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a b s t r a c t

In order to explore a practical approach to the remediation of the cadmium (Cd)-contaminated soil in the
lower reaches of the Yangtze River, we evaluated the effects of a local willow (Salix × aureo-pendula CL
‘J1011’) of absorbing, accumulating, and translocating Cd; and assessed the potential of chelator ethylene-
diaminetetraacetic acid (EDTA) in combination with ethyl lactate for enhancing the efficiency of the
willow in removing Cd in two water-culture growth chamber trials and a field one. The willow showed
a high tolerance to Cd in growth chamber trial 1 where the Cd concentration in the medium reached up
to 25 mg L−1 medium, and the bioaccumulation factors (BAFs) of the shoots for Cd rose from 3.8 to 7.4 as
the Cd concentration in the medium was elevated from 5 to 25 mg L−1 medium. In growth chamber trial
2, the average Cd removal rates in two treatments with EDTA and ethyl lactate (molar ratios of EDTA to
ethyl lactate = 68/39 and 53.5/53.5, respectively) reached 0.71 mg d−1pot−1 for the duration of Day 5-8
and 0.59 mg d−1pot−1 for that of Day 8-11, which were 5- and 4-fold of their counterparts in the control,
respectively. In the field trial, for the remediational duration of 45 days, three treatments—willow alone,
willow combined with EDTA, and willow combined with EDTA and ethyl lactate—led to decreases in the

Cd concentration in soil by 5%, 20%, and 29%, respectively; increases in that in the leaves by 14.6%, 56.7%,
and 146.5%, respectively; and increases in that in the stems by 15.6%, 41.2%, and 87.4%, respectively,
compared to their counterparts on Day 0. These results indicate that EDTA combined with ethyl lactate
significantly enhanced the efficiency of willow in removing Cd from the soil. Therefore, a phytoextra-

the a
lluted
tion system consisting of
remediation of the Cd-po

. Introduction

As a widespread global problem, heavy-metal pollution of soil
hreatens the safety of ecosystems and human health [1]. In many
arts of the world, the agricultural soil is slightly or moderately con-
aminated by cadmium (Cd) due to a long-term use of phosphatic
ertilizers, the recycling of sewage sludge, and the precipitation of
he dust from smelters [2]. To meet the urgent need for removing
eavy metals from the soil, a variety of soil remediation methods
ave been established. Phytoremediation is an in-situ remediation
echnique employing green plants to remove pollutants from the

nvironment or to render them harmless [3]. Phytoremediation
as become a promising alternative to the conventional methods
4,5], for it appears to be economically valuable, environmentally
riendly, and esthetically attractive [6,7].

∗ Corresponding author. Tel.: +86 25 83595222; fax: +86 25 83595222.
E-mail address: hyguo@nju.edu.cn (H. Guo).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.05.065
utochthonous willow, EDTA, and ethyl lactate has high potential for the
soil in the lower reaches of the Yangtze River.

© 2010 Elsevier B.V. All rights reserved.

In the last decade, increasing attention has been paid to opti-
mize the method of phytoremediation and to find the most suitable
plants; the effectiveness of phytoremediation is dependent on an
adequate yield of suitable plants and the efficient transfer of metals
from their roots to shoots. Hyperaccumulating plants have drawn
much attention because of their ability to accumulate and toler-
ate high levels of heavy metals [8,9]; however, their potential for
the application to bioremediation is limited by their slow growth
and low biomass [10,11]. Therefore, the more recent researches on
phytoextraction have being focused on the plants that can achieve
high biomass, although they accumulate lower levels of heavy met-
als [12,13]. Out of them, willow displays the characteristics suitable
for phytoremediation as follows: growing fast, propagating easily,
rooting deeply, adapting to a wide range of climatic conditions,

and tolerating the temporarily waterlogged environment [6,14,15].
The potential of willow for phytoremediation has been established
well in pot and growth chamber experiments [12,16], but not in
field conditions. There is little information about the potential of
autochthonous willows for remediating Cd-polluted soils in the

dx.doi.org/10.1016/j.jhazmat.2010.05.065
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hyguo@nju.edu.cn
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ost regions of China, especially in the lower reaches of the Yangtze
iver where the Cd concentration in soil exceeds the stipulated
tandard.

