
Introduction

Heavy metal contamination of soils is one of the most 
serious environmental problems throughout the world. 
Elevated soil metal concentrations not only affect the 
activities of soil biota, soil fertility, and crop production, 
but also threaten human health through ingestion of 
contaminated food [1-2]. The remediation of heavy metal-
contaminated soils is therefore an important challenge 
that has to be faced with appropriate methods [3].

A number of techniques, such as ex situ or in situ 
extraction and immobilization, have been developed 
to remove heavy metals from contaminated soils. 
Phytoextraction techniques (using plants to remediate 
metal-contaminated soils) have become a major research 
topic in the past 2 decades, as they are low-cost, efficient, 
and environmentally friendly [4-6]. The success of 
phytoextraction is dependent on large biomass production 
and high concentrations of heavy metals in the shoots 
of plants [7-8]. In order to improve the efficiency of 
heavy metal accumulation in plant shoots, a few fast-
growing, high-biomass plant species and some chelants 
have been evaluated for potential use in phytoextraction, 
as low biomass production and slow growth of the 
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hyperaccumulators are the factors that limit this efficiency 
[9]. Chelant-enhanced phytoextraction of heavy metals 
from contaminated soils have aroused public concern as a 
cost-effective and environmentally friendly alternative to 
conventional techniques of soil remediation, the efficiency 
of chelant-enhanced phytoextraction depends on metal, 
plant species, and chelant concentration [10-12]. The aims 
this technique are to cleanse metal-contaminated soils by 
inducing plants to accumulate metals in the harvestable 
parts by adding chelants to the soil [10]. We could then 
remove the metal-rich biomass from the site and store it in 
an area where it does not pose a risk to the environment. 
However, results from studies on the stimulating effects 
of chelants on shoot metal accumulation in different 
plant species have been largely inconsistent [7, 13-14]. 
Moreover, the addition of chelants to the soil can directly 
or indirectly affect plant health, soil microbial properties, 
and heavy metal concentrations in both soils and plants 
[15]. And most of the chelants used in the technique are 
very expensive. Therefore, the potential threats and the 
cost of employing chelants for phytoextraction to the 
environment should be considered.

This paper reviews the use of chelants in assisting in 
situ phytoextraction of heavy metals from contaminated 
soils. The recent advancements in research on chelant-
enhanced phytoextraction are summarized, and 
recommendations for optimizing this technique are 
suggested to improve its efficiency.

Phytoextraction

Plants have a natural propensity to take up metals, 
which creates the possibility for phytoremediation of 
heavy metal-contaminated soils. Phytoremediation is 
defined as the process where various plants are used to 
degrade, extract, contain, or immobilize contaminants 
in soil and water, and can be divided into 4 general 
categories: phytovolatilization, phytostabilization, 
rhizofiltration, and phytoextraction (Table 1). 

Phytoextraction is the uptake of contaminants 
by plant roots and translocation within the plants. 
Contaminants are generally removed by harvesting the 
plants. Some studies have suggested that the plants used 
for phytoremediation should be fast-growing and easily 
propagated, with high biomass and a profuse root system, 
and capable of accumulating high levels of the target metal 
[16-17]. Hyperaccumulators have a strong absorption  

and accumulation capacity for heavy metals, when  
they are present at high concentrations in the external 
environment. In addition, they can accumulate 
heavy metals at several times higher than the normal 
concentration in vivo, even at relatively low metal 
concentrations in the surrounding environment [18-
19]. To date, more than 500 plant species from more 
than 40 genera have been identified as natural metal 
hyperaccumulators, representing <0.2% of all the 
angiosperms [20-21]. However, a general characteristic 
of these hyperaccumulators is slow growth and limited 
biomass production, which limits their phytoextraction 
efficiency [22-23]. As a result, two strategies for enhancing 
phytoextraction have been proposed. First, for improving 
their metal extraction capacities, genetic engineering 
and modern molecular biology techniques can be used 
eliminate the drawbacks of the hyperaccumulators [24]. 
Second, to increase the bioavailability of heavy metals 
in the polluted soils, which would in turn enhance their 
uptake by plant roots, chelants can be added to the soil. 

