
Ghosh  &  Singh.:  A review on phytoremediation of heavy metals and utilization of its byproducts 
- 1 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 3(1): 1-18. 
http://www.ecology.kee.hu ● ISSN 1589 1623 

 2005, Penkala Bt., Budapest, Hungary 

A REVIEW ON PHYTOREMEDIATION OF HEAVY METALS AND 
UTILIZATION OF ITS BYPRODUCTS 

 
M. GHOSH* – S.P.SINGH 

*e-mail: mghosh.sees@dauniv.ac.in 
 

Biomass and Waste Management Laboratory, School of Energy and Environmental Studies, 
Faculty of Engineering Sciences, Devi Ahilya University, Indore – 452017, India. 

(phone.: +91-0731- 2460309; fax.: +91-0731- 2467378) 
*Corresponding author 

 
(Received 29th Feb 2005; accepted 28th June 2005) 

 
 
Abstract. This review presents the status of phytoremediation technologies with particular emphasis on 
phytoextraction of soil heavy metal contamination. Unlike organic compounds, metals cannot be 
degraded, and cleanup usually requires their removal. Most of the conventional remedial technologies are 
expensive and inhibit the soil fertility; this subsequently causes negative impacts on the ecosystem. 
Phytoremediation is a cost effective, environmental friendly, aesthetically pleasing approach most 
suitable for developing countries. Despite this potential, phytoremediation is yet to become a 
commercially available technology in India. This paper reports about the mobility, bioavaliability and 
plant response to presence of soil heavy metals. It classifies the plants according to phytoextraction 
mechanism and discusses the pathway of metal in plants. Various techniques to enhance phytoextraction 
and utilization of by-products have been elaborated. Since lot of biomass is produced during this process, 
it needs proper disposal and management. It also gives an insight into the work done by authors, which 
focuses on high biomass extractor plants. High biomas weeds were selected to restrict the passage of 
contaminants into the food chain by selecting non-edible, disease resistant and tolerant plants, which can 
provide renewable energy. Thus making phytoextraction more viable for present utilization. 
Keywords. heavy metals, phytoextraction, hyperaccumulator, indicator, excluder species 

 
 

Introduction 
 
A major environmental concern due to dispersal of industrial and urban wastes 

generated by human activities is the contamination of soil. Controlled and uncontrolled 
disposal of waste, accidental and process spillage, mining and smelting of metalliferous 
ores, sewage sludge application to agricultural soils are responsible for the migration of 
contaminants into non-contaminated sites as dust or leachate and contribute towards 
contamination of our ecosystem. A wide range of inorganic and organic compounds 
cause contamination, these include heavy metals, combustible and putriscible 
substances, hazardous wastes, explosives and petroleum products. Major component of 
inorganic contaminates are heavy metals [1,2] they present a different problem than 
organic contaminants. Soil microorganisms can degrade organic contaminants, while 
metals need immobilisation or physical removal. Although many metals are essential, 
all metals are toxic at higher concentrations, because they cause oxidative stress by 
formation of free radicals. Another reason why metals may be toxic is that they can 
replace essential metals in pigments or enzymes disrupting their function [3]. Thus, 
metals render the land unsuitable for plant growth and destroy the biodiversity.  

Though several regulatory steps have been implemented to reduce or restrict the 
release of pollutants in the soil, they are not sufficient for checking the contamination. 
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Metal contaminated soil can be remediated by chemical, physical and biological 
techniques. These can be grouped into two categories [4]. 

 
Ex-situ method 

It requires removal of contaminated soil for treatment on or of site, and returning the 
treated soil to the resorted site. The conventional ex-situ methods applied for 
remediating the polluted soils relies on excavation, detoxification and/or destruction of 
contaminant physically or chemically, as a result the contaminant undergo stabilisation, 
solidification, immobilisation, incineration or destruction. 

 
In-situ method 

It is remediation without excavation of contaminated site. Reed et al. defined in-situ 
remediation technologies as destruction or transformation of the contaminant, 
immobilisation to reduce bioavailability and separation of the contaminant from the 
bulk soil [5]. In-situ techniques are favoured over the ex-situ techniques due to their low 
cost and reduced impact on the ecosystem. Conventionally, the ex-situ technique is to 
excavate soil contaminated with heavy metal and their burial in landfill site [6, 7]. But 
the offsite burial is not an appropriate option because it merely shifts the contamination 
problem elsewhere [7] and also because of hazards associated with the transport of 
contaminated soil [8]. Diluting the heavy metal content to safe level by importing the 
clean soil and mixing with the contaminated soil can be an alternative of on-site 
management [9]. On-site containment and barriers provide an alternative, it involves 
covering the soil with inert material [10]. Immobilization of inorganic contaminant can 
be used as a remedial method for heavy metal contaminated soils [11]. This can be 
achieved by complexing the contaminants, or through increasing the soil pH by liming 
[12]. Increased pH decreases the solubility of heavy metals like Cd, Cu, Ni and Zn in 
soil. Although the risk of potential exposure to plants is reduced, their concentration 
remains unchanged. Most of these conventional remediation technologies are costly to 
implement and cause further disturbance to the already damaged environment [11,12]. 
Plant based bioremediation technologies have been collectively termed as 
phytoremediation, this refers to the use of green plants and their associated micro biota 
for the in-situ treatment of contaminated soil and ground water [13]. The idea of using 
metal accumulating plants to remove heavy metals and other compounds was first 
introduced in 1983, but the concept has actually been implemented for the past 300 
years [3]. The generic term ‘Phytoremediation’ consists of the Greek prefix phyto 
(plant), attached to the Latin root remedium (to correct or remove an evil) [14]. This 
technology can be applied to both organic and inorganic pollutants present in soil (solid 
substrate), water (liquid substrate) or the air [15,16]. The physico-chemical techniques 
for soil remediation render the land useless for plant growth as they remove all 
biological activities, including useful microbes such as nitrogen fixing bacteria, 
mycorrhiza, fungi, as well as fauna in the process of decontamination [17]. The 
conventional methods of remediation may cost from $10 to 1000 per cubic meter. 
Phytoextraction costs are estimated to be as low as $ 0.05 per cubic meter [18]. 
Phytoremediation consists of five main processes, shown in Table 1. This paper focuses 
studies on the phytoremediation especially phytoextraction of heavy metal contaminated 
soil using in-situ technique. 
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Rhizofiltration 
It is defined as the use of plants, both terrestrial and aquatic; to absorb, concentrate, 

and precipitate contaminants from polluted aqueous sources with low contaminant 
concentration in their roots. Rhizofiltration can partially treat industrial discharge, 
agricultural runoff, or acid mine drainage. It can be used for lead, cadmium, copper, 
nickel, zinc and chromium, which are primarily retained with in the roots [19,20]. The 
advantages of rhizofiltration include it ability to be used as in-situ or ex-situ 
applications and species other than hyperaccumulators can also be used. Plants like 
sunflower, indian mustard, tobacco, rye, spinach and corn have been studied for their 
ability to remove lead from effluent, with sunflower having the greatest ability. Indian 
mustard has proven to be effective in removing a wide concentration range of lead (4 – 
500 mg/l) [21]. The technology has been tested in the field with uranium (U) 
contaminated water at concentrations of 21-874 µg/l; the treated U concentration 
reported by Dushenkov was < 20 µg/l before discharge into the environment [22]. 