Compared to the conventional phytoextraction methods,
helator-assisted phytoextraction has higher efficiency in extract-
ng metals from the polluted soil, for chelators can solubilize target

etals from soil [17] to facilitate their uptake by the roots of plants
nd translocation from the roots to the shoots [18]. Ethylenedi-
minetetraacetic acid (EDTA) has become the most widely used
helator for phytoextraction due to its high extraction efficiency
19]. On the other hand, a large-scale EDTA-assisted phytoextrac-
ion may produce adverse effects on the environment because
DTA is non-biodegradable and severely inhibits plant growth,
nd its application increases the possibility of heavy metals leach-
ng into groundwater [20,21]. As a potential substitute for EDTA,
S, S]-ethylenediaminedisuccinic acid (EDDS) has a strong chelat-
ng ability and high biodegradability, but its costliness restricted
ts application [22]. Therefore, it is necessary and urgent to
nd out other appropriate additives to replace EDTA and other
on-biodegradable chelating agents or reduce their dosages in phy-
oremediation. In this connection, ethyl lactate has been recognized
s a “green solvent” owing to its numerous attractive properties
ncluding strong solvency power, low toxicity, and high biodegrad-
bility [23,24]. Previously, we also reported that a combination of
DDS and ethyl lactate resulted in higher efficiency in extracting
opper (Cu) than EDDS alone in soil washing experiments [25].

The present study employed two water-culture growth cham-
er trials and a field one to achieve the following aims: (1) to
valuate Salix × aureo-pendula CL ‘J1011’—a native willow growing
ast and producing high biomass—for its tolerance to Cd and poten-
ial for the phytoextraction of Cd, and (2) to assess the impact of
thyl lactate on the EDTA-assisted phytoextraction of Cd by the
illow.

. Materials and methods

.1. Growth chamber trials

.1.1. Materials
Ethyl lactate (>99%, guaranteed reagent grade) was purchased

rom Lacaster Chemical Co., England; and the salts and other
hemicals (analytical reagent grade) were from Nanjing Chemical
eagents Co., Ltd., Nanjing, China. Hoagland solution was pre-
ared using the method of Hoagland and Arnon [26]. A stock
olution of Cd (1000 mM) was prepared by dissolving 30.9 mg
d(NO3)2·4 H2O in 100 ml of double-distilled water; it was diluted
o a series of Cd solutions (54–266 mM). The cuttings of willow used
n all experiments of Cd uptake were male clones from an adult
ybrid willow (Salix × aureo-pendula CL ‘J1011’), having a uniform
ize—approximately 20 cm in length by 2 cm in diameter. Cuttings
ere allowed to root hydroponically in Hoagland’s nutrient solu-

ion until their fine roots developed for about 2 weeks.

.1.2. Willow cuttings exposed to Cd and treated with EDTA or its
ombination with ethyl lactate

Two sets of beakers were used as containers for cuttings in two
rowth chamber trials, each beaker containing 1500 ml of Hoagland
edium. In growth chamber trial 1, Cd solution was directly added

nto the medium. The final concentrations of Cd in the medium
eached 53.5, 107, 214, and 266 �M (5, 10, 20, and 25.0 mg L−1
edium) in four different treatments, respectively; the control con-
ained the medium and cuttings, but no Cd. Growth chamber trial 2
onsisted of three treatments in three different molar ratios of EDTA
o ethyl lactate (107/0 for Treatment 1, 68/39 for Treatment 2, and
3.5/53.5 for Treatment 3) and a control containing the medium
aterials 181 (2010) 673–678

with Cd and cuttings, but without additives. Each treatment con-
tained 107 �M of additives and 53.5 �M of Cd. For evaluating the
parallelism of plant growth in different beakers prior to treatments,
EDTA and ethyl lactate were not added into the medium until cut-
tings had been exposed to Cd for 5 days. Each treatment or control
had three replicates, and each replicate included five healthy cut-
tings.

2.1.3. Plant growth and collection of water samples
Both sets of beakers were kept in a plant growth chamber

under the controlled conditions: 25 ± 2 ◦C and 12 h daylight (light
intensity approximately 500 mmol m−2 s−1 for growth). For growth
chamber trial 1, water samples (approximately 10 ml per sample)
were collected on the day before exposure to Cd (Day 0) and 1, 2, 3,
4, 5, 9, 13, and 15 day(s) after the exposure, respectively; for growth
chamber trial 2, they were done on the day before exposure to Cd
(Day 0) and 5, 8, and 11 days after the exposure, respectively. After
exposed to Cd for 15 days in growth chamber trial 1 and 11 days
in growth chamber trial 2, respectively, willow plants were har-
vested and dissected into the leaves and stems—two parts of the
shoots—and the roots; they were weighed, washed, and dried. The
Cd contents of these tissues were determined as described in the
Section 2.3.