Chelant-Induced Phytoextraction 

Heavy metals in the soil are usually present in 
a combined form with its organic and inorganic 
components, or as precipitates. Therefore, most of the 
heavy metals in the soil cannot be directly absorbed by 
the plants. Chelants have been used as soil extractants to 
disturb the balance between the solid and liquid phases of 
contaminates in the soil, increasing the concentration of 
soluble metals, which is likely to promote the uptake of 
heavy metals by a high-biomass plant [14, 25].

Origin of Chelant-Induced Phytoextraction 

Research on the interactions between chelants and 
plants began in the 1950s, when chelants were first used 
in plant nutrition studies. It was found that the application 
of chelants to the soil could improve the solubility of 
trace elements, and ameliorate the deficiency of essential 
nutrients such as Fe, Mn, Cu, and Zn during plant growth 
[26]. In 1974 Wallace showed for the first time that the 
application of chelants such as EDTA and NTA to the soil 
significantly enhances metal accumulation by the plants. 
Chelants have also been used as soil extractants, as a 
source of micronutrient fertilizers, and to maintain the 
solubility of the micronutrients in hydroponic solutions 
[27].

Types of phytoremediation Mechanism Contaminant Scope of application

Phytovolatilization Volatilisation by leaves Organics/Inorganics Volatile contaminants

Phytostabilization Complexation Inorganics Mining contamination

Rhizofiltration Rhizosphere accumulation Organics/Inorganics Waste water

Phytoextraction Hyper-accumulation Inorganics Low-to-medium-contaminated sites

Table 1. The mechanisms of different process of phytoremediation (Ghosh and Singh, 2005).
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Classification of Chelants

Chelants used in the phytoextraction of heavy 
metals from contaminated soils can be divided into 2 
categories. One is aminopolycarboxylic acids (APCAs), 
such as ethylene diamine tetraacetic acid (EDTA), 
ethylene bis[oxyethylenetrinitrilo] tetraacetic acid 
(EGTA), diethylene triamino pentaacetic acid (DTPA), 
hydroxylethylene diamine tetraacetic acid (HEDTA), 
ethylenediamine- N,N’bis(o-hydroxyphenyl) acetic 
acid (EDDHA), etc. Although these chelants could be 
effective in enhancing phytoextraction, they have low 
biodegradability and could pollute the environment. 
Recently the natural APCAs, such asethylene diamine 
disuccinate (EDDS) and nitrilo triacetic acid (NTA) in soil 
phytoremediation processes, has been proposed. Another 
is the low molecular weight organic acids (LMWOAs), 
such as citric acid, oxalic acid, and tartaric acid, etc. 
Compared with the synthetic APCAs, they do not cause 
leaching of the heavy metals and other environmental 
risks, owing to their fast turnover in the soil and low 
toxicity [28].

Mechanisms of Chelant-Induced 
Phytoextraction 

Although the studies on chelant-induced 
phytoextraction primarily focus on increasing 
accumulation, little is known about the mechanisms of 
heavy metal uptake by the plants. 

Metal Activation

Metals in the soil primarily exist as components of 
its organic and inorganic constituents, or as precipitates 
and insoluble compounds. The phytoextraction efficiency 
is highly correlated with the availability of free metals 

in the soil. Aminopolycarboxylates contain one or more 
secondary/tertiary amines and 2 or more carboxylic 
acid groups, which can form thermodynamically stable 
polydentate complexes with metals [29]. It has been 
shown that chelant application to the soil can increase the 
bioavailability and mobility of metals through desorption 
of the sorbed species, and the dissolution of Fe and Mn 
oxides as well was the precipitated compounds [27, 30]. 
The efficiency of the chelants for heavy metal extraction 
is assessed by their stability constants.