 
Table 1. Phytoremediation includes the following processes and mechanisms of contaminant 
removal 
No. Process Mechanism Contaminant 
1. Rhizofiltration Rhizosphere accumulation Organics/Inorganics 
2. Phytostabilisation Complexation Inorganics 
3. Phytoextraction Hyper-accumulation Inorganics 
4. Phytovolatilization Volatilisation by leaves Organics/Inorganics 
5. Phytotransformation Degradation in plant Organics 

 
Phytostabilisation 

It is mostly used for the remediation of soil, sediment and sludges [20,23] and 
depends on roots ability to limit contaminant mobility and bioavalability in the soil. 
Phytostabilisation can occur through the sorption, precipitation, complexaction, or metal 
valence reduction. The plants primary purpose is to decrease the amount of water 
percolating through the soil matrix, which may result in the formation of hazardous 
leachate and prevent soil erosion and distribution of the toxic metal to other areas. A 
dense root system stabilizes the soil and prevents erosion [24]. It is very effective when 
rapid immobilisation is needed to preserve ground and surface water and disposal of 
biomass is not required. However the major disadvantage is that, the contaminant 
remains in soil as it is, and therefore requires regular monitoring 

 
Phytoextraction 

It is the best approach to remove the contamination primarily from soil and isolate it, 
without destroying the soil structure and fertility. It is also referred as 
phytoaccumulation [20]. As the plant absorb, concentrate and precipitate toxic metals 
and radionuclide from contaminated soils into the biomass, it is best suited for the 
remediation of diffusely polluted areas, where pollutants occur only at relatively low 
concentration and superficially [25]. Several approaches have been used but the two 
basic strategies of phytoextraction, which have finally developed are; i) Chelate assisted 
phytoextraction or induced phytoextraction, in which artificial chelates are added to 
increase the mobility and uptake of metal contaminant. ii) Continuous phytoextraction 
in this the removal of metal depends on the natural ability of the plant to remediate; 
only the number of plant growth repetitions are controlled [26, 27]. Discovery of 
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hyperaccumulator species has further boosted this technology. In order to make this 
technology feasible, the plants must, extract large concentrations of heavy metals into 
their roots, translocate the heavy metals to surface biomass, and produce a large 
quantity of plant biomass. The removed heavy metal can be recycled from the 
contaminated plant biomass [28]. Factors such as growth rate, element selectivity, 
resistance to disease, method of harvesting, are also important [29, 30]. However slow 
growth, shallow root system, small biomass production, final disposal limit the use of 
hyperaccumulator species [31]. Phytoextraction studies of Heavy metals have been 
elaborately discussed later. 

 
Phytovolatilization 

Phytovolatilization involves the use of plants to take up contaminants from the soil, 
transforming them into volatile form and transpiring them into the atmosphere. 
Phytovolatilization occurs as growing trees and other plants take up water and the 
organic and inorganic contaminants. Some of these contaminants can pass through the 
plants to the leaves and volatilise into the atmosphere at comparatively low 
concentrations [23]. Phytovolatilization has been primarily used for the removal of 
mercury, the mercuric ion is transformed into less toxic elemental mercury. The 
disadvantage is, mercury released into the atmosphere is likely to be recycled by 
precipitation and then redeposit back into ecosystem [3]. Gary Banuelos of USDS’s 
Agricultural Research Service have found that some plants grow in high Selenium 
media produce volatile selenium in the form of dimethylselenide and 
dimethyldiselenide [32]. Phytovolatilization has been successful in tritium (3H), a 
radioactive isotope of hydrogen, it is decayed to stable helium with a half-life of about 
12 years reported Dushenkov [33] 

 
Phytodegradation 

In phytoremediation of organics, plant metabolism contributes to the contaminant 
reduction by transformation, break down, stabilisation or volatilising contaminant 
compounds from soil and groundwater. Phytodegradation is the breakdown of organics, 
taken up by the plant to simpler molecules that are incorporated into the plant tissues 
[19]. Plants contain enzymes that can breakdown and convert ammunition wastes, 
chlorinated solvents such as trichloroethylene and other herbicides. The enzymes are 
usually dehalogenases, oxygenases and reductases [34]. Rhizodegradation is the 
breakdown of organics in the soil through microbial activity of the root zone 
(rhizosphere) and is a much slower process than phytodegradation. Yeast, fungi, 
bacteria and other microrganisms consume and digest organic substances like fuels and 
solvents. All phytoremediation technologies are not exclusive and may be used 
simultaneously, but the metal extraction depends on its bio available fraction in soil. 
The advantages and disadvantages have been discussed in Table 2.  

 
Total and Bio-available fraction of Heavy Metals in soil 

 
Heavy metals are elements having atomic weight between 63.54 and 200.59, and a 

specific gravity greater than 4 [35]. Trace amount of some heavy metals are required by 
living organisms, however any excess amount of these metals can be detrimental to the 
organisms [36]. Nonessential Heavy metals include arsenic, antimony, cadmium, 
chromium, mercury, lead, etc; these metals are of particular concern to surface water 



Ghosh  &  Singh.:  A review on phytoremediation of heavy metals and utilization of its byproducts 
- 5 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 3(1): 1-18. 
http://www.ecology.kee.hu ● ISSN 1589 1623 

 2005, Penkala Bt., Budapest, Hungary 

and soil pollution [35]. Heavy metals exist in colloidal, ionic, particulate and dissolved 
phase. Metals also have a high affinity for humic acids, organo clays, and oxides coated 
with organic matter [37,38]. The soluble forms are generally ions or unionised 
organometallic chelates or complexes. The solubility of metals in soil and groundwater 
is predominantly controlled by pH [3,4,6] amount of metal [39], cation exchange 
capacity [40], organic carbon content [37], the oxidation state of the mineral 
components, and the redox potential of the system [38]. In general, soil pH seems to 
have the greatest effect of any single factor on the solubility or retention of metals in 
soils. With a greater retention and lower solubility of metal cations occurring at high 
soil pH [41]. Under the neutral to basic conditions typical of most soils, cationic metals 
are strongly adsorbed on the clay fractions and can be adsorbed by hydrous oxides of 
iron, aluminium, or manganese present in soil minerals. Elevated salt concentration 
creates increased competition between cations and metals for binding sites. Also 
competitive adsorption between various metals has been observed in experiments 
involving various solids with oxide surfaces, in several experiments, Cd adsorption was 
decreased by the addition of Pb or Cu [42]. 

 
Table 2. Advantages and disadvantages of phytoremediation. 

No Advantages Disadvantages / Limitations 

1 
Amendable to a variety of organic 
and inorganic compounds 

Restricted to sites with shallow 
contamination within rooting zone of 
remediative plants. 

2 
In Situ / Ex Situ Application possible 
with effluent/soil substrate 
respectively. 

May take up to several years to 
remediate a contaminated site. 

3 
In Situ applications decrease the 
amount of soil disturbance compared 
to conventional methods. 

Restricted to sites with low 
contaminant concentrations. 

4 

Reduces the amount of waste to be 
landfilled (up to 95%), can be further 
utilized as bio-ore of heavy metals. 

Harvested plant biomass from 
phytoextraction may be classified as a 
hazardous waste hence disposal should 
be proper. 

5 In Situ applications decrease spread of 
contaminant via air and water. 

Climatic conditions are a limiting 
factor 

6 
Does not require expensive 
equipment or highly specialized 
personnel. 

Introduction of nonnative species may 
affect biodiversity 

7 
In large scale applications the 
potential energy stored can be utilized 
to generate thermal energy. 

Consumption/utilization of 
contaminated plant biomass is a cause 
of concern. 