For growth chamber trial 1, the relative dry yields (RDYs) and
bioaccumulation factors (BAFs) of the leaves, stems, and roots
of willow (S. × aureo-pendula CL. 1011), respectively, were calcu-
lated. The RDYs was calculated according to the following formula:
RDYs = W (treatment)/W (control), where W (control) and W (treat-
ment) are the mean dry weights of leaves, stems, or roots grown
in the medium without Cd (control) and in the medium with Cd
(treatment), respectively. The BAFs were calculated according to
the equation of Lunney et al. [27]. In growth chamber trial 2, Cd
removal rate, q (mg d−1 pot−1), was determined by measuring Cd
concentrations in the aqueous phase before and after willow was
cultivated for several days [28] and using the formula: q = (C0 - C)
V/D, where C0 and C are the initial and equilibrium (final) Cd con-
centrations (mg L−1), respectively, V is the volume of the solution
(L), and D is the duration of willow cultivation (day).

2.2. Field trial

The soil in the experimental field was silty clay with a pH of
8.3 ± 0.1, containing 6.7% organic matter and 46.2 cmol kg−1 CEC
(cation exchange capacity). The topsoil (0–20 cm in depth) of the
field was spiked with Cd(NO3)2 whose final concentration in the
soil reached about 7 mg kg−1 soil. The Cd concentrations in the top-
soil of each treatment and of the control were measured prior to
experimentation and found to be 7.05 ± 0.73 mg kg−1. The experi-
mental field was about 20 m2 in area and divided into 20 foursquare
grids with PVC clapboards. In April 2008, cuttings of the willow
(Salix × aureo-pendula CL’J1011’) were planted in rows with the
distance of 35 cm between them and that of 30 cm between the
cuttings, and about 100 cuttings in total were planted in the exper-
imental field. The routine field management included irrigation
during dry summer periods, weeding, and fertilization.

After willow naturally grew for four months, the experimen-
tal grids were divided into four groups: the soil without willow,
EDTA, or ethyl lactate (Control) and three treatments—the soil with
willow only (Willow), that with willow and EDTA (Willow-EDTA),
and that with willow and a combination of EDTA and ethyl lactate
(Willow-EDTA-ethyl lactate). Each group consisted of three repli-

cates. In Willow-EDTA, the molar ratio of EDTA to Cd in the topsoil
was 2:1; in Willow-EDTA-ethyl lactate, the molar ratio of EDTA to
ethyl lactate was 82:46. The total molar dosage of EDTA and ethyl
lactate in Willow-EDTA was the same with that in Willow-EDTA-
ethyl lactate, which could be calculated by using the following data:



J. Li et al. / Journal of Hazardous Materials 181 (2010) 673–678 675

F
t
t
(

t
t
l
m
e

2

w
1
w
C
a
t

2

A
(

3

3

c
l
c
e
l
l
w

3
c

2
r
c

their counterparts in the control, respectively.
Fig. 4 shows the variations in Cd concentrations in the leaves,

stems, and roots of harvested willow S. × aureo-pendula CL. 1011
in different treatments. The application of EDTA or its combination

Table 1
Bioaccumulation factors (BAFs) for Cd of the leaves, stems, and roots of willow,
respectively, in growth chamber trial 1.

Treatment (mg L−1) Leaf Stem Root
ig. 1. Relative dry yields (RDYs) of the leaves, stems, and roots of willow, respec-
ively, in growth chamber trial 1. Values are means of triplicates ± SD; those with
he same letters are not significantly different according to one–way ANOVA test
p < 0.05).

he soil depth = 20 cm, the Cd concentration in soil = 7 mg kg−1, and
he soil bulk density = 1.4 × 103 kg m−3. The leaves and stems of wil-
ow as well as the topsoil of each grid were sampled every half

onth, and willow was harvested 45 days after treatments (the
nd of the growing season).

