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Chelator-assisted phytoextraction has been proposed as a potential tool for phytoremediation of uranium contaminated tailings.
The purpose of the present investigation was to test the efficiency of the four various chelators namely, citric acid (CA), oxalic
acid (OA), NTA and EDTA and to screen out the most effective chelator with promising concentration of it in increasing the U
uptake and accumulation for phytoremedial programmes. Three kilograms of mixture (25:75; tailing: garden soil) was filled
in the earthen pots. Treatment pots were prepared by applying- 0.1, 0.5, 2.5 and 12.5 mmol kg-1 concentrations of each of the
chelator (CA, OA, NTA and EDTA). Optimum concentrations of the chelators were recorded considering biomass production,
tolerance index and U uptake. Each chelator produced severe toxicity symptoms at 12.5 mmol kg-1 treatment level. Lowest

ABSTRACT depression in respect of growth was observed with NTA while OA and CA were proved less toxic than EDTA. Highest inhibition
was recorded in EDTA treatments at respective levels. U uptake and accumulation was concentration dependent for each of the
chelator amendment. Maximum U uptake (3.4-fold) in the roots occurred at 2.5 mmol kg-1 of CA while NTA proved to be the
weakest for the same purpose. Not with standing, EDTA and NTA are stronger complexion agents than CA but in contrary, the use
of CA proved beneficial in U tailing phytoremediation in the present investigation. The growth of the wheat plants was affected
by each of the chelator, which in general follows the order: NTA < OA < CA < EDTA, whereas the order for U accumulation was
recorded as- CA> EDTA > OA > NTA. On the basis of this study it can be suggested that the use CA over EDTA is better, as it is
easily biodegradable, less toxic and has lower leaching risk..

Keywords: Chelator, Phytoremediation, Radionuclides, U tailings

INTRODUCTION et al., 2017; Sheoran and Sheoran, 2017). Research toward
increasing the efficiency of this technology has been evolving
in two main directions: firstly, the use of hyperaccumulating
plant species and secondly, the use of high-biomass
producing plant species with induced accumulation of trace
metals. The rationale behind the second approach is that
hyperaccumulators are generally metal specific and yield
a low annual biomass production, thus limiting the overall
amount of heavy metals that can be extracted per harvest.
Enhancing uptake and/or translocation of potentially toxic
metals in high-biomass producing species has the prospect
of achieving higher amounts of contaminants being extracted
per harvest. The use of soil amendments to increase the
phytoavailability and/or translocation of heavy metals
has been suggested in numerous publications (Cooper et
al., 1999; Blaylock and Huang, 2000; Jiang et al., 2003;
Soleimani et al., 2010; Gunawardana et al., 2011; Bulak et
al.,, 2014; Jagetiya et al., 2014).

Uranium possess radiotoxic as well as chemotoxic
effects (Stojanovi¢ et al., 2010). Radionuclides existing
in soil can be dissolved in solution, or ion exchanged
in reaction, complexed with soil organics or precipitate
as pure or mixed solids (Gavrilescu et al., 2009). For
moderately polluted soils, in situ phytoremediation is an
environmentally attractive but time consuming solution
(Evangelou et al., 2007; Jensen et al., 2009). For severely
polluted soils, a possible operational solution is soil
washing by ex situ extraction or in situ flushing with
aqueous solutions containing a strong ligand [e.g. EDTA,
nitrilo-triacetic acid (NTA) or similar harsh compounds]
although other cleaning or stabilization methods exist (Sun
etal., 2001; Di Palma et al., 2003; Kim et al., 2003; Lim et
al., 2005; Ehsan et al., 2006; Dermont et al., 2008; LeStan
et al., 2008; Rao et al., 2008).

Phytoremediation, especially phytoextraction has
emerged as a cost-effective and eco-friendly technology
for the restoration of metal contaminated soils. It is a
green technology that uses plants to remove inorganic

In the chemically assisted phytoextraction approach,
high biomass plant species are used when grown in soils
that have been treated with various chelators (Saifullah et
. ) X al., 2009; Mihalik et al., 2012; Shahida et al., 2012; Jagetiya
contaminants particularly heavy metals, from soils and ) gparma 2013; Shakoor ef al, 2013; Shahid et al., 2014;
waters (Salt et al, 1998; Garbisu and Alkorta, 2001; Anning and Akoto, 2018). Various organic acids may be used