 
Plant response to heavy metals  

Plants have three basic strategies for growth on metal contaminated soil [16]; see 
Figure1. 
 
Metal excluders 

They prevent metal from entering their aerial parts or maintain low and constant 
metal concentration over a broad range of metal concentration in soil, they mainly 
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restrict metal in their roots. The plant may alter its membrane permeability, change 
metal binding capacity of cell walls or exude more chelating substances [43]. 
 
Metal indicators 

Species which actively accumulate metal in their aerial tissues and generally reflect 
metal level in the soil. They tolerate the existing concentration level of metals by 
producing intracellular metal binding compounds (chelators), or alter metal 
compartmentalisation pattern by storing metals in non-sensitive parts. 

 
Metal accumulator plant species 

They can concentrate metal in their aerial parts, to levels far exceeding than soil. 
Hyperaccumulators are plants that can absorb high levels of contaminants concentrated 
either in their roots, shoots and/or leaves [16,29,30]. Baker and Brooks have defined 
metal hyperaccumulator as plants that contain more than or up to 0.1% i.e. more than 
(1000 mg/g) of copper, cadmium, chromium, lead, nickel cobalt or 1% (>10,000 mg/g ) 
of zinc or manganese in the dry matter. For cadmium and other rare metals, it is > 
0.01% by dry weight [44]. Researchers have identified hyperaccumulator species by 
collecting plants from the areas where soil contains greater than usual amount of metals 
as in case of polluted areas or geographically rich in a particular element [45]. 
Approximately 400 hyperaccumulator species from 22 families have been identified. 
The Brassicaceae family contains a large number of hyperaccumulating species with 
widest range of metals, these include 87 species from 11 genera [44]. 

 
Figure 1. Conceptual response strategies of metal concentrations in plant tops in relation to 
increasing total metal concentrations in the soil 

Figure.  1 - Conceptual response Strategies of metal concentrations in plant tops in relation to 
increasing total metal concentrations in the soil
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Mechanism of Phytoextraction 

 
The metal must mobilise into the soil solution, for the plants to accumulate metals 

from soil. The bioavalability of metals is increased in soil through several means. One-
way plants achieve it by secreting phytosidophores into the rhizosphere to chelate and 
solublise metals that are soil bound [46]. Both acidification of the rhizosphere and 
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exudation of carboxylates are considered potential targets for enhancing metal 
accumulation. Following mobilization, a metal has to be captured by root cells. Metals 
are first bound by the cell wall, it is an ion exchanger of comparatively low affinity and 
low selectivity. Transport systems and intracellular high-affinity binding sites then 
mediate and drive uptake across the plasma membrane. Uptake of metal ions is likely to 
take place through secondary transporters such as channel proteins and/or H+- coupled 
carrier proteins. The membrane potential, that is negative on the inside of the plasma 
membrane and might exceed –200 mV in root epidermal cells provides a strong driving 
force for the uptake of cations through secondary transporters [47].  

Once inside the plant, most metals are too insoluble to move freely in the vascular 
system, so they usually form carbonate, sulphate or phosphate precipitates immobilizing 
them in apoplastic (extracellular) and symplastic (intra cellular) compartments [48]. 
Unless the metal ion is transported as a non-cationic metal chelate, apoplastic transport 
is further limited by the high cation exchange capacity of cell walls [48]. The apoplast 
continuum of the root epidermis and cortex is readily permeable for solutes. Apoplastic 
pathway is relatively unregulated, because water and dissolved substance can flow and 
diffuse without having to cross a membrane. The cell walls of the endodermal cell layer 
act as a barrier for apoplastic diffusion into the vascular system.  

In general, solutes have to be taken up into the root symplasm before they can enter 
the xylem [49]. Subsequent to metal uptake into the root symplasm, three processes 
govern the movement of metals from the root into the xylem: sequestration of metals 
inside root cells, symplastic transport into the stele and release into the xylem. The 
transport of ions into the xylem is generally a tightly controlled process mediated by 
membrane transport proteins. Symplastic transport of heavy metals probably takes place 
in the xylem after they cross the casparian strip. It is more regulated due to the 
selectively permeable plasma membrane of the cells that control access to the symplast 
by specific or generic metal ion carriers or channels [50]. Symplastic transport requires 
that metal ions move across the plasma membrane, which usually has a large negative 
resting potential of approximately 170 mV (negative inside the membrane). This 
membrane potential provides a strong electrochemical gradient for the inward 
movement of metal ions. Most metal ions enter plant cells by an energy dependent 
saturable process via specific or generic metal ion carriers or channels [51].  

Non-essential heavy metals may effectively compete for the same transmembrane 
carriers used by essential heavy metals. Toxic heavy metals such as cadmium may 
effectively compete for the same transmembranic carrier as used by micronutrient heavy 
metal. This relative lack of selectivity in transmembrane ion transport may partially 
explain why non-essential heavy metals can enter cells, even against a concentration 
gradient. For example, kinetic data demonstrate that essential Cu2+ and Zn2+ and non-
essential Ni2+ and Cd2+ compete for the same transmembrane carrier [52]. Metal chelate 
complexes may also be transported across the plasma membrane via specialized 
carriers, as is the case for Fe–phytosiderophore transport in graminaceous species [53]. 
After heavy metals have entered the root they are either stored in the root or 
translocated to the shoots. Metal ions can be actively transported across the tonoplast as 
free ions or as metal–chelate complexes [54]. It is believed that in order to pass through 
the casparian strip, water and dissolved ions (salt and metal) require active transport, by 
utilising energy. For example, Cd is actively transported across the tonoplast of oat 
roots as either a free ion via a Cd/H+ antiport [55]. The vacuole is an important 
component of the metal ion storage where they are often chelated either by organic acid 
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or phytochelatins. Insoluble precipitates may form under certain conditions. 
Precipitation compartmentalisation and chelating are the most likely major events that 
take place in resisting the damaging effects of metals [56]. Transporters mediate uptake 
into the symplast, and distribution with in the leaf occurs via the apoplast or the 
symplast [57]. Plants transpire water to move nutrients from the soil solution to leaves 
and stems, where photosynthesis occurs. Willows, hybrid poplar are also good 
phytoremediators, because they take up and process large volumes of soil water. For 
example, data show that a single willow tree, on a hot summer day, can transpire more 
than 19,000 litres of water [58]. 

 
Types of Phytoextraction 

 
Natural Phytoextraction 

In the natural setting, certain plants have been identified which have the potential to 
uptake heavy metals. At least 45 families have been identified to have hyperaccumulate 
plants; some of the families are Brassicaceae, Fabaceae, Euphorbiaceae, Asteraceae, 
Lamiaceae, and Scrophulariaceae [15,33]. Among the best-known hyperaccumulators 
is Thlaspi caerulescens commonly known as alpine pennycress [59], without showing 
injury it accumulated up to 26,000 mg kg-1 Zn; and up to 22% of soil exchangeable Cd 
from contaminated site [60,61]. Brassica juncea, commonly called indian mustard, has 
been found to have a good ability to transport lead from the roots to the shoots. The 
phytoextraction coefficient for Brassica juncea is 1.7 and it has been found that a lead 
concentration of 500 mg/l is not phytotoxic to Brassica species [3]. Phytoextraction 
coefficient is the ratio of the metal concentration found within the surface biomass of 
the plant over the metal concentration found in the soil. Some calculations indicate that 
Brassica juncea is capable of removing 1,1550 kg of lead per acre [3].  