.3. Analyses of plant and soil samples

Soil samples were weighed and dried. The leaves and stems were
eighed, washed, and dried. After dried in an oven at 65 ± 5 ◦C for
week, the tissues were finely crushed, and those with accurate
eights were digested by HNO3 as previously described [29]. The
d contents of plant and soil samples were determined using an
tomic absorption spectrophotometer (Thermo, USA) with a detec-
ion limit of 0.004 ppm.

.4. Statistical analysis

Data are given as means ± standard deviations (SD). One-way
NOVA (Duncan HSD) was used for the analysis of variance

p < 0.05) of the data.

. Results

.1. Effect of Cd on willow growth in growth chamber trial 1

As shown in Fig. 1, the application of Cd to the medium at all
oncentrations except 5 mg L−1 medium resulted in significantly
ower relative dry yields (DRYs) of the leaves, stems, and roots in
omparison with their counterparts in the control (p < 0.05). How-
ver, the application of Cd even at its highest concentration only
ed to decreases in dry weight by 25.5%, 35.7%, and 31.6% for the
eaves, stems, and roots, respectively. This result suggested that

illow had a high tolerance to Cd.

.2. Bioaccumulation and distribution of Cd in willow in growth
hamber trial 1
As Cd concentration in the medium was increased from 5 to
5 mg L−1 medium, Cd concentrations in the leaves, stems, and
oots of willow all rose greatly (Fig. 2). On the other side, Cd con-
entration in the medium appeared to be negatively correlated with
Fig. 2. Cd concentrations in the leaves, stems, and roots of willow in growth chamber
trial 1. Values are means of triplicates ± SD.

the bioaccumulation factor (BAF) of the roots for Cd, but not closely
correlated with that of the shoots (consisting of leaves and stems)
(Table 1). The BAFs of the shoots for Cd (the sum of the BAFs of the
leaves and stems) increased from 3.8 to 7.4 as Cd concentration in
the medium was elevated from 5 to 25 mg L−1 medium. In terms of
the BAFs of the two tissues of the shoots, corresponding to every Cd
concentration in the medium, the BAF of the leaves was higher than
that of the stems. In addition, the BAF of the roots decreased from
112 to 51 as Cd concentration in the medium was increased from 5
to 25 mg L−1 medium. Corresponding to each Cd concentration in
the medium, the BAF of the roots was much higher than that of the
shoots, indicating that Cd was still mainly deposited in the roots.

3.3. Effects of EDTA and ethyl lactate on willow extracting Cd in
growth chamber trial 2

After exposed to Cd for 5 days, cuttings in the control and all
treatments displayed similar Cd removal rates (Fig. 3). For both
of the duration of Day 5-8 and of Day 8-11, the Cd removal rates
in Treatment 1 (molar ratio of EDTA to ethyl lactate = 107/0) were
higher than those in the control, indicating that EDTA facilitated
willow extracting Cd from the medium. Moreover, for the duration
of Day 5-8 and of Day 8-11, both Treatments 2 and 3 (molar ratios of
EDTA to ethyl lactate = 68/39 and 53.5/53.5, respectively) resulted
in significantly higher Cd removal rates by willow in comparison to
Treatment 1 (molar ratio of EDTA to ethyl lactate = 107/0) (p < 0.05).
This suggested that the addition of ethyl lactate produced a signif-
icantly stronger effect of increasing the EDTA-assisted Cd removal
rate by willow than the same mole of EDTA. The average Cd removal
rates in Treatments 2 and 3 reached 0.71 mg d−1pot−1 for Day 5-8
and 0.59 mg d−1pot−1 for Day 8-11, which were 5- and 4-fold of
5 3.2±0.39 0.64±0.19 112±6.9
10 3.5±0.31 0.70±0.12 90±2.5
20 2.8±0.37 2.4±0.34 71±2.6
25 4.1±0.21 3.3±0.18 51±1.6

Values are means of triplicates ± SD.
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Fig. 3. Cd removal rates by willow in treatments with EDTA and ethyl lactate in
different ratios in growth chamber trial 2. Values are means of triplicates ± SD; those
with the same letters are not significantly different according to one–way ANOVA
test (p < 0.05).
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Fig. 5. Cd concentrations in soils in different treatments for various remediational
duration in a field trial. Initial Cd concentrations (mg kg−1D.W. ± SD) in soils of the
control, Willow, Willow-EDTA, and Willow-EDTA-ethyl lactate were 6.34 ± 0.57,

