremediation projects carried out by Elekwachi et al., (2014), only between 15-35% 

of the respondents used a form of online databases to help guide the design of their 

experiments. The majority of this 15-35% were responses from North America and 

Europe, with 75% of the total being from U.S. respondents who had used forms of 

modelling software.  Elekwachi et al. states that although there has been a lot of 

money invested in online resources and databases, they are not being used to their 

full potential. This shows that there is a requirement for increased training on these 

systems, as well as a need for more user-friendly resources if a more widespread 

adoption in developing countries is to be achieved. Even in developed countries, 

there is a significant issue with the lack of centralised data on remediation projects 

and little information sharing between nations.  
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There was certainly was very little data available regarding phytoremediation 

projects, especially with regard to developing countries, when researching this topic. 

Most of the research that publicly available has been from laboratory studies, and 

not commercial applications. The majority of commercial applications of 

phytoremediation, of which there is publicised information, has come from the U.S.  

Van Der Lelie et al. (2001) states that is because of the differences in how 

phytoremediation has developed in the U.S. and the rest of the world. In the U.S. 

research has been focused more on the application of phytoremediation in practice 

and driven by real implementation experience. Van Der Lelie et al. ascribes this to a 

natural entrepreneurship and risk taking which is inherent within U.S. culture, while 

also being supported by considerable U.S. federal funds. This can be compared to 

Europe, where there are far fewer commercial phytoremediation projects. The vast 

majority of knowledge about phytoremediation in Europe has come from laboratory 

studies, and the commercial phytoremediation industry is much smaller. Other full-

scale phytoremediation projects have been undertaken in other countries, however 

there is not enough information about factors regarding their cost, timescale, and 

effectiveness. It is possible, as research for this thesis was limited to English 

language sources, that information is available in other languages. However, this is 

also a larger issue for the worldwide development of phytoremediation, as 

information needs to be published in the shared scientific language of English in 

order for it to be accessed by developing countries.  

An important issue is that of the disposal of the phytoremediation plants after the 

project has ended. The plants will have then absorbed the contaminates, which then 

must be disposed of safely. Most developing countries lack the infrastructure to 

safely store or dispose of this hazardous waste.  None of the case studies using 

phytoextraction provide any information on how contaminated plant biomass was 

stored and disposed of after harvesting. A significant barrier to successful heavy 

metal phytoremediation is having a clear management plan for the end process of 

the project. If these heavy-metal contaminated plants entered the food chain after 

being consumed by animals, then the heavy metals would continue up the chain to 

the top-level consumers. Or, if the contaminated plant waste is incorrectly managed 

and disposed of, then the contaminants can re-enter the environment and continue 

to cause damage. This would mean that the whole remediation process would have 
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been rendered useless and a waste of time, money, and resources (Erakhrumen, 

2007).     

4.3 Suggestions for Improving Phytoremediation Capabilities of Developing 

Countries.  

Although a large element of the problem with environmental legislation in 

developing countries is with enforcement, this is not something that is easy to find a 

solution to. Each individual country will have their own struggles with enforcing the 

legislation that could involve but are not limited to; lack of governmental support 

and funding, little or no regulated monitoring of soil standards, widescale 

corruption between businesses and authorities. The current culture in many 

developing countries, appears to be that polluting industries are not following 

legislation preventing the protection of the environment, and are not rigorously 

enforced by independent bodies. There are few incentives in many developing 

countries to convince industries to store and dispose of waste correctly in order to 

limit the introduction of heavy metal to the soil. Solving these issues in many 

developing countries would involve a huge change of culture and would take a 

considerable length of time (Faure, 1995).  Some of these changes should involve the 

establishment of independent environmental bodies that could regulate waste 

disposal and environmentally unfriendly practices from heavy metal producing 

sources. These bodies would have to be trusted and run independently in order to 

minimise the risk of corruption and bribery. Governmental support would be 

needed to enforce strict fines on industries that run afoul of the independent 

monitoring body. But those in positions of power within the government, would 

also need to be honest and unreceptive to coercion from offending businesses. 

Rather than a relying on a change of culture, it would be a smaller and easier step for 

developing countries to implement smaller changes first. This could involve creating 

and adopting their own soil standards which state the acceptable concentration of 

heavy metals in the land. As stated previously in this thesis, some developing 

countries do not have soil standards, with some relying on those from developed 

countries. As explained in section 4.3.1., soil standards from countries with access to 

higher funding and government support, may provide unrealistic targets for 

developing countries. However, if developing countries do not currently possess the 

resources or experience necessary to create their own heavy metal soil standards, 

they can adopt soil standards from other countries that are closer to their own in 
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terms of climate, funding, and support. Using soil standards from a country, such as 

Mexico for example, would provide a more accurate concentration limit than those 

from the U.S., and stand more chance of these standards being met. The climate of 

Mexico is more similar to that of many other developing countries, so it would be 

more beneficial to use these standards as an example as opposed to trying to use 

stricter standards from other countries. 