Saifullah e al, 2010; Moosavi and Seghatoleslami, 2013; to enhance U desorption in soil solution from soil particles and
Paz-Alberto and Sigua, 2013; Amanullah et al., 2016; Sarwar
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resulted in an higher U uptake (Laroche et al., 2005; Mihalik
et al., 2012; Taugeer and Sagir, 2018). These agents influence
the distribution of metals in soils by converting them from
insoluble to soluble fractions (Liu et al, 2011). Order of
chelation of various heavy metals with chelators is follows:
EDTA (EDTA related synthetic chelators) > NTA > citric acid
(CA) > oxalic acid (OA) > acetic acid (AA) as demonstrated
earlier in many comparative studies (Hong and Pintauro, 1996;
Krishnamurti et al., 1998; Wenger et al., 1998; Evangelou et
al., 2007; Duquéne et al., 2009). More than 100-fold increases
of Pb concentrations in the biomass of crops were reported
when EDTA was applied to contaminated soils (Ulmer-Scholle
et al., 2004; Meers et al., 2005). Most metals present in soils
exist in large quantities in unavailable forms and thus soil
conditions need to be altered to elicit phytoextraction since
this phenomenon depends on a relatively high concentration
of soluble metal(s) in soils to enable significant uptake of a
target metal (Saifullah et al, 2010). U phytoavailability can
be enhanced by adding various chelators or ligands (Huang
et al., 1998; Shahandeh and Hossner, 2002). The potential
of a chelating agent for metal complexation is based on the
number of available sites for metal fixation on the molecule.
The strength of the metal-chelator complex is expressed
by the thermodynamic stability constant (log k) and the
concentration of competing cations in soils (cations and other
metals). A large log k means a high ratio of chelated to un-
chelated or free metal when equivalent amounts of metal and
chelating agent are present (Duquene et al., 2009). Complexes
with multidentate ligands are usually much more stable than
those with monodentate ligands. In the soil matrix, the selective
complexation of one metal in the presence of others depends on
the difference between thermodynamic stability constants for
the two metals (Duqueéne ef al., 2008).

For more than 50 years, synthetic chelators, including
EDTA, have been used to supply plants with micronutrients
both in soil and hydroponics. EDTA was considered as a
chelating agent for the assisting the process of phytoextraction
during late 1980s and early 1990s. In earlier reports on the use
of EDTA has suggested over 100-fold enhancement in uptake
and accumulation of U (Gr¢man ef al., 2001).

For the last 50 years NTA was primarily used in
detergents and is known as biodegradable chelating agent.
Inspite of its expected positive properties, few studies have been
performed with NTA as the ligand to assist phytoextraction of
metals. Meier et al. (2010) believe that low molecular weight
organic acids are involved in the metal transport and storage
in plants.

Due to complexing properties natural low molecular
weight organic acids (NLMWOAs), such as CA, OA or malic
acid (MA), may be useful in heavy metal desorption in soil
solution (Mench and Martin, 1991; Krishnamurti et al., 1998;
Nigam et al., 2001; Bao et al.,, 2011). Earlier study suggests
that NLMWOASs have the capability to detoxify intracellular
heavy metals via binding. CA enhances metal solubility and
plant uptake via formation of soluble citrate-metal complexes
(Quetal., 2011).

Main purpose of the present investigation was to test
the efficiency of the four various chelators namely, EDTA,
NTA, CA and OA and to screen out the most effective chelator
with promising concentration of it in increasing the U uptake
and accumulation for phytoremedial programmes. Selection
of chelators was done due to their reported effective nature
towards metal uptake as well as mobilisation.

MATERIAL AND METHODS
Soil Preparation

Tailings of U of Umra region, Rajasthan have been
collected and a mixture was prepared with garden soil in the
proportion of 25:75. Physical and chemical properties and
characteristics of garden soil and the mixture are presented
in Table 1. The mixture of tailing and garden soil was kept
to equilibrate for duration of four weeks. Three kilograms
of this mixture was filled in the earthen pots for each of the
chelator amendment. For CA, OA, NTA and EDTA, treatment
pots were prepared by applying- 0.1, 0.5, 2.5 and 12.5 mmol
kg concentrations of each of the chelator. One set of pot was
not treated with any of the chelator, and considered as control
set. The experiment was conducted in completely randomized
block design with three replicates for each of the treatment.
Ten seeds of wheat were sown equidistantly at the depth of 2.5
cm in each of the pot. Standard and recommended agronomic
practices have been used to irrigate these pots with deionised
water (DIW). In order to retain leachate, collection trays have
been placed beneath the treatment and control pots. The leachate
collected so was re-applied immediately to the respective pots.
During the vegetative stage of growth the observations for the
biomass production, tolerance and uptake parameters were
observed. Biomass production, tolerance and U accumulation
potential were considered to find out the effective concentration
of the chelators. These parameters have been used for the
comparison of chelators for their phytoremediation efficiency.
Pellet fluorometer was used to analyse the U concentrations
in plant parts. The data of the experiment were subjected to
statistical analysis for the computation of differences between
control and amended pots. Mean values based on three
replicates for biomass production and uranium accumulation
were calculated while differences between treatments were
considered significant and highly significant at p = 0.05 and
0.01, respectively.

RESULTS AND DISCUSSION

The results presented in Figs. 1-3 indicate that CA was
found most effective chelator for U uptake than EDTA, OA
and NTA. Though 2.5 mmol kg concentrations were observed
suitable for phytoremediation but 12.5 mmol kg' of each
chelator was resulted in death of the wheat plants. Application
of 2.5 mmol kg' of CA resulted in several fold increase in U
accumulation in wheat roots.