T
C

V

ig. 4. Effects of different ratios of EDTA to ethyl lactate on Cd concentrations in the
eaves, stems, and roots of willow. Values are means of triplicates ± SD.

ith ethyl lactate to the medium apparently increased Cd concen-
rations in the leaves, stems, and roots. Treatments 2 and 3 (molar
atios of EDTA to ethyl lactate = 68/39 and 53.5/53.5, respectively)
emonstrated significantly higher effectiveness in enhancing the
ccumulation of Cd in all of these tissues than Treatment 1 (molar
atio of EDTA to ethyl lactate = 107/0) (p < 0.05); particularly, in
reatment 3, Cd concentrations in the leaves, stems, and roots

eached 87.8, 52.9, and 6161 mg kg−1, respectively, which were 4-
13- and 11-fold of those in the control. These data indicated that
ompared to EDTA alone, its combination with ethyl lactate pro-
uced a much stronger effect of improving the accumulation of Cd

n all of the three tissues of willow. Moreover, in all treatments, Cd

able 2
d concentrations in the leaves and stems of willow for different remediational duration

Treatments Duration of remediation (d)

0 15

Leaf
Willow 100±21.5a 105.3
Willow-EDTA 100±22.8a 128.6
Willow-EDTA-ethyl lactate 100±21.8a 125.7
Stem
Willow 100±23.3a 103.3
Willow-EDTA 100±21.5a 122.2
Willow-EDTA-ethyl lactate 100±12.9a 151.6

alues are means of triplicates ± SD; those with the same letters are not significantly diff
5.09 ± 1.34, 5.14 ± 1.14, and 5.67 ± 0.20, respectively. Values are means of tripli-
cates ± SD; those with the same letters are not significantly different according to
one–way ANOVA test (p < 0.05).

concentrations in the roots were remarkably higher than those in
the shoots (p < 0.05), suggesting that these treatments stimulated
Cd uptake by the roots more effectively than Cd translocation from
the roots to the shoots.

3.4. Effects of EDTA and ethyl acetate on the phytoextraction of
Cd by willow in field

Fig. 5 shows the relationship between the remediational dura-
tion of different treatments and the Cd concentration in the field
soil. For all of the remediational duration, treatment Willow led
to lower Cd concentrations in soil compared to those in the con-
trol, but their differences were insignificant (p > 0.05). As shown
in Table 2, the Cd concentration in the shoots rose with increased
duration of treatment Willow: for that of 45 days, the Cd concen-
trations in the leaves and stems increased by 14.6% and 15.6%,
respectively, compared to their counterparts on Day 0; however,
these increases were still insignificant (p > 0.05). These results sug-
gested that treatment Willow only produced a weak effect of the
remediation of Cd in soil.

Treatment Willow-EDTA led to significantly lower (p < 0.05) Cd
concentrations in soil for all remediational duration except for 15

days compared to those in the control (Fig. 5). Furthermore, com-
pared to treatment Willow, Willow-EDTA also led to significantly
higher (p < 0.05) Cd concentrations in the leaves and stems after
the remediation for 45 days (Table 2). For three of the remedi-

relative to those on Day 0.

30 45

±18.3a 108.1±8.8a 114.6±15.7a
±13.5ab 152.6±11.9bc 156.7±14.3c
±7.03ab 237.2±9.95d 246.5±9.35d

±18.5ab 112.7±8.6ab 115.6±9.5ab
±14.4abc 128.3±11.7bcd 141.2±9.0cd
±9.6d 194.8±4.7e 187.4±7.11e

erent according to one–way ANOVA test (p < 0.05).
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tional duration of Willow-EDTA, the Cd concentrations in soil
ecreased by 9%-20%, and those in the leaves and stems increased
y 28.6-56.7% and 22.2-41.2%, respectively, in comparison with
heir counterparts on Day 0.

Compared to Willow-EDTA, treatment Willow-EDTA-ethyl lac-
ate (molar ratio of EDTA to ethyl lactate = 82:46) led to significantly
ower (p < 0.05) Cd concentrations in soil for all remediational dura-
ion (Fig. 5); and significantly higher (p < 0.05) Cd concentrations in
he leaves for all remediational duration except for 15 days, and
ignificantly higher (p < 0.05) Cd concentrations in the stems for
ll remediational duration (Table 2). For all of the remediational
uration, Willow-EDTA-ethyl lactate led to decreases in Cd concen-
rations in soil by 26%-36% and increases in those in the leaves and
tems by 25.74-146.5% and 51.6-94.8%, respectively, in comparison
ith their counterparts on Day 0.