As examined in section 4.3.3 of this thesis, cost of phytoremediation projects can be a 

major barrier for implementation, even if it is significantly cheaper than other 

remediation methods. The primary issue to be solved is that of identifying ways of 

encouraging authorities and investors to choose phytoremediation as an option. The 

most obvious way of doing is, is to improve the investment potential. The nature of 

phytoremediation mechanisms, such as phytoextraction, means that plants used in 

the project would have taken up high levels of contaminants, and so would be unfit 

for consumption by both humans and animals. Therefore, as food crops, these plants 

would have almost no value. However, this presents the opportunity to find other 

markets in which to sell the crops. There are a number of potential areas where 

project managers could exploit the mechanisms of phytoremediation in order to gain 

some money, which would make it a far more attractive option for investors. Phyto-

mining is a technique where the certain heavy metals can be extracted to be sold, 

after being taken up by a plant. This involves growing plants with high biomass 

which are harvested at the end of the growing period, and then burnt in incinerators 

to release ‘bio-ores’ in the ash. These bio-ores can be very valuable, especially if they 

are Nickel, Copper, or Zinc. Phyto-mining has an added benefit of reducing the 

volume of contaminated biomass, by transforming it to ash through burning. There 

is already a high demand for certain heavy metals, and with conventional extraction 

techniques becoming more expensive, phyto-mining may form a lucrative future 

way into the market. However, there are currently some limitations to phyto-mining, 

that will need to be improved before it becomes a viable option for developing 

countries. These include the need for identifying more hyperaccumulators of certain 

heavy metals, to ensure the higher amount of bio-ore is released as possible. A 

number of hyperaccumulators of Nickel, for example, have already been identified 

such as South African Berckheya roddii. But the more hyperaccumulator species that 

are identified, the greater the chance of successful utilization, as it provides 

developing countries more chance of selecting a plant that will thrive in their 
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individual climate. Successful phyto-mining also requires finding plants that have a 

high biomass value, which again increases the amount of bio-ore that will be 

available. An additional problem with phyto-mining is that developing countries 

will need to have the infrastructure required, such as incinerators, which may not 

currently be present in these countries (Van Der Lelie et al. 2001). 

An additional way of improving the economics of phytoremediation projects is to 

select crops that can also be used as bio-fuels. There are a number of plants that have 

been researched for phytoremediation, that also have the ability to release a high 

amount of energy when used as fuel. These include but are not limited to: Camelina 

sativa (false flax), Cannabis sativa (hemp), Linum usitatissimum (flax), and Arachis 

hypogaea (peanut). A study for the use of phytoremediation crops as bio-fuels, was 

undertaken in Belgium. It was discovered that energy Maize crops could be grown 

to aid the remediation of Cd, Zn and Pb soil pollution, with the additional income 

stream of being sold as bio-gas. When the cultivated Maize was converted into bio-

gas through the use of an anaerobic digestor, it was calculated to be able to produce 

33,000–46,000 kWh of renewable energy per hectare per year. However, an 

identifiable problem with this, is that there is currently not enough knowledge about 

aspects such as heavy metal pollution transfer and whether this will have an effect 

on the composition of the bio-fuels. Therefore, this idea is only in the preliminary 

stages, and is only a pipe-dream for developing countries at present (Gomes, 2012).  

In order for the effectiveness of phytoremediation projects in developing countries, 

more research is needed both in field, and laboratory work.  Laboratory work can 

help us to understand more about factors such as translocation patterns, identifying 

hyperaccumulators, and how varying climatic conditions can affect plant growth. In-

field research will provide a better us with a better appreciation of the problems 

encountered when actually implementing phytoremediation projects. This is an 

important area to develop on, as otherwise developing countries are limited to the 

examples shown by previous case studies (Ali et al., 2013) 

Improving technological knowledge and familiarity, will predominantly come with 

additional experience and time.  The more phytoremediation projects that are 

successfully implemented across the world, the greater the collective database of 

phytoremediation case studies will be. More projects will improve worldwide 

knowledge which will, in turn, provide resources for developing countries to access 
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if they are looking to design their own projects. Information sharing between 

developed and developing countries will improve, as computer infrastructure is also 

improved. At present, many developing countries do not have the ability to access 

online databases due to a lack of computers, software, or internet capabilities. 

However, as this situation advances with technology and availability of low cost 

equipment, developing countries will be able to mitigate this barrier (Conesa et al., 

2012). Ali et al. (2013) states the importance of including a range of disciplines and 

different backgrounds in order to design the most effective phytoremediation 

projects. This is true not only for developing countries, but also for developed 

countries, as experts from all fields are needed. Biologists might be able to suggest 

potential hyperaccumulators, but economists will be needed to predict costs, and 

environmentalists would be required to manage and oversee the project.   

5 Conclusion 
The use of case studies from the U.S., in the absence of case studies from the 

developing world, helps to identify certain barriers that are currently preventing 

implementation. These barriers include; Recognition of the Scale of the Pollution, 

Legislation and Enforcement, Cost, Effectiveness, and Technical Knowledge.   

These barriers must be mitigated in order to encourage future implementation of 

heavy metal phytoremediation projects in developing countries. As more 

phytoremediation research is conducted, both in-field and in laboratory work, our 

collective understanding of the capabilities of phytoremediation will continue to 

develop. Additional income streams can be discovered through further 

experimentation and smaller scale commercial applications, which will help to 

encourage future investors. There is a need to identify more hyperaccumulators of 

heavy metals for future use as phytoremediation candidates, as well as further 

investigation of the processes surrounding phytoremediation. Currently, how soil 

characteristics, geography, and climate affect phytoremediation, are not fully 

understood.  

It is evident from the literature review and case studies, that while phytoremediation 

has the potential to be used for soil remediation projects in developing countries, 

there needs to be much more research collected if there is to be increased 

implementation in the future.  
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