On a worldwide basis, concentrations > 1000 mg kg-1 are known for Ni in more than 
320 plant species (sps.), Co (30 sps.), Cu (34 sps.), Se (20 sps.), Pb (14 sps.) and Cd 
(one sp.). The species involved in hyperaccumulation have recently been tabulated by 
Reeves and Baker [63], substantial number of these species are from Congo and Zaire. 
Concentration exceeding 10,000 mg kg-1 has been recorded for Zn (11 sps.) and Mn 
(10 sps.). The hyperaccumulation threshold levels of these elements have been set 
higher because their normal range in plants (20 – 500 mg kg-1) are much higher than for 
the other heavy metals [62]. Aquatic plants such as the floating Eichhornia crassipes 
(water hyacinth), Lemna minor (duckweed), and Azolla pinnata (water velvet) have 
been investigated for use in rhizofiltration, phytodegradation, and phytoextraction [27]. 
Farago and Parsons [64] reported the bioremoval of platinum using Eichhornia 
crassipes. Many aquatic plants are used in the bioremoval of heavy metals e.g. Azolla 
filliculoides, A. pinnata, Typha orientalis and Salvinia molesta. Jin-Hong et al. in their 
study of twelve wetland species reported, Polygonum hydropiperoides Michx 
(smartweed) as the best for heavy metal phytoremediation, due to its faster growth and 
high plant density [65]. Recently, a fern Pteris vitatta has been shown to accumulate as 
much as 14,500 mg kg–1 arsenic in fronds without showing symptoms of toxicity [66]. 

 
Induced Phytoextraction or Chelate assisted Phytoextraction 

Within the plant cell heavy metal may trigger the production of oligopeptide ligands 
known as phytochelatins (PCs) and metallothioneins (MTs) [67]. These peptides bind 
and form stable complex with the heavy metal and thus neutralise the toxicity of the 
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metal ion [68]. Phytochelatin (PCs) is synthesised with glutathione as building blocks 
resulting in a peptide with structure Gly-(γ-Glu-Cys-)n; {where, n = 2-11}. Appearance 
of phytochelating ligands has been reported in hundreds of plant species exposed to 
heavy metals [69]. Metallothioneins (MTs), are small gene encoded, Cys-rich 
polypeptides. PCs are functionally equivalent to MTs [68]. 

Chelators have been isolated from plants that are strongly involved in the uptake of 
heavy metals and their detoxification. Chelating agents like ethylenediamine tetra acetic 
acid (EDTA) are applied to Pb contaminated soils that increases the amount of 
bioavailable lead in the soil and a greater accumulation in plants is observed [70]. The 
addition of chelates to a lead contaminated soil (total soil Pb 2500 mg kg–1) increased 
shoot lead concentration of Zea mays (corn) and Pisun sativum (pea) from less than 500 
mg kg-1 to more than 10,000 mg kg–1. This was achieved by adding synthetic chelate 
EDTA to the soil, similar results using citric acid to enhance uranium uptake have been 
documented. These results indicate that chelates enhanced or facilitated Pb transport 
into the xylem, and increased lead translocation from roots to shoots. For the chelates 
tested, the order of effectiveness in increasing Pb desorption from the soil was EDTA > 
Hydroxyethylethylene-diaminetriacetic acid (HEDTA) > Diethylenetriaminepenta-
acetic acid (DTPA) > Ethylenediamine di(o-hyroxyphenylacetic acid) EDDHA [70]. 
Vassil et al., [71] reported that Brassica juncea exposed to Pb and EDTA in hydroponic 
solution was able to accumulate up to 55 mM kg-1 Pb in dry shoot tissue (1.1% [w/w]). 
This represents a 75-fold concentration of lead in shoot over that in solution. A 
threshold conc. of EDTA (0.25 mM) was required to stimulate this dramatic 
accumulation of both lead and EDTA in shoots. 

 
Genetic Engineering to improve phytoremediation 

To breed plants having superior phytoremediation potential with high biomass 
production can be an alternative to improve phytoremediation. General plant 
productivity is controlled by many genes and difficult to promote by single gene 
insertion. Genetic engineering techniques to implant more efficient accumulator gene 
into other plants have been suggested by many authors [29,60,72]. Implanting more 
efficient accumulator genes into other plants that are taller than natural plants increases 
the final biomass. Zhu et al. [73] genetically engineered Brassica juncea to investigate 
rate-limiting factors for glutathione and phytochelatin production; they introduced the 
Escherichia coli –gshl- gene. The γ-ECS transgenic seedlings showed increased 
tolerance to cadmium and had higher concentrations of Phytochelatins, γ-GluCys, 
glutathione, and total nonprotein thiols compared to wild type seedlings. The potential 
of success of genetic engineering can be limited because of anatomical constraints [74]. 
 
Limitations of Phytoextraction 

 
Phytoextraction and plant-assisted bioremediation is most effective if soil 

contamination is limited to within 3 feet of the surface, and if groundwater is within 10 
feet of the surface [16, 18]. It is applicable to sites with low to moderate soil 
contamination over large areas, and to sites with large volumes of groundwater with low 
levels of contamination that have to be cleaned to low (strict) standards [26]. This 
necessitates soil fertilization, conditioning, importance of employing effective 
agronomic practices [70, 72]. Scientists have investigated the effect of soil acidification 
on Zn and Cd phytoextraction and proposed the use of (NH4)2SO4 as a soil additive to 



Ghosh  &  Singh.:  A review on phytoremediation of heavy metals and utilization of its byproducts 
- 10 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 3(1): 1-18. 
http://www.ecology.kee.hu ● ISSN 1589 1623 

 2005, Penkala Bt., Budapest, Hungary 

provide nutrients (N and S) needed for high yield, and to acidify the soil for greater 
metal bioavailability. However, there might be some negative side effects associated 
with soil acidification. For example, due to increased solubility some toxic metals may 
leach into the groundwater creating an additional environmental risk. Chaney et al. [72] 
indicated that following metal phytoextraction, soil could be limed to elevate the pH 
near a neutral value, so that normal farm uses or ecosystem development could resume. 
However, premature liming may increase soil capacity for metal binding and restrict the 
potential for phytoextraction. A similar effect can be expected following the addition of 
organic fertilizers [69]. Phosphorus is a major nutrient, and plants respond favorably to 
the application of phosphate fertilizer by increasing biomass production [71]. The 
addition of these fertilizers, however, can also inhibit the uptake of some major metal 
contaminants, such as Pb, due to metal precipitation as pyromorphite and 
chloropyromorphite [72]. Natural chelators of plants or microbial origin seem more 
promising than synthetic chemical chelators [69]. It is uncertain whether an approach 
based on chemical chelators is practical for improving phytoextraction, since chemical 
chelators have additional toxicity to plants, thus they may increase the uptake of metals 
but decrease plant growth thus proving to be of limited benefit. 

 
Utilization of Phytoremediation by-product 

 
Phytoextraction involves repeated cropping of plants in contaminated soil, until the 

metal concentration drops to acceptable level. The ability of the plants to account for the 
decrease in soil metal concentrations as a function of metal uptake and biomass 
production plays an important role in achieving regulatory acceptance. Theoretically, 
metal removal can be accounted by determining metal concentration in plant, multiplied 
by the biomass produced; and comparing this with the reduction in soil metal 
concentrations. Although this sounds simple, many factors make it challenging in the 
field. One of the hurdles for commercial implementation of phytoextraction has been 
the disposal of contaminated plant material. After each cropping, the plant is removed 
from the site; this leads to accumulation of huge quantity of hazardous biomass. This 
hazardous biomass should be stored or disposed appropriately so that it does not pose 
any risk to the environment.  