. Discussion

.1. Potential of willow for the phytoremediation of Cd

The suitability of a plant for phytoremediation depends on its
haracteristics in the following aspects: (1) tolerance to heavy met-
ls; (2) size, growth rate, and rooting depth; (3) accumulation of
eavy metals in its above-ground parts; and (4) climatic adapta-
ion and pest resistance [6,7,14]. In this study, we investigated two
f these aspects of the willow (Salix × aureo-pendula CL ‘J1011’)
egarding their impact on its effectiveness in the remediation
f Cd.

In growth chamber trial 1, willow revealed a high tolerance to
d (up to 25 mg L−1 medium); it was able to survive through the
hole experimental period even as Cd concentration was increased

o 25 mg L−1 medium. In the field trial, willow was also capable of
rowing and reproducing in the soil with an impermissibly high Cd
oncentration. These results suggest that it is practical and feasible
o remediate the soil containing a high Cd concentration by planting
he willow (Salix × aureo-pendula CL ‘J1011’).

Regarding the distribution of Cd in the above-ground parts of
illow, Cd concentrations in the leaves were higher than those in

he stems (Table 1 and Fig. 2), indicating that Cd was translocated
rom the stems to leaves. This result is consistent with those of
illow clones [30] and seven clones of Salix spp. reported by Vys-

oužilová et al. [31]. On the other side, Cd was still mainly deposited
n the roots, for the BAFs of the roots for Cd were much higher than
hose of the shoots (Table 1 and Fig. 2). This is due to the difference
etween the higher integral uptake rates of Cd by willow and its

ower translocation rates from the roots to the shoots [32]; Zhang
t al. also considered the roots as a barrier to the translocation of
etals to the shoots [33]. Nevertheless, increasing the Cd concen-

ration in the medium did not result in a decrease in the BAFs of the
hoots (3.8-7.4) (Table 1), implying that willow has a stable ability
o accumulate Cd in the shoots. Considering that the Cd accumu-
ated in the shoots can be removed when they are cut from the adult
ybrid willow as new male clones, i.e. cuttings, planting the wil-

ow (Salix × aureo-pendula CL ‘J1011’) appears to be a practical and
ffective approach to the remediation of the Cd-contaminated soil.

According to the results of the field trial, the amount of Cd
emoved by the shoots reached 0.040 kg Cd/ha in the first year
nder the condition that willow was planted at the density of 5
lants per m2 (100 plants cover 20 m2 in area); for the layer of soil
0-cm in depth with an average bulk density of 1350 kg/m3, its

d content was about 17.1 kg Cd/ha. Based on the above data, the
alculated percentage of the Cd removed by the shoots of willow
eached 0.23%, which was twice that of the cuttings of the willow
Salix viminalis Arresoe) [14], so the amount of Cd removed by the
hoots of willow could be compared with the total Cd content in
terials 181 (2010) 673–678 677

the soil. Furthermore, the estimate only shows the uptake of the
young willow trees in the first growing season, but their biomass
will increase in the coming years [14].

4.2. Advantages of the phytoextraction system of
willow-EDTA-ethyl lactate

Chemically enhanced phytoextraction has been proposed as an
effective approach to the remediation of the soil polluted with
heavy metals [10,18,22]. Our results in this study also demonstrate
that the application of EDTA is effective in decreasing Cd concen-
tration in soil, and increasing its accumulation in the leaves, stems,
and roots of willow. The application of EDTA to the medium or soil
enhanced the efficiency of willow in removing Cd (Figs. 3 and 5)
mainly due to the formation of a stable Cd-EDTA complex. Theoret-
ically, the efficiency of chelation depends on the stability constant
of the formed metal-chelator complex. EDTA has a strong chem-
ical affinity for Cd (logKs = 16.62) [34]; the formation of a stable
Cd-EDTA complex in the soil treated with EDTA facilitates the sol-
ubilization of Cd there. Thus the soil has more available Cd for
uptake by the roots of willow and translocation from the roots to
the shoots.