Effect of Chelators on Biomass Production

Biomass of wheat in terms of shoot-root fresh mass as
well as dry mass when tailing-soil mixture was amended with
chelators is presented in Fig. 1. The fresh as well as dry mass
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production at 0.1 and 0.5 mmol kg™ of only NTA among the four
chelators resulted in mild increase. 2.5 mmol kg™ treatment of
NTA was deleterious and produced toxicity symptoms in wheat
plants and resulted in 27-30% and 23-36% reduction in shoot-
root fresh and dry mass, respectively. All the applications of
OA, CA and EDTA produced growth reduction and toxicity
symptoms. OA produced moderate (24-62%, 5-51%) while
CA resulted a noticeable reduction (32-81%, 13-57%) in fresh
and dry mass. EDTA was most toxic towards the biomass
production and inhibited fresh and dry mass in the range of
49-91% and 20-73%. All these chelators resulted in death of
the plants at their respective highest application concentration.

Tolerance Index as Affected by Chelators Amendment

The tolerance index of wheat varied depending on the
chelators and their various application levels during the study
(Fig. 2). Lowest TI values have been observed for EDTA,
whereas the TI values for OA and CA were ranged between
NTA and EDTA. The sequence for TI values observed under
influence of chelators is as follows: NTA > OA > CA > EDTA.

Effects of Chelators on U Uptake

Fig.3 depicts the values for U uptake in shoot and root
tissues of wheat plants. CA was proved most effective chelator
for uptake of U followed by EDTA, OA and NTA. Higher
accumulation occurred in the roots as compared with shoots.
Compared to the control plants, 2.5 mmol kg' CA treatment
roots accumulated U by a factor of more than three.

Biomass Production

Amendments including synthetic aminopolycarboxylic
acids(APCAs)suchas EDTAanddiethylenetriamine pentaacetic
acid (DTPA), natural APCAs like ethylene diamine disuccinate
(EDDS) and NTA as well as NLMWOAs such as CA, OA and
MA were investigated to enhance uptake of U and other heavy
metals by many authors (Evangelou et al., 2007; Bao et al.,
2011; Al-Saad, 2012; Mihalik et al., 2012; Shahid et al., 2012;
Siva Ananthi et al., 2012; Jagetiya and Sharma, 2013; Shakoor
et al., 2013). Though the EDTA was found more effective in
various studies but due to lower rate of biodegradation and
their affinity with heavy metals, EDTA-heavy metal complexes
are toxic to plants and soil microorganisms (Chiu et al., 2005;
Quartacci et al., 2005; Evangelou et al., 2007). Chaney et al.
(1997) and Gréman et al. (2001) acknowledged the efficiency
of EDTA in induced phytoextraction, yet pointed out that
necessary measures would be required to prevent offsite
migration. Both plants and microorganisms of rhizosphere
are known to release NLMWOAs to increase mineral nutrient
solubility by acidification and formation of organic-mineral
complexes. Among root exudates, a wide range of NLMWOAs
can be found, these are AA, OA, tartric acid, MA, CA,
propionic acid and lactic acid etc. (Meers et al., 2004). They
function as natural chelators, and considering their application
as a soil amendment, NLMWOAs have a potential advantage
over compounds like EDTA in that they are more readily
degraded in the environment (Wasay et al., 1998). Among the
NLMWOAs tested CA was reported as much effective than

OA in solubilising U and various heavy metals in soil (Peters,
1999; Duquéne et al., 2009). NTA has been used commonly as a
detergent in the last 50 years is a biodegradable chelating agent.
There are reports that in 3 to 7 days under aerobic conditions
NTA is decomposed (Bucheli-Witschel and Egli, 2001) and
proved as relatively better substance in much effective chelator
for heavy metal uptake and accumulation (Tandy ef al., 2004;
Quartacci et al., 2000).

During the present study chelators (EDTA, CA, OA
and NTA) amendments resulted moderate to heavy growth
reduction and toxicity with more depression in roots than
shoots, except lower concentrations of NTA (0.1 and 0.5 mmol
kg!). The highest concentration (12.5 mmol kg!) of these
chelators proved highly toxic for wheat plants and resulted
in death. NTA and CA at this concentration (12.5 mmol kg
") come up with few seeds to germinate while EDTA and OA
completely inhibited seed germination at this treatment level.
Roots suffered more reduction than shoots under all chelators’
treatments. This happened as they were the most sensitive
organs towards the substrate combinations as well as they were
the organs of higher U storage. NTA enhanced growth at lower
applications (0.1 and 0.5 mmol kg') which might be due to two
possible reasons, firstly, NTA increases the bioavailability and
secondly, the uptake of essential nutrients.

Ryegrass biomass was found unaffected even after
the treatment with EDDS, CA, NH4-CA/CA mixture, OA and
NTA while biomass of Indian mustard shoots on EDDS and CA
treated soil was significantly decreased. Another amendment
(NH4-CA/CA mixture, OA and NTA) had no inhibitory
symptoms on biomass (Duquéne ef al, 2009). In contrary
to the findings of Vandenhove et al. (2001); Shahandeh and
Hossner (2002); Lesage et al. (2005), Vandenhove et al. (2009)
reported that CA-assisted U phytoextraction hampered the
growth of ryegrass. Certain reports demonstrates inhibitory
effects of NTA on plant growth (Meers et al., 2004; Quartacci
et al., 2005) while Duquéne et al. (2009) found that NTA did
not produce any toxicity and growth inhibition in plants.