Biomass is nothing but stored solar energy in plant mass, it is also termed as 
materials having combustible organic matter. Biomass contains carbon, hydrogen and 
oxygen, it is known as oxygenated hydrocarbons. Biomass (specially wood) can be 
represented by the chemical formula CH1.44O0.66 [75]. The main constituents of any 
biomass material are lignin, hemicellulose, cellulose, mineral matter and ash. It 
possesses high moisture and volatile matter constituents, low bulk density and calorific 
value. The percentage of these components varies from species to species. The dry 
weight of Brassica juncea for induced phytoextraction of lead amounts to 6 tonnes per 
hectare with 10,000 to 15,000 mg/kg of metal in dry weight [76]. Handling of huge 
quantity of this type of waste is a problem and hence need volume reduction [77]. 

Composting and compaction has been proposed as post harvest biomass treatment by 
some authors [48,78,79]. Leaching tests for the composted material showed that the 
composting process formed soluble organic compounds that enhanced metal (Pb) 
solubility. Studies carried out by Hetland et al.,[80] showed that composting can 
significantly reduce the volume of harvested biomass, however metal contaminated 
plant biomass would still require treatment prior to disposal. Total dry weight loss of 
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contaminated plant biomass by compaction is advantageous, as it will lower cost of 
transportation to a hazardous waste disposal facility. Compaction of harvested plant 
material was proposed by Blaylock and Huang [77] for processing metal rich 
phytoextraction residue. Advantages of compaction are similar as composting, the 
leachate will need to be collected and treated appropriately; in comparison to 
composting there is little information on compaction. One of the conventional and 
promising routes to utilize biomass produces by phytoremediation in an integrated 
manner is through thermochemical conversion process. If phytoextraction could be 
combined with biomass generation and its commercial utilization as an energy source, 
then it can be turned into profit making operation and the remaining ash can be used as 
bio-ore [28], this is also the basic principle of phytomining. Nicks and Chambers [81], 
reported a second potential use for hyperaccumulator plants for economic gain in the 
mining industry. This operation, termed phytomining includes the generation of revenue 
by extracting saleable heavy metals produced by the plant biomass ash, also known as 
bio-ore.  

Combustion and gasification are the most important sub routes for organized 
generation of electrical and thermal energy. Recovery of this energy from biomass by 
burning or gasification could help make phytoextraction more cost-effective. 
Thermochemical energy conversion best suits the phytoextraction biomass residue 
because it cannot be utilized in any other way as fodder and fertilizers. Combustion is a 
crude method of burning the biomass, but it should be under controlled conditions, 
whereby volume is reduced to 2–5 % and the ash can be disposed properly. This method 
of plant matter disposal is often mentioned by many authors [48, 82]. It will not 
favourable to burn the metal bearing hazardous waste in open, as the gases and 
particulates released in the environment may be detrimental; only the volume is reduced 
and the heat produced in the process is wasted. Gasification is the process through 
which biomass material can be subjected to series of chemical changes to yield clean 
and combustive gas at high thermal efficiencies. This mixture of gases called as 
producer gas and/or pyro-gas that can be combusted for generating thermal and 
electrical energy. The process of gasification of biomass in a gasifier is a complex 
phenomenon; it involves drying, heating, thermal decomposition (pyrolysis) and 
gasification, and combustion chemical reactions, which occurs simultaneously [75]. 
Hetland et al., [80] reported possibility of co-firing plant biomass with coal, the results 
suggested that ashing reduced the mass of lead contaminated plant material by over 90 
% and partitioned lead into ash. It may be possible to recycle the metal residue from the 
ash, however there are no estimates of the cost or feasibility of such a process [48]. 
Future experiments should concentrate on development of combustion system and 
methods to recycle different metals from ash. The process destroys organic matter, 
releasing metals as oxides. The liberated metals remain in the slag, modern flue gas 
cleaning technology assures effective capture of the metal containing dust. Considering 
the other technologies for disposal this method is environment-friendly. 

Bridgewater et al., [82] reported that pyrolysis is a novel method of municipal waste 
treatment that might also be used for contaminated plant material. Pyrolysis 
decomposes material under anaerobic conditions; there is no emission to the air. The 
final products are pyrolytic fluid oil and coke; heavy metals will remain in the coke, 
which could be used in smelter. Koppolu et al., [83] reported that 99% of the metal 
recovered in the product stream was concentrated in the char formed by pyrolysing the 
synthetic hyperaccumulator biomass used in the pilot scale reactor. The metal 
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component was concentrated by 3.2–6 times in the char, compared to feed. Study of the 
fate of the metals in various feeds during pyrolysis has been addressed in literature in 
different context, but results on pyrolysis of phytoextraction plant biomass are limited. 
Helson et al., [84] conducted low temperature pyrolysis experiments with chromium, 
copper and arsenate treated wood and it was concluded that most of the metal was 
retained in the pyrolysis residue. Influence of metal ions on the pyrolysis of wood has 
been studied extensively by many authors [85, 86] 

High cost of installation and operation can be a limiting factor for treatment if used 
solely for plant disposal. To avoid this plant material can be processed in existing 
facilities together with municipal waste. The authors worked on high biomass species, 
as they have shown positive result in screening (germination) studies [87]. The 
schematic diagram in Figure 2; describes the work of the authors on phytoextraction. 

 
Figure 2. The Soil, Plant and Energy Recovery System depicting the key components 

concerned with the mass transfer and dynamics of Phytoextraction 
 

 
 
The result of their work showed that phytoextraction of Cd, Cr and Pb by Ipomoea 

carnea, Datura innoxia and Phragmytes karka was higher in comparison to Brassica 
juncea and Brassica campestris, (known as indicator species) [3,88]. The study 
conducted with 10 to 200 mg kg-1 of Cd, Cr and Pb (separately) indicated that I. carnea 
was more effective in extracting them from soil than B. juncea. Among the five species, 
B.juncea accumulated maximum Cd but I.carnea followed by D.innoxia and P.karka 
were the most suitable species for phytoextraction of cadmium, if the whole plant or 
above ground biomass is harvested. In the relatively short time, I.carnea produced more 
than five times more biomass in comparison B. juncea [89]. It was more effective at 
translocating Cr from soil to plant shoot. P.karka showed much greater tolerance to 
chromium than other plants, though the uptake was low. Ipomoea extracted maximum 
lead at 200 mg kg-1; Datura and Phragmytes was best extractor at 100 mg kg-1, whereas 
Brassica species were at 50 mg Pb kg-1 soil [90]. Brassica species were difficult to 
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cultivate, as they required pesticides to protect them from army moth, and secondly they 
cannot grow throughout the year. Whereas high biomass species do not have these 
limitations and showed higher potential, the extraction capacity can be further increased 
by use of chelates or soil additives. 