The application of EDTA in combination with ethyl lactate to
the medium led to significant increases in Cd removal rate by wil-
low (Fig. 3), in Cd uptake by the roots and in Cd accumulation
in the shoots (Fig. 4). Also, in the field trial, Willow-EDTA-ethyl
lactate resulted in significantly lower Cd concentrations in soil in
comparison with Willow-EDTA (Fig. 5). Accordingly, due to Willow-
EDTA-ethyl lactate, the percent of removed Cd in the total Cd
content of soil approached 0.39% (Its calculation is based on the
method described in the Section 4.1). Our previous study of soil
washing showed that the application of ethyl lactate enhanced
the extraction efficiency of EDDS for Cu (ratio of EDDS to Cu = 2:1)
mainly due to the mechanism that ethyl lactate increases the stabil-
ity constant of Cu-EDDS complex [25]. For the possible mechanism
by which the addition of ethyl lactate led to an increase in the
extraction efficiency of EDTA for Cd in this study, we infer that
its addition changes the dielectric constant of the soil washing
solution, resulting in a higher stability constant of the Cd-EDTA
complex. Ethyl lactate has been reported as a “green” solvent due to
its numerous attractive advantages including high solvency; 100%
of biodegradability; easy recycle; lower price and easy availabil-
ity; and non-corrosive, non-carcinogenic, and non-ozone depleting
qualities [23,24]. Therefore, incorporating eco-friendly ethyl lactate
into EDTA-enhanced phytoextraction is practical and advantageous
to the ecosystem, for it will remarkably lower the risk of exposing
the environment to excessive non-biodegradable EDTA in a large-
scale EDTA-assisted phytoremediation by substantially reducing
the dosage of EDTA.

5. Conclusion

In water-culture trial 1, willow showed a high tolerance to Cd
(up to 25 mg L−1 medium); the BAFs of the shoots for Cd attained
to the range of 3.8-7.4, which did not fall with the increased Cd
concentrations. In water-culture trial 2 and the field trial, the
application of EDTA combined with a low dosage of ethyl lactate
significantly enhanced the efficiency of willow in removing Cd
from the medium and soil. Therefore, considering the character-
istics of this autochthonous willow (having a high tolerance to Cd

and the ability to absorb and accumulate it), economic values, and
ecological benefit; and the easy harvest, a phytoextraction system
consisting of this willow, EDTA, and ethyl lactate has great potential
for the remediation of the Cd-polluted soil, especially in the lower
reaches of the Yangtze River.
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31] M. Vysloužilová, P. Tlustoš, J. Száková, Cadmium and zinc phytoextraction
potential of seven clones of Salix spp. planted on heavy metal contaminated
soils, Plant Soil Environ. 49 (2003) 542–547.

32] X. Hu, Z.H. Ding, Y.J. Chen, X.R. Wang, L.M. Dai, Bioaccumulation of lanthanum
and cerium and their effects on the growth of wheat (Triticum aestivum L.)

seedlings, Chemosphere 48 (2002) 621–629.

33] Y.X. Zhang, T.Y. Chai, G. Burkard, Research advances on the mechanisms
of heavy metal tolerance in plants, Acta Botanica Sinica. 5 (1999) 453–
457.

34] A.E. Martell, R.M. Smith, R.J. Motekaitis, NIST critically selected stability con-
stants of metal complexes, version 6.0, NIST, Gaithersburg, MD, 2001.


	Ethyl lactate-EDTA composite system enhances the remediation of the cadmium-contaminated soil by Autochthonous Willow (Sal...
	Introduction
	Materials and methods
	Growth chamber trials
	Materials
	Willow cuttings exposed to Cd and treated with EDTA or its combination with ethyl lactate
	Plant growth and collection of water samples

	Field trial
	Analyses of plant and soil samples
	Statistical analysis

	Results
	Effect of Cd on willow growth in growth chamber trial 1
	Bioaccumulation and distribution of Cd in willow in growth chamber trial 1
	Effects of EDTA and ethyl lactate on willow extracting Cd in growth chamber trial 2
	Effects of EDTA and ethyl acetate on the phytoextraction of Cd by willow in field

	Discussion
	Potential of willow for the phytoremediation of Cd
	Advantages of the phytoextraction system of willow-EDTA-ethyl lactate

	Conclusion
	Acknowledgments
	References