Outcomes of the present investigation indicate that
among all the four chelators, EDTA was found most phytotoxic.
Severe biomass inhibition due to application of EDTA has also
been observed by Chen et al. (2005); Lesage et al. (2005);
Ruley et al. (2006); Hernandez-Allica et al. (2007); Sinegani
and Khalilikhah (2008); Jagetiya and Sharma (2013). Stability
and permeability of cell walls through enhanced uptake of
metals by the use of EDTA has been reported (Saifullah ez al.,
2010). It exhibits an inhibitory effect, most probably due to
removal of Ca?" and Mg from the outer cell membrane which
affects membrane integrity (Chavez de Paz et al., 2010; Krujatz
et al., 2012). When EDTA applied at too high concentrations it
could enhance metal translocation from roots to shoots apart
from its inhibition potential on plant biomass production (Chen
and Cutright, 2001).

U Uptake

U uptake and accumulation in the roots of wheat plants
was increased from the control value of 170 ppb to 585 ppb at
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in a varied manner by each of the chelator,
which in general follows the order: NTA <
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EDTA, NTA, CA and OA were test to

find out their role in phytoaccumulation
of Uranium in wheat

Tailings of U of Umra region, Rajasthan have been collected and a
mixture was prepared with garden soil in the proportion of 25:75. Three
kilograms of this mixture was filled in the earthen pots for each of the
chelator amendment. For CA, OA, NTA and EDTA, treatment pots were
prepared by applying- 0.1, 0.5, 2.5 and 12.5 mmol kg-1 concentrations
of each of the chelator.

The order for U accumulation and
uptake of U during the investigation was
recorded as- CA > EDTA > OA > NTA.

On the basis of this study it can be
suggested that the use CA over EDTA
is better, as it is easily biodegradable,

OA < CA <EDTA

less toxic and has lower leaching risk.

Tablel. Physico-chemical properties of garden soil and mixture of U tailing and garden soil.

Physico-chemical properties Garden soil Mixture
pH (H20) 7.31+0.07 7.78+0.09
Conductivity (S m-1) 0.79+0.09 0.76+0.12
Biological carbon (%) 0.060+0.31 0.58+0.10
Phosphate (kg ha-1) 28.0+£5.70 24+ 6.65
Potash (kg ha-1) >348 >348
Uranium concentration (pg g-1) ND 36+ 9.50

Results are the mean of three replicates.

2.5 mmol kg'! of CA treatment, whereas, shoots accumulated
U content from the control value of 92 ppb to 300 ppb. More
than 3-fold increase in U accumulation with 520 ppb and 247
ppb, respectively in roots and shoots was observed at 2.5 mmol
kg! EDTA treatment. An uptake of U at levels of 436 ppb in
roots and 212 ppb in shoots was noticed during OA treatment at
similar level. NTA treatment could not enhance any significant
U accumulation at 0.1 and 0.5 mmol kg applications while at
2.5 mmol kg! treatment the values for U in roots and shoots
were 392 ppb and 180 ppb, respectively. Lower concentrations
(0.1 and 0.5 mmol kg') of each chelator lagged behind 2.5
mmol kg'! in terms of enhancing U uptake, hence it is proposed
that 2.5 mmol kg of chelators concentration is the optimum
for 25:75 (tailing:soil) mixture. These results for uranium
uptake with relation to CA, EDTA, OA and NTA applications are
in agreement with the findings of Ebbs et al. (1998); Huang et
al. (1998); Sun et al. (2001); Shahandeh and Hossner (2002);
Duquéne et al. (2009); Vandenhove et al. (2009); Vera Tomé et
al. (2009); Jagetiya and Sharma (2013).

It is confirmed during the present investigation that CA
was found most effective chelator than EDTA, OA and NTA in
desorption of U in soil to soil solution as well as increasing U
availability for plant uptake (Fig. 3). The efficiency of EDTA
in complexation and accumulating U was found little less than
CA but far better than OA while NTA did not prove useful
at respective concentrations of these chelators. OA and NTA

during the present investigation did not demonstrate significant
potential for U uptake. These results are in agreement with
the work of Duquéne et al. (2009); Vandenhove et al. (2009);
Jagetiya and Sharma (2013). Elements such as Al, Fe, Mg and
Ca might be competing U for chelation with NTA and OA,
which as a consequence inhibited uptake of U. Further, entry of
essential nutrients may have assisted with the treatment of NTA
and OA in plants thereby decreasing the toxicity with these
chelators (Duquéne et al., 2008; Jagetiya and Sharma, 2013).

EDTA treatments resulted in higher growth inhibition
at respective treatment levels when compared to the other
chelators. Higher accumulation of U was noticed at each levels
of CA than the EDTA, OA and NTA. This might happened due
to the differential mechanism of CA, EDTA, OA and NTA for
U desorption and complexation with the chelators, interaction
between plant roots and metal chelator complexes as well as
influence of physico-chemical properties of the substrate.
EDTA, due to its toxicity caused more harm to the biomass
production, thereby decreasing the further chances of further U
uptake and accumulation. CA on the other hand produced less
toxic role with higher uptake results. Reports of Huang et al.
(1998); Sun et al. (2001); Umer-Scholle et al. (2004) favored
EDTA assisted U-uptake whereas, our results on EDTA do not
match with aforesaid workers who advocated the ability of
EDTA for U uptake. Ebbs et al. (1998) reported that chelating
agents like EDTA and DTPA did not increase U solubility
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significantly.