 
Future of Phytoremediation 

 
One of the key aspects to the acceptance of phytoextraction pertains to the 

measurement of its performance, ultimate utilization of by-products and its overall 
economic viability. To date, commercial phytoextraction has been constrained by the 
expectation that site remediation should be achieved in a time comparable to other 
clean-up technologies. So far, most of the phytoremediation experiments have taken 
place in the lab scale, where plants grown in hydroponic setting are fed heavy metal 
diets. While these results are promising, scientists are ready to admit that solution 
culture is quite different from that of soil. In real soil, many metals are tied up in 
insoluble forms, and they are less available and that is the biggest problem, said 
Kochian [59]. The future of phytoremediation is still in research and development 
phase, and there are many technical barriers which need to be addressed. Both 
agronomic management practices and plant genetic abilities need to be optimised to 
develop commercially useful practices. Many hyperaccumulator plants remain to be 
discovered, and there is a need to know more about their physiology [16]. Optimisation 
of the process, proper understanding of plant heavy metal uptake and proper disposal of 
biomass produced is still needed.  

 
Conclusion 

 
Phytoremediation is a fast developing field, since last ten years lot of field 

application were initiated all over the world, it includes Phytoremediation of Organic, 
Inorganic and Radionuclides. This sustainable and inexpensive process is fast emerging 
as a viable alternative to conventional remediation methods, and will be most suitable 
for a developing country like India. Most of the studies have been done in developed 
countries and knowledge of suitable plants is particularly limited in India. In India 
commercial application of Phytoremediation of soil Heavy metal or Organic compounds 
is in its earliest phase. Fast growing plants with high biomass and good metal uptake 
ability are needed. In most of the contaminated sites hardy, tolerant, weed species exist 
and phytoremediation through these and other non-edible species can restrict the 
contaminant from being introduced into the food web. However, several methods of 
plant disposal have been described but data regarding these methods are scarce. 
Composting and compaction can be treated as pre-treatment steps for volume reduction, 
but care should be taken to collect leachate resulting from compaction. Between the two 
methods that significantly reduce the contaminated biomass, incineration seems to be 
least time consuming and environmentally sound than direct burning or ashing. 



Ghosh  &  Singh.:  A review on phytoremediation of heavy metals and utilization of its byproducts 
- 14 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 3(1): 1-18. 
http://www.ecology.kee.hu ● ISSN 1589 1623 

 2005, Penkala Bt., Budapest, Hungary 

 
REFERENCES 

 
[1] Adriano D. C., (1986): Trace elements in the terrestrial environment. – Springer-

Verlag, New York;. pp, 533. 
[2] Alloway, B. J. (1990): – In Heavy Metals in Soils (ed Alloway B. J.), Blackie, 

Glasgow.  
[3] Henry J. R. (2000): In An Overview of Phytoremediation of Lead and Mercury. – 

NNEMS Report. Washington, D.C.; pp, 3-9. 
[4] Baker A.J.M, Walker P.L., (1990): in Heavy Metal Tolerance in Plants: 

Evolutionary Aspects. (ed Shaw AJ). – Boca Raton: CRC Press.; pp 155–177 
[5] Reed, D.T., Tasker, I.R., Cunnane, J.C. and Vandegrift, G.F. (1992): – In 

Environmental Remediation Removing Organic and Metal Ion Pollutants. (ed G.F. 
Vandgrift, D.T. Reed and I.R. Tasker) Amer Chem Soc, Washington DC.; pp. 1-19. 

[6] McNeil, K. R. and Waring, S. (1992): – In Contaminated Land Treatment 
Technologies (ed. Rees J. F.), Society of Chemical Industry. Elsvier Applied 
Sciences, London.; pp. 143-159. 

[7] Smith, B. (1993): Remediation update funding the remedy. – Waste Manage. 
Environ. 4: 24-30. 

[8] Williams, G.M. (1988): Land Disposal of Hazardous waste. – Engineering and 
Environmental issues. pp 37-48.  

[9] Musgrove, S. (1991): – In, Proceedings of the International Conference on Land 
Reclamation, University of Wales. Elsevier Science Publication, Essex, U. K.  

[10] Body, P.E., Inglis, G.R. and Mulcahy, I. (1988): Lead Contamination in Port Pirie, 
South Australia. – Report No.101 Adelaide, SA.  

[11] Mench, M.J., Didier, V.L., Loffler, M., Gomez, A. and Masson, P. (1994): – J. 
Environ. Qual. 23; 785-792. 

[12] Alloway, B.J. and Jackson, A.P. (1991): The behavior of heavy metals in sewage-
sludge amended soils. – Sci. Total Environ. 100: 151-176. 

[13] Sadowsky, M. J. (1999): In Phytoremediation : Past promises and future practices. – 
Proceedings of the 8th International Symposium on Microbial Ecology. Halifax, 
Canada; pp. 1-7. 

[14] Cunningham, S.D., J.W. Huang, J. Chen, and W.R. Berti. (1996): Abstracts of 
Papers of the American Chemical Society. 212; pp 87. 

[15] Salt, D.E., Smith, R.D., Raskin, I., (1998): Phytoremediation. – Annu. Rev. Plant 
Physiol. Plant Mol. Biol. 49; 643-668. 

[16] Raskin, I, Kumar, P.B.A.N., Dushenkov, S. and Salt, D. (1994): Bioconcentration 
of heavy metals by plants. – Current Opinion Biotechnology 5; 285-290.  

[17] Burns, R. G., S. Rogers and McGhee, I. (1996): In Contaminants and the Soil 
Environment in the Australia Pacific Region. (ed. Naidu, R., Kookana, R. S., 
Oliver, D. P., Rogers S. and McLaughlin M. J.), – Kluwer Academic Publishers, 
London. pp. 361-410.  

[18] Cunningham, S.D., Shann, J.R., Crowley, D., Anderson, T.A., (1997): In 
Phytoremediation of Soil and Water Contaminants. (ed. Krueger, E.L., Anderson, 
T.A. and Coats, J.P) – American Chemical Society, Washington, DC.  

[19] Chaudhry, T.M., Hayes, W.J., Khan, A.G. and Khoo, C.S. (1998): 
Phytoremediation - focusing on accumulator plants that remediate metal-
contaminated soils. – Austraaslian Journal of Ecotoxicology. 4; 37-51. 

[20] United States Protection Agency Reports (2000): Introduction to Phytoremediation. 
– EPA 600/R-99/107.  



Ghosh  &  Singh.:  A review on phytoremediation of heavy metals and utilization of its byproducts 
- 15 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 3(1): 1-18. 
http://www.ecology.kee.hu ● ISSN 1589 1623 

 2005, Penkala Bt., Budapest, Hungary 

[21] Raskin, I. and Ensley, B. D. (2000): Phytoremediation of Toxic Metals: Using 
Plants to Clean Up the Environment. – John Wiley & Sons, Inc., New York.; pp 53-
70. 

[22] Dushenkov, S., Vasudev, D., Kapolnik, Y., Gleba, D., Fleisher, D., Ting K. C. and 
Ensley, B. (1997): Environmental Science and Technology. 31(12); 3468- 76. 

[23] Mueller, B., Rock, S., Gowswami, Dib, Ensley, D. (1999): Phytoremediation 
Decision Tree. – Prepared by - Interstate Technology and Regulatory Cooperation 
Work Group; pp 1-36 

[24] Berti, W.R. and Cunningham, S.D., (2000): In Phytoremediation of Toxic Metals: 
Using Plants to Clean Up the Environment. (ed. Raskin, I.) – Wiley-Interscience, 
John Wiley and Sons, Inc. New York, NY.; pp 71- 88. 

[25] Rulkens, W.H., Tichy, R., Grotenhuis, J.T.C., (1998): Remediation of polluted soil 
and sediment: perspectives and failures. – Water Sci. Technol. 37; 27-35. 