Mechanism of Plant Absorption

The mechanisms of metal-chelant absorption by the 
plant roots are not clearly understood. It is unknown 
whether the metal-chelant complexes are directly absorbed 
by the plant roots, or dissociation of the complexes occurs 
prior to their uptake. There are two contrasting theories 
in this regard. The predominant theory for metal-chelant 
uptake is the split-uptake mechanism, according to which 
only free metal ions can be absorbed by plant roots, and 
therefore, metal-chelant complexes need to dissociate 
before their absorption [31]. In a hydroponic experiment, 
Wei et al. [32] found that in the presence of 50 mmol L-1 
Cu, the addition of EDDS increased the biomass and 
the viability of cells in the root tips, while decreasing 
the relative electrolyte leakage from root cells and the 
concentration of Cu in the shoots. The permeability of 
the endodermal barrier to the Cu-citrate complex might 
vary between dicotyledonous and monocotyledonous 
plants, and this has considerable implications for chelant-
enhanced phytoextraction [33]. On the other hand, the 
second theory suggests that a few purportedly intact 
metal-chelant complexes are taken up by the plants [10]. 

Metal-chelant complexes cannot diffuse across the 
plasma membrane, as they are too large and polar to 
move through the plasmalemma lipid bilayer. Therefore, 

Fig. 1. The schematic representation of the uptake of metal-chelant complexes by plant roots, their translocation upward, and the potential 
leaching of metals into the deeper soil in the process of chelant-induced phytoextraction (the red star and blue circle represent the applied 
chelant and the metals in the soil, respectively).
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Zn, Cu, and Pb can be absorbed by the plant roots and 
transferred as a metal-chelant complex [31, 34]. Tian et 
al. [35] detected Pb-EDTA in the vascular bundles of 
both leaf and stem tissues in the accumulator plants using 
synchrotron-based x-ray microfluorescence and powder 
extended x-ray absorption fine structure (EXAFS) 
spectroscopy. It has been concluded that the uptake of Pb-
EDTA by the plant roots is possible at locations where 
the suberization of root cell walls has not yet occurred 
and at breaks in the root endodermis and the Casparian 
strip [36-37]. It has been suggested that the metal-chelant 
complexes might enter the xylem vessels for translocation 
to the aboveground plant parts through passive pathways 
that use transpiration pull as the main driving force [38]. 
A schematic display of this process is shown in Fig. 1. 

Potential Risks Associated with Chelant-Induced 
Phytoextraction 

Plant Growth 

The addition of chelants could significantly depress 
plant growth via low seed germination, leaf wilting, 
chlorosis and necrosis, abscission, shoot desiccation, 
and reduced transpiration [2, 12, 14]. These deleterious 
effects vary across different chelants, for instance EDDS 
and CA had a less negative impact on plants than DTPA 
(diethylene triamino pentaacetic acid) and EDTA, while 
EDTA demonstrated the most toxic effects [14]. Luo et al. 
[39] reported that the plants subjected to combined EDTA 
and EDDS treatment exhibited a slightly lower biomass 
compared with those receiving a treatment of only EDTA. 
In chelant-induced phytoextraction, there are several 
factors that influence plant growth, the most important 
ones being chelant/metal molar ratio, mode, and time of 
chelant application [40], the plant species, and the type 
and concentration of other heavy metals [7, 13-14].

Soil Biota

It usually requires several successive crop harvests to 
fulfill phytoextraction of metals from the contaminated 
soils. To ensure vigorous plant growth following 
phytoremediation, it is essential to maintain soil quality 
[40]. It has been reported that the application of chelants 
has a negative impact on soil quality [41]. Many studies 
have reported the adverse effects of chelant-induced 
phytoextraction on the populations and activity of 
microorganisms [42], as well as the activity of enzymes 
[43-45]. However, Sapoundjieva et al. [46] found that the 
application of EDTA did not have any negative effects on 
soil microorganisms.

Leaching of Heavy Metals

Although the accumulation of heavy metals in plants 
dramatically increases following the application of 
chelants, it might pose potential risks such as groundwater 
contamination through the uncontrolled solubilization 

and migration of the metal-chelant complexes [47]. 
Various chemical extraction studies based on batch and 
column techniques have been performed to evaluate the 
metal leaching risk associated with chelant application to 
deep soil layers [48-50]. The soluble metal levels increase 
significantly upon chelanst application [14, 51-52], and 
the leaching of metals increases with rainfall during 
chelant-induced phytoextraction [12]. Meers et al. [53] 
observed that only less than 1.1% of mobilized metals 
were effectively accumulated in the plant shoots. The 
disadvantages of the chelants application are not only 
related to the increased solubility of the metals but also 
their low biodegradability in soil.