Outcomes of the present investigations suggest that
CA may be the better candidate over EDTA as it is a less
toxic, easily biodegradable and has lower leaching risk. The
uptake data obtained at the vegetative stage shows more
accumulation of U in the roots of plants, while only a little
proportion of it was transferred to the shoots. Shahandeh
and Hossner (2002) reported that the main portion of U was
accumulated in the roots, where its concentration can reach
up to quantities 100-fold higher than in the shoots.

CONCLUSION

The upshots of the present investigations have
highlighted the order of chelators for chemically assisted
phytoremediation of U. This does not follow the typical
order but similar order was reported by Duquéne et al.
(2008), who hold the idea that thermodynamic stability
constants of complexes did not predict the efficiency of
selected amendments on U release in soil solution and
they observed CA to be superior then others during the
experiment. Notwithstanding, EDTA and NTA are stronger
complexion agents than CA but in contrary, the use of CA
proved beneficial in U tailing phytoremediation in the
present investigation. The growth of the wheat plants was
affected in a varied manner by each of the chelator, which in
general follows the order: NTA <OA <CA <EDTA, whereas
the order for U accumulation and uptake of U during the
investigation was recorded as- CA > EDTA > OA > NTA.
On the basis of this study it can be suggested that the use
CA over EDTA is better, as it is easily biodegradable, less
toxic and has lower leaching risk. This is also suggested that
verification of the efficiency of these chelators in promoting
U uptake by biomass crops for large scale field application
programmes.

ACKNOWLEDGEMENT

I am grateful to Professor B.L. Malviya, Principal,
M.L.V. Government College, Bhilwara, Rajasthan, India for
his valuable suggestions during the course of studies and
extending necessary facilities for the research work.

REFERENCES

Anning, A.K., R. Akoto: Assisted phytoremediation of heavy
metal contaminated soil from a mined site with Typha
latifolia and Chrysopogon zizanioides. Ecotoxicol.
Environ. Saf., 148, 97-104 (2018).

Al-Saad, K.A., M.A. Amr., A.T. Al-Kinani and A.l. Helal:
Phytoremediation of depleted from

contaminated soil and sediments. A. J. Nucl. Sci. Appl.,
45,315-326 (2012).

uranium

Amanullah, M., P. Wang, A. Ali, M.K. Awasthi, A.H. Lahori, Q.
Wang, R. Li and Z. Zhang: Challenges and opportunities in
the phytoremediation of heavy metals contaminated soils: A
review. Ecotoxicol. Environ. Saf., 126, 111-121(2016).

Bao, T, T. Sun and L. Sun: Low molecular weight organic

acids in root exudates and cadmium accumulation in
cadmium hyperaccumulator Solanum nigrum L. and
nonhyperaccumulator Solanum lycopersicum L. A. J.
Biotechnol., 10, 17180-17185 (2011).

Blaylock, M.J. and J.W. Huang: Phytoextraction of metals. In:
Phytoremediation of toxic metals (Eds.: J. Raskin and B.D.
Ensley). Wiley, New York (2000).

Bucheli-Witschel, M. and T. Egli: Environmental fate and microbial
degradation of aminopolycarboxylic FEMS
Microbiol. Rev., 25, 69-106 (2001).

acids.

Bulak, P., A. Walkiewicz and M. Brzeziniska: Plant growth regulators-
assisted phytoextraction. Biol. Plantarum., 58, 1-8 (2014).

Chaney, R.L., M. Malik, Y.M. Li, S.L. Brown, J.S. Angle and A.J.M.
Baker: Phytoremediation of soil metals. Cur. Opin. Biotech.,
8,279 (1997).

Chavez de Paz, L.E., G. Bergenholtz and G. Svensiter: The effects
of antimicrobials on endodontic biofilm bacteria. J. Endod.,
36, 70-77 (2010).

Chen, H. and G.T .Cutright: EDTA and HEDTA effects on Cd, Cr
and Ni uptake by Helianthus annuus L. Chemosphere., 45,
21-28 (2001).

Chen, S.B., Y.G. Zhua and Q.H. Hu: Soil to plant transfer of 238U,
226Ra and 232Th on a U mining-impacted soil from
southeastern China. J. Environ. Radioacat., 82, 223-236
(2005).

Chiu, K.K., Z.H. Ye and M.H. Wong: Enhanced uptake of As, Zn, and
Cu by Vetiveria zizanoides and Zea mays using chelating
agents. Chemosphere., 60, 1365-1375 (2005).

Cooper, EM., J.T. Sims, S.D. Cunningham, J.W. Huang and W.R.
Berti: Chelate-assisted phytoextraction of lead from
contaminated soils. J. Environ. Qual.,28,1709-1719 (1999).