[26] Salt, D.E., M. Blaylock, P.B.A. Nanda Kumar, V. Dushenkov, B.D. Ensley, I. and I. 
Raskin. (1995): Phytoremediation: A novel strategy for the removal of toxic metals 
from the environment using plants. – Biotechnol. 13: 468-474.  

[27] Salt, D.E., Pickering, I.J., Prince, R.C., Gleba, D., Dushenkov, S., Smith, R.D., 
Raskin, I., (1997): Metal accumulation by aquacultured seedlings of Indian 
Mustard. – Environ. Sci. Technol. 31(6): 1636-1644..  

[28] Brooks, R.R., Chambers, M.F., Nicks, L.J., and Robinson, B.H. (1998): – 
Phytomining. Trends in Plant and Science. 1: 359-362.  

[29] Cunningham, S.D., and Ow, D.W. (1996): Promises and prospects of 
phytoremediation. – Plant Physiol. 110; 715-719. 

[30] Baker, A.J.M., McGrath, S.P., Sidoli, C.M.D. and Reeves, R.D. (1994): The 
possibility of in situ heavy metal decontamination of polluted soils using crops of 
metal-accumulating plants. – Resour. Conserv. Recycl. 11; 41-49. 

[31] Brooks R.R. (1994) In Plants and Chemical Elements: Biochemistry, Uptake, 
Tolerance and Toxicity. (ed. Gargo M E). – VCH Verlagsgesellsschaft, Weinheim, 
Germany; pp 88-105. 

[32] Bañuelos G.S. (2000): Phytoextraction of selenium from soils irrigated with 
selenium-laden effluent. – Plant and Soil 224(2); 251-258  

[33] Dushenkov, D. (2003): Trends in phytoremediation of radionuclides. – Plant and 
Soil. 249; 167-175. 

[34] Black H. (1995): Absorbing possibilities: Phytoremediation. – Environ. Health 
Prespect. 103(12); 1106-1108. 

[35] Kennish, M.J. (1992): Ecology of Estuaries: Anthropogenic Effects. – CRC Press, 
Inc., Boca Raton, FL.; pp. 494 

[36] Berti, W.R. and Jacobs L.W., P. (1996): Chemistry and Phytotoxicity of Soil Trace 
Elements from Repeated Sewage Sludge Applications. – J. Environ. Qual. 25; 
1025-1032.  

[37] Elliot, H. A., Liberali, M.R. and Huang C.P. (1986): Competitive adsorption of 
heavy metals by soils. – J. Environ. Qual. 15; 214-219. 

[38] Connell, D.W., G.J. Miller. (1984): Chemistry and Ecotoxicology of Pollution. – 
John Wiley & Sons, NY. pp. 444 

[39] Gareia, M. (1984) J. Soil Science 138; 147-152. 
[40] Martinez, C.E., Motto, H.L. (2000): Solubility of lead, zinc, and copper added to 

mineral soils. –  Environmental Pollution. 107; 153-158.  
[41] Basta N.T., Pantone D.J. and Tabatabai, M.A. (1993): Path analysis of heavy metal 

adsorption by soil. – Agron. J. 85; p 1054-1057. 
[42] Benjamin, M.M. and Leckie, J.D., (1980): Analysis, Chemistry, Biology Volume 

2., (ed Baker R.A., Ann Arbor), – MI: Ann Arbor Science Publishers, Inc.  



Ghosh  &  Singh.:  A review on phytoremediation of heavy metals and utilization of its byproducts 
- 16 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 3(1): 1-18. 
http://www.ecology.kee.hu ● ISSN 1589 1623 

 2005, Penkala Bt., Budapest, Hungary 

[43] Cunningham, S. April 19-22, (1995): In Proceedings/Abstracts of the Fourteenth 
Annual Symposium, Current Topics in Plant Biochemistry, – Physiology, and 
Molecular Biology Columbia; pp. 47-48. 

[44] Baker A. J. M. and Brooks R. R., (1989): Terrestrial higher plants which 
hyperaccumulate metalic elements. A review of their distribution, ecology and 
phytochemistry. – Biorecovery 1; 81-126.  

[45] Gleba D., Borisjuk, N. V., Borisjuk, L. G., Kneer, R., Poulev, A., Skarzhinskaya, 
M., Dushenkov, S. Logendra, S. Gleba, Y. Y., Raskin, I. (1999): Use of Plant root 
for phytoremediation and molecular farming. – Proc. Natl.Acad.Sci, USA. 96; 
5973-5977.  

[46] Kinnersely, A.M. (1993): Plant Growth Regulation. 12; 207–217. 
[47] Hirsch, R.E. et al. (1998): A role for the AKT1 potassium channel in plant nutrition. 

– Science. 280; 918-921. 
[48] Raskin, I., R.D. Smith and D.E. Salt. (1997): Phytoremediation of metals: Using 

plants to remove pollutants from the environment. – Curr. Opin. Biotechnol. 8(2); 
221-226.  

[49] Tester, M. and Leigh, R.A. (2001): Partitioning of nutrient transport processes in 
roots. – J. Exp. Bot.. 52; 445–457. 

[50] Gaymard, F. (1998): Identification and disruption of a plant shaker-like outward 
channel involved in K+ release into the xylem sap. – Cell. 94; 647–655. 

[51] Bubb J. M. and Lester J. N. (1991): The Impact of Heavy Metals on Lowland 
Rivers and the Implications for Man and the Environment. – Sci Total Env. 100; 
207–233. 

[52] Crowley, D.E., Wang, Y.C., Reid, C.P.P., Szansiszlo, P.J. (1991): Mechanism of 
iron acquisition from siderophores by microorganisms and plants. – Plant and Soil 
130; 179-198. 

[53] Cunningham, S.D. and W.R. Berti. (1993): Remediation of Contaminated Soils 
with Green Plants: An Overview. In Vitro Cell. – Dev. Biol . 29P; 207-212 

[54] Cataldo, D. A. and Wildung, R. E. (1978): Soil and plant factors influencing the 
accumulation of heavy metals by plants. –  Environmental and Health perspective. 
27; 149-159 

[55] Dierberg, F.E., DeBusk, T.A. and Goule, N.A. Jr. (1987): In Aquatic Plants for 
Water Treatment and Resource Recovery. (ed. Reddy K.B. and Smith WH.) – 
Florida: Magnolia Publishing Inc, pp 497–504. 

[56] Cunningham, S.D., Berti, W.R. and Huang, J.W. (1995): Phytoremediation of 
Contaminated Soils. – Trends Biotechnology, 13; 393-397. 

[57] Karley, A.J., Leigh R.A. and Sanders, D. (2000): Where do all the ions go? The 
cellular basis of differential ion accumulation in leaf cells. – Trends Plant Sci. 5; 
465-470 

[58] Hinchman, R., and C. Negri. (1997): Phytoremediation becoming quite "Poplar". – 
Haz. Waste Consult. 15(3); 1-16.  

[59] Kochian, L. (1996): In International Phytoremediation Conference, Southborough, 
MA. May 8-10 

[60] Brown, S.L., Chaney, R.L., Angle J.S. and Baker A.J.M. (1995): Zinc and cadmium 
uptake by hyperaccumulator Thlaspi caerulescens grown in nutrient solution. – Soil 
Sci. Soc. Am. J. 59;125–133. 

[61] Gerard, E., Echevarria, G., Sterckeman, T., and Morel, J.L. P. (2000): Availability 
of Cd to three plant species varying in accumulation pattern. – J. Environ. Qual. 
29;1117-1123. 