Residual Effects of Chelants and Metal-Chelant 
Complexes

Although chelants are effective in removing metals 
from the soil, the extended residual time of both chelants 
themselves and the metal-chelant complexes should 
be considered [29], as their persistence might continue 
to cause enhanced toxicity against plants and the soil 
organisms for a long time. EDTA has been shown to 
persist for extended periods in soils because of its poor 
degradability [2, 53]. Most studies have indicated that the 
half-life of EDDS in soils is 2-8 days [34, 53-55]. Although 
EDDS is biodegradable, the risk posed by its residual 
concentrations for plants and the soil biota remains a 
concern. Yang et al. [12] reported that no negative growth 
effects were identified for the second and third crops, 
which were harvested 81 and 204 days after the EDDS 
application, respectively, showing that the residual risk 
associated with EDDS application was limited. EDDS 
was reported to have degraded fully, 22 days after the 
EDDS application under field conditions [50]. However, 
Hauser et al. [56] reported a lower biodegradation rate for 
EDDS. The degradation of EDDS might be influenced 
by the dosage applied, soil properties, metal types, and 
composition [57-60].

Optimizing the Phytoextraction Technique

The efficiency of phytoextraction has been found to be 
influenced by many factors. Over the last decade, several 
authors have highlighted the need to optimize the process 
of chelant-induced phytoextraction, including selection 
of the chelant concentration and species, selection of 
the plant species, methods, and time of chelant applied, 
design of cropping pattern (co-cropping or rotation), and 
the irrigation technique. 

Choice of Chelants 

The chelant-induced increase in the accumulation 
efficiency of plants appears to be directly related to the 
ability of the chelant to dissolve metals [61]. The synthetic 
APCAs (especially EDTA) have a high affinity for 
metals, while the affinity of the LMWOAs is low [62]. 
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In most cases, EDTA was superior to EDDS in terms of 
solubilizing Cd, Pb, and Mn, whereas EDDS was more 
effective in solubilizing Cu and Ni [51]. Several studies 
have shown that EDTA is not easily biodegraded [10, 
40, 49], and that EDTA and metal-EDTA complexes 
are toxic to soil microorganisms [15, 41] and plants [7, 
9]. As a result, the use of easily biodegradable chelants 
such as EDDS, MGDA, and NTA has been proposed 
for soil phytoremediation [38, 59-60, 63]. These easily 
biodegradable chelants can improve the uptake of 
metals by plants, with minimal residual effects on the 
environment [12, 45]. Tsang et al. [64] reported that 
significant exchange with the sorbed metals on the soil 
surface resulted in a high degree of resorption of the 
metal-EDDS complexes. A number of different APCAs 
have been tested. Chen et al. [65] reported that the 
order of effectiveness for increasing water-soluble Cd 
accumulation at the same dosage was the following: 
EDTA > DTPA > NTA > citric acid.

Apart from the chelant identity, the chelant 
concentration is also considered a key factor affecting 
the efficiency of phytoextraction. The soluble metal 
content and phytoextraction efficiency increased with 
the increasing level of EDDS or EDTA added to the 
soil [9]. However, this does not mean that the amount of 
bioavailable metals in the soil solution increased with the 
increasing level of chelants [2, 66]. 

Choice of Plant Species

For a given chelant dosage during chelant-induced 
phytoextraction, we can screen for more sensitive species/
cultivars and optimize the growth conditions for those 
plants to increase phytoextraction efficiency. Different 
plant species or the same plant species with different 
culture conditions might result in a significant difference 
with respect to chelant tolerance and the phytoextraction 
efficiency of metals [7, 13, 15]. In general, dicots are more 
sensitive to the application of chelants than the monocots.