Dermont, G., M. Bergeron, G. Mercier and M. Richer-Lafleche: Soil
washing for metal removal: A review of physical/chemical
technologies and field applications. J. Hazard. Mater., 152,
1-31(2008).

Di Palma, L., P. Ferrantelli, C. Merli and C. Biancifiori F: Recovery of
EDTA and metal precipitation from soil flushing solutions.
J. Hazard. Mater., 103, 153-168 (2003).

Duquéne, L., F. Tack, E. Meers, J. Beaten, J. Wannijn and H.
Vendenhave: Effect of biodegradable amendments on U
solubility in contaminated soils. Sci. Total Environ., 391,
26-33 (2008).

Duquéne, L., H. Vandenhove F., Tack E., J. Meers, Baeten and J.
Wannijn: Enhanced phytoextraction of U and selected heavy
metals by Indian mustard and ryegrass using biodegradable
soil amendments. Sci. Total Environ., 407, 1496-1505
(2009).

Ebbs, S.D., W.A. Norvell and L.V. Kochian: The effect of acidification

269



Phytoremediation of uranium tailings: role of chelators in triggering uranium accumulation in wheat

and chelating agents on the solubilization of U from
contaminated soil. J. Environ. Qual., 27, 86-94 (1998).

Ehsan, S., S.O. Prasher and W.D. Marshall: A washing procedure to
mobilize mixed contaminants from soil: Heavy metals. J.
Environ. Qual., 35,2084-2091 (2006).

Evangelou M.\W.H., M. Ebel, A. Schaeffer: Chelate assisted
phytoextraction of heavy metals from soil. Effect,
mechanism, toxicity and fate of chelating agents.
Chemosphere., 68, 1-15 (2007).

Garbisu, C. and I. Alkorta: Phytoextraction: A cost-effective plant
based technology for the removal of metals from the
environment. Bioresour. Technol., 77,229-236 (2001).

Gavrilescu, M., L.V. Pavel and 1. Cretescu: Characterization and
remediation of soils contaminated with U. J. Hazard Mater.,
163, 475-510 (2009).

Gréman, H., S. Velikonja-Bolta, D. Vodnik, B. Kos and D. Lestan:
EDTA enhanced heavy metal phytoextraction: Metal
accumulation, leaching and toxicity. Plant Soil., 235, 105-
114 (2001).

Gunawardana, B., N. Singhal and A. Johnson: Effects of amendments
on copper and lead phytoextraction by Lolium perenne
from multiple-metal contaminated solution. Internat. J.
Phytorem., 13,215-232 (2011).

Hernandez-Allica, J., C. Garbisu, O. Barrutia and J. Becerril: EDTA
induced heavy metal accumulation and phytotoxicity in
cardoon plants. Environ. Exp. Bot., 60, 26-32 (2007).

Hong, J. and P.N. Pintauro: Selective removal of heavy metals from
contaminated kaolin by chelators. Water Air Soil Poll., 87,
73-91 (1996).

Huang, W.J., M.J. Blaylock, Y. Kapulnik and B.D. Ensley:
Phytoremediation of U-contaminated soils: role of organic
acids in triggering uranium hyperaccumulation in plants.
Environ. Sci. Technol., 32, 2004-2008 (1998).

Jagetiya, B. and A. Sharma: Optimisation of chelators to enhance
uranium uptake from tailings for phytoremediation.
Chemosphere., 91, 692-696 (2013).

Jagetiya, B.L., A. Sharma, A. Soni and U. Khatik: Phytoremediation
of radionuclides: A report on the state of the art. In:
Radionuclide Contamination and Remediation through
Plants (Eds.: D.K. Gupta, C. Walther). Springer International
Publishing Switzerland., p. 1-31 (2013).

Jensen, J.K., P.E. Holm J., Nejrup, M.B. Larsen and O.K. Borggaard:
The potential of willow for remediation of heavy metal

polluted calcareous urban soils. Environ. Poll., 157, 931-
937 (2009).

Jiang, X.J., YM. Luo, Q.G. Zhao, A.J.M. Baker, P. Christie and
M.H. Wong: Soil Cd availability to Indian mustard and
environmental risk following EDTA addition to Cd-

contaminated soil. Chemosphere., 50, 813-818 (2003).

Kim, C., Y. Lee and S.K. Ong: Factors affecting EDTA extraction of
lead from lead contaminated soils. Chemosphere., 51, 845-
853 (2003).

Krishnamurti, G.S.R., G. Cielinski, P.M. Huang and K.C.J. Van Rees:
Kinetics of cadmium release from soils as influenced by
organic acid: implementation in cadmium availability. J.
Environ. Qual., 26,271-277 (1998).

Krujatz, F., A. Haarstrick, B. Nortemann and T. Greis: Assessing the
toxic effects of nickel, cadmium and EDTA on growth of
the plant growth-promoting rhizobacterium Pseudomonas
brassicacearum. Water Air Soil Pollut., 223, 1281-1293
(2012).

Laroche L., P. Henner, V. Camilleri, M. Morello and J.G. Laplace: Root
uptake of U by a higher plant model (Phaseolus vulgaris):
Bioavailability from soil solution. Radioprotection Suppl.,
1, 533-539 (2005).