[62] Reeves, R.D. (2003): Tropical hyperaccumulators of metals and their potential for 
phytoextraction. – Plant and Soil. 249; 57-65. 



Ghosh  &  Singh.:  A review on phytoremediation of heavy metals and utilization of its byproducts 
- 17 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 3(1): 1-18. 
http://www.ecology.kee.hu ● ISSN 1589 1623 

 2005, Penkala Bt., Budapest, Hungary 

[63] Reeves, R.D. and Baker, A.J.M. (2000): Metal accumulating plants. In 
Phytoremediation of Toxic Metals: Using plants to clean up the environment. (ed. 
Raskin, I. and Ensley, B.) – Wiley, New York.; pp 193-229 

[64] Farago, M. E., Parsons, P. J. (1994): The effects of various platinum metal species 
on the water plant Eichhornia crassipes (MART.) – Chem. Spec. Bioavail. 6; 1-12 

[65] Qian, J.H., Zayed, A., Zhu Y.L., Y.M. and Terry, N. P. (1999): Phytoaccumulation 
of Trace Elements by Wetland Plants. Uptake and accumulation of ten trace 
elements by twelve plant species. –  J. Environ. Qual. 28; 1448-1455.  

[66] Ma, L.Q., Komar, K.M., Tu, C., Zhang, W., Cai, Y., and Kenelley, E.D. (2001): 
Bioremediation: A fern that hyperaccumulates arsenic. –  Nature. 409; 579. 

[67] Cobbett, C.S. (2000): Phytochelatins and their role in Heavy Metal Detoxification. 
– Plant Physiology, 123; 825-832.  

[68] Grill, E., Winnacker L. and Zenk, H.M. (1987): Phytochelatins, the Heavy-Metal-
Binding Peptides of Plants, are Synthesized from Glutathione by a Specific -
glutamylcysteine Dipeptidyl Transpeptidase (Phytochelatin Synthase) – Proc. Natl. 
Acad. Sci. 86; 6838-6842. 

[69] Rauser W. E. (1999): Structure and function of metal chelators produced by plants: 
the case for organic acids, amino acids, phytin, and metallothioneins. – Cell 
Biochem and Biophys. 31; 19-48. 

[70] Huang, J.W., Chen, J., Berti, W.R., and Cunningham, S.D. (1997): 
Phytoremediation of lead contaminated soils-Role of synthetic chelates in lead 
phytoextraction. – Environmental Science and Technology, 31; 800-806.  

[71] Vassil, A.D., Kapulnik, Y., Raskin, I., and Salt, D.E. (1998): The role of EDTA in 
lead transport and accumulation by Indian mustard. – Plant Physiology 117; 447-
491.  

[72] Chaney, R.L., Li, Y.M., Angle, J.S., Baker, A.J.M., Reeves, R.D., Brown, S.L., 
Homer, F.A., Malik, M. and Chin, M. (2000):  In Phytoremediation of contaminated 
soil and water. (ed Terry N. and G. Banelos) – Lewis Publishers, Boca Raton, FL. 
pp. 129–158 

[73] Zhu, Y. L., Pilon-Smits, E.A.H., Tarun, A.S., Weber, S.U., Jouanin, L. and Terry, 
N. (1999):  Cadmium tolerance and accumulation in Indian mustard is enhanced by 
overexpressing glutamylcysteine synthetase. –  Plant Physiology. 121; 1169-177.  

[74] Ow, D.W. (1996): Heavy metal tolerance genes-prospective tools for 
bioremediation. – Res. Conserv. Recycling. 18;135–149. 

[75] Iyer, P.V.R., Rao, T.R., Grover, P.D. (2002): Biomass Thermochemical 
characterization. Third edition; pp.38. 

[76] Blaylock, M.J., Salt, D.E., Dushenkov, S., Zakharova, O., Gussman, C. (1997): 
Enhanced accumulation of Pb in Indian mustard by soil-applied chelating agents. – 
Environ Sci Technol. 31; 860-865 

[77] Blaylock, M.J., Huang, J.W., (2000): Phytoextraction of metals. In: Raskin, I., 
Ensley, B.D. (Eds.), Phytoremediation of Toxic Metals: Using Plants to Clean up 
the Environment. – John Wiley and Sons, New York; pp. 53–70. 

[78] Kumar, P. B. A. N., Dushenkov, V., Motto, H. and Raskin, I. (1995): 
Phytoextraction: the use of plants to remove heavy metals from soils. – Environ. 
Sci. Technol. 29; 1232-1238. 

[79] Garbisu, C., Alkorta, I., (2001): Phytoextraction: a cost-effective plant-based 
technology for the removal of metals from the environment. – Bioresource 
Technology. 77; 229-236. 

[80] Hetland, M.D., Gallagher, J.R., Daly, D.J., Hassett, D.J., Heebink, L.V. (2001): 
Processing of plants used to phytoremediate lead-contaminated sites. In: Leeson, 
A., Foote, E.A., Banks, M.K., Magar, V.S. (Eds.), Phytoremediation, Wetlands, and 
Sediments, – The Sixth International in situ and on-site Bioremediation 



Ghosh  &  Singh.:  A review on phytoremediation of heavy metals and utilization of its byproducts 
- 18 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 3(1): 1-18. 
http://www.ecology.kee.hu ● ISSN 1589 1623 

 2005, Penkala Bt., Budapest, Hungary 

Symposium, San Diego, California, 4–7 June. Battelle Press, Columbus, Richland; 
pp. 129–136. 

[81] Nicks, L. and Chambers, M.F. (1994): Nickel farm. – Discover. September. pp.19 
[82] Bridgwater, A.V., Meier, D., Radlein, D., (1999): An overview of fast pyrolysis of 

biomass. – Org. Geochem. 30; 1479–1493. 
[83] Koppolua L., Agblover F.A., Clements L.D. (2003): Pyrolysis as a technique for 

separating heavy metals from hyperaccumulators. Part II: Lab-scale pyrolysis of 
synthetic hyperaccumulator biomass. – Biomass and Bioenergy. 25; 651 – 663 

[84] Helsen L, Bulck E.V.D., Broeck K.V.D., Vandecasteele C. (1997): Low-
temperature pyrolysis of CCA-treated wood waste: chemical determination and 
statistical analysis of metal input and output; mass balances. – Waste Management. 
17(1);79-86. 

[85] Pan W-P., Richards G.N. (1990): Volatile products of oxidative pyrolysis of wood: 
influence of metal ions. – Journal of Analytical and Applied Pyrolysis. 17;261–73. 

[86] Richards G.N., Zheng G. (1991): Influence of metal ions and of salts on products 
from pyrolysis of wood: applications to thermochemical processing of newsprint 
and biomass. – Journal of Analytical and Applied Pyrolysis. 21;133–46. 

[87] Singh, S. P., Ghosh, M. (2003): A Comparative study on effect of cadmium, 
chromium and lead on seed germination of weed and accumulator plant species. – 
Indian Journal of Environment Protection. 23(5); 513-518. 

[88] Ghosh, M., Singh, S. P. (2005): A comparative study of cadmium phytoextraction 
by accumulator and weed species. – Environment Pollution. 133: 365-371. 

[89] Ghosh, M., Singh, S. P., Purohit, S.B. (2003):. Comparative uptake and 
phytoextraction study of soil induced chromium by accumulator and high biomass 
weed species. (Communicated). 

[90] Singh, S. P., Ghosh, M. (2004): Phytoextraction study of lead induced soil: a 
comparative study. – Bioresource Technology (Communicated). 