The application of chelants could increase the risk 
of dispersing metal contaminants to groundwater and 
the surrounding environment [67]. A good approach is 
using deep-rooted, higher water-use plants or trees to 
reduce the metal leaching risk through transpiration [51]. 
Chen et al. [68] reported that 98, 54, 41, and 88% of the 
initially applied Pb, Cu, Zn, and Cd could get re-adsorbed 
in the soil owing to the effects of vetivers. Therefore, if 
highly metal-tolerant plants are intercropped with deep-
rooted plants (such as eucalyptus camaldulensis or vetiver 
grass), the metals will be accumulated in the shoots of the 
metal-tolerant plants, and the leaching of metals would be 
prevented by the roots of deep-rooted plants [38]. 

Methods of Chelant Application

Suitable strategies for chelants application are helpful 
for optimizing phytoextraction. It has been reported that 
applying the chelant at a depth near the plant roots leads 
to a significantly higher accumulation of trace metals by 

the plants than adding across the entire soil area [11]. The 
combined application of different chelants or chemicals 
can greatly improve metal phytoextraction efficiency 
[38], for instance, the combined application of EDTA 
and EDDS leads to a higher phytoextraction efficiency 
of Cu [69]. These kinds of combinations are based on the 
interactions between the metals and different chelants, 
where the solubility of a metal by a chelant can be 
increased by another chelant via reduction in competition 
from the other metals in the soil. The chelants, when 
applied in several small doses, can also result in greater 
phytoextraction of metal compared with a single dose 
[47]. We can also use a chemical to destroy the plant 
root structure, facilitating the direct uptake of metal-
chelant complexes and their translocation into the shoots. 
Applying chelants after the plants have attained sufficient 
biomass is also an option to decrease environmental risks.

In addition, there are several other techniques to 
optimize phytoextraction. Roots inoculated with metal-
resistant and plant growth-promoting bacteria can 
significantly promote the plant growth and Cd uptake 
by the plants [70]. Some artificial physiological damage 
to the roots, such as pretreatment with HCl, methanol: 
trichloromethane (MC) and hot water, and treatment with 
2,4-dinitrophenol (DNP) could dramatically enhance Pb 
phytoextraction alongside EDTA application [71-72]. Luo 
et al. [39] found that metal phytoextraction efficiency 
improved greatly when the chelants were applied as hot 
solutions at the same dosage. Environmental stresses 
such as excessive toxic metals, high temperatures, 
and drought, might also result in a breakdown of the 
root exclusion mechanisms, subsequently affecting 
the chelant-enhanced accumulation of metals in plant 
shoots [38]. The encapsulation of chelants in slow-release 
formulas can slow down the mobilization of metals in the 
soil to match the uptake rate of plants, thus reducing the 
risk of metal leaching [73-74]. In addition, laying some 
active substance (such as sawdust, vermiculite, apatite, 
or biomass) in the subsoil can effectively prevent the 
leaching of heavy metals to the lower soil [75-76]. It is 
suggested that plants with timely chelant application and 
controlled deficit irrigation can enhance sediment clean-
up while minimizing the leaching of metal complexes 
[51].

Conclusions 

Chelant-induced phytoextraction has received 
much attention as one of the efficient techniques for the 
remediation of metal-contaminated soils. Based on the 
experimental studies reviewed in this paper, it is possible 
to conclude that the use of biodegradable chelants that are 
not persistent and are less harmful to the environment is 
recommended for chelant-induced phytoextraction. The 
application of chelants during the phytoextraction process 
has a negative impact on plants, soil quality, and even 
human health. The optimization of this technique using 
the appropriate choice of chelants, plant species, and 
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application methods is necessary to increase its efficiency 
and decrease environmental risk.

Finally, there is a need for further research on chelant-
induced phytoextraction for the discovery and synthesis 
of new mobilizing agents that would be effective as well 
as environmentally safe. The isolation and incubation of 
chelant-degrading bacteria is also crucial for accelerating 
the degradation of chelants after phytoextraction. Chelant-
induced phytoextraction should be combined with other 
remediation techniques to increase phytoextraction 
efficiency and reduce environmental risks. Therefore, 
besides the basic research on chemical properties, more 
field studies are needed to understand the potential risks 
of these techniques. These improvements could increase 
the competitiveness of chelant-induced phytoextraction 
as a remediation technique for contaminated soil.
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