Lesage, E., E. Meers, P. Vervacke, S. Lamsal, M. Hopgood and
F.M.G. Tack: Enhanced phytoextraction: II. Effect of EDTA
and CA on heavy metal uptake by Helianthus annuus from
a calcareous soil. Int. J. Phytoremed., 7, 143-152 (2005).

Lestan, D., C.L. Luo and X.D. Li: The use of chelating agents in the
remediation of metal contaminated soils: A review. Environ.
Pollut., 153, 3-13 (2008).

Lim, T.T., P.C. Chui and K.H. Goh: Process evaluation for optimization
of EDTA use and recovery of heavy metal removal from a
contaminated soil. Chemosphere., 58, 1031-1040 (2005).

Liu, L., Y. Li, J. Tang, L. Hu and X. Chen: Plant coexistence can
enhance phytoextraction of Cd by tobacco (Nicotiana
tabacum L.) in contaminated soil. J. Environ. Sci., 23, 453-
460 (2011).

Meers, E., M. Hopgood, E. Lesage, P. Vervacke, FM.G. Tack and
M.G. Verloo: Enhanced phytoextraction in search for EDTA
alternatives. Int. J. Phytoremed., 6, 95-109 (2004).

Meers, E., A. Ruttens, M.J. Hopgood, D. Samson and F.M.G.
Tack: Comparison of EDTA and EDDS as potential soil
amendments for enhanced phytoextraction of heavy metals.
Chemosphere., 58, 1011-1022 (2005).

Meier, S, M. Alvear, F. Borie, P. Agulera and P. Cornejo: Different
patterns of organic acid excudation in metallophyte
and agricultural plants at increasing copper levels. In:
Proceedings, 19" World Congress of Soil Science, Soil
Solution for a Changing World. August 1-6, Brisbane,
Australia, (2010).

Mench, M., and E. Martin: Mobilization of cadmium and other heavy
metals from two soils by root exudates of Zea maya L.,
Nicotiana tabacum L. and Nicotiana rustica L. Plant Soil.,
132, 187-196 (1991).

270



Bhagawatilal Jagetiya

Mihalika, J., P. Hennerb, S. Frelonb, V. Camillerib and L. Févrierb:
Citrate assisted phytoextraction of uranium by sunflowers:
Study of fluxes in soils and plants and resulting intra-planta
distribution of Fe and U. Environ. Exper. Bot., 77, 249-258
(2012).

Moosavi, S.G. and M.J. Seghatoleslami: Phytoremediation: A review.
Adv. Agric. Biol., 1, 5-11 (2013).

Nigam, R., S. Srivastava, S.Prakash and M.M. Srivastava: Cadmium
mobilisation and plant availability-The impact of organic
acids commonly exuded from roots. Plant Soil., 230, 107-
113 (2001).

Paz-Alberto, M.A. and G.C. Sigua: Phytoremediation: A green
technology to remove environmental pollutants. Am. J.
Clim. Chan., 2, 71-86 (2013).

Peters, R.W.: Chelant extraction of heavy metals from contaminated
soils. J. Hazard. Mater., 66, 151-210 (1999).

Qu, J., C. Lou, X. Yuan, X. Wang, Q. Cong and L. Wang: The
effect of sodium hydrogen phosphate/CA mixtures on
phytoremediation by alfalfa and metals availability in
soil. J. Soil Sci. Plant Nutr., 11, 85-95 (2011).

Quartacci, M.F., A.J.M. Baker and F. Navari-Izzo: Nitrilotriacetate
and citric acid-assisted phytoextraction of cadmium by
Indian mustard (Brassica juncea L. Czernj, Brassicaceae).
Chemosphere., 59, 1249-1255 (2005).

Quartacci, M.F., A. Argilla, A.JJM. Baker and F. Navari-Izzo:
Phytoextraction of metals from a multiply contaminated
soil by Indian mustard. Chemosphere., 63, 918-925
(2006).

Rao, C.R.M., A. Sahuquillo and J.F. Lopez Sanchez: Areview of the
different methods applied in environmental geochemistry
for single and sequential extraction of trace elements in
soils and related materials. Water Air Soil Pollut., 189,
291-333 (2008).

Ruley, A.T., N.C. Sharma, S.V. Sahi, S.R. Singh and K.S. Sajwan:
Effects of lead and chelators on growth, photosynthetic
activity and Pb uptake in Sesbania drummondii grown in
soil. Environ. Pollut., 144, 11-18 (2006).

Saifullah, R., A. Ghafoor and M.P. Qadir: Lead phytoextraction by
wheat in response to the EDTA application method. Int.
J. Phytoremed., 11, 268-282 (2009).

Saifullah, R., M.H. Zia, E. Mees, A. Ghafoor, G. Murtaza, M.
Sabir, M. Zia-ur-Rehman and F.M.G. Tack: Chemically
enhanced phytoextraction of Pb by wheat in texturally
different soils. Chemopshere., 79, 652-658 (2010).

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

Sarwar, N., M. Imran, M. R. Shaheen, W. Ishaque, M. A. Kamran,
A. Matloob, A. Rehim and S. Hussain: Phytoremediation
strategies for soils contaminated with heavy metals:
Modifications and future perspectives. Chemosphere.,

271

171, 710-721 (2017).

Shahandeh, H. and L.R. Hossner: Role of soil properties in
phytoaccumulation of U. Water Air Soil Pollut., 141, 165-
180 (2002).

Shahid, M., A. Austruy, G. Echevarria, M. Arshad, M. Sanaullah,
M. Aslam, M. Nadeem, W. Nasim and C. Dumat: EDTA-
Enhanced Phytoremediation of Heavy Metals: A Review.
Soil Sediment Contam., 23 (4), 389-416 (2014).

Shahida, M., E. Pinelli and C. Dumata: Review of Pb availability
and toxicity to plants in relation with metal speciation;
role of synthetic and natural organic ligands. J. Hazard.
Mater., 219-220, 1-12 (2012).

Shakoor, M.B., S. Ali, M. Farid, M.A. Farooq, H.M. Taugeer,
U. Iftikhar, F. Hannan and S.A. Bharwana: Heavy
metal pollution, a global problem and its remediation
by chemically enhanced phytoremediation: A review. J.
Biodiver. Environ. Sci., 3, 12-20 (2013).

Sheoran, A. and S. Sheoran: Phytoremediation of heavy metals
contaminated soils. J. Plant Dev. Sci., 9(10), 905-915
(2017).

Sinegani, A.A. and F. Khalilikhah: Phytoextraction of lead by
Helianthus annuus: Effect of mobilising agent application
time. Plant Soil Environ., 54, 434-440 (2008).

Siva Ananthi, T.A., R.S. Meerabai and R. Krishnasamy: Potential
of Ricinus communis L. and Brassica juncea (L.) Czern.
under natural and induced Pb phytoextraction. Univ. J.
Environ. Res. Technol., 2, 429-438 (2012).

Soleimani, M., A. Mohammad, M. Afyuni, S. Akbar, J. Jensen,
E. Holm Peter and O. Borggaard: Comparison of natural
humic substances and synthetic ethylenediaminetetracetic
acid and nitrilotriacetic acid as washing agents of a heavy
metal-polluted soil. J. Environ. Qual., 39, 855-862
(2010).

Stojanovi¢, M.D., D.R. Stevanovi¢, J.V. Milojkovi¢, M.S. Grubisi¢
and D.A. Iles: Phytotoxic effect of the U on the growing
up and development of the plant of corn. Water Soil Air
Pollut., 209, 401-410 (2010).

Sun, B., F.J. Zhao, E. Lombi and S.P. McGrath: Leaching of heavy
metals from contaminated soils using EDTA. Environ.
Pollut., 113, 111-120 (2001).

Tandy, S., K. Bossart, R. Mueller, J. Ritschel, L. Hauser and R.
Schulin: Extraction of heavy metals from soils using

biodegradable chelating agents. Environ. Sci. Technol.,
38, 937-944 (2004).

Tauqeer, H.M., M. Sagir: Organic acids assisted phytoextraction
of heavy metals: A Review. In: Recent advances in
environmental science from the euro-mediterranean and
surrounding regions. EMCEI2017. Advances in science,
technology & innovation (IEREK Interdisciplinary
series for sustainable development) (Eds.: A. Kallel, M.
Ksibi, H. Ben Dhia and N. Khélifi). Springer, Cham, p.



Phytoremediation of uranium tailings: role of chelators in triggering uranium accumulation in wheat

187-188 (2018). Vera Tomé, F., P. Blanco Rodriguez and J.C. Lozano: The ability

Ul S_S. D BA F T Th d M.J. Blaviock: of Helianthus annuus L. and Brassica juncea to uptake
e, ., 5. Land, o ey, 2. om.as an L aylock: and translocate natural U and 226Ra under different
Phytoremediation of depleted U in an arid environment. milieu conditions. Chemosphere., 74, 293-300 (2009)
In: Devnar. Annual Meeting, November 7-10, p. 242- ' plere. 1% '
243 (2004). Wasay, S.A., S. Barrington and S. Tokunaga: Remediation of
soils polluted by heavy metals using salts of organic
Vandenhove, H., M. Van Hees and S. Van Winckel: Feasibility of . port y' Y " .g 2
: i acids and chelating agents. J. Environ. Technol., 19,
phytoextraction to clean up low-level U-contaminated 369-380 (1998)
soil. Int. J. Phytoremed., 3, 301-320 (2001). ’
Vandenh H. LD sne. F. Tack. J. Baet 47, Wanniin: Wenger, K., T. Hari, M.D. Gupta, R. Krebs, R. Rammelt and C.D.
anden ove,. o uquen.e, - rack, . bacten, andJ. a.nnljn. Leumann: Possible approaches for /n situ restoration of
Testing the potential of enhanced phytoextraction to soils contaminated by zinc. In: Toward sustainable land
clean up heavy metal contaminated soils. Radioprotec., use (Ed.: H.P. Blume) Catena Verlag, Reisk-irchen
44, 503-508 (2009). S & :

Germany., p. 745-754 (1998).

272



