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� Repeated phytoextraction redistributed metals from non-labile to labile fractions.
� The hyperaccumulator greatly reduced the mobility in soil of hyperaccumulated metals.
� The mobility of non-hyperaccumulated metals increased by an increase in the labile fractions or desorption rates.
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a b s t r a c t

Phytoextraction is one of the most promising technologies for the decontamination of metal-polluted
agricultural soils. Effects of repeated phytoextraction by the cadmium (Cd)/zinc (Zn) hyperaccumulator
Sedum plumbizincicola on metal (Cd, Zn, copper (Cu) and lead (Pb)) mobility were investigated in three
contaminated soils with contrasting properties. EDTA kinetic extraction and the two first-order reactions
model showed advantages in the assessment of soil metal mobility and clearly discriminated changes in
metal fractions induced by phytoextraction. Repeated phytoextraction led to large decreases in readily
labile (Q1

0) and less labile (Q2
0) fractions of Cd and Zn in all three soils with the sole exception of an in-

crease in the Q2
0 of Zn in the highly polluted soil. However, Q1

0 fractions of soil Cu and Pb showed apparent
increases with the sole exception of Pb in the acid polluted soil but showed a higher desorption rate
constant (k1). Furthermore, S. plumbizincicola decreased the non-labile fraction (Q3

0) of all metals tested,
indicating that the hyperaccumulator can redistribute soil metals from non-labile to labile fractions. This
suggests that phytoextraction decreased the mobility of the metals hyperaccumulated by the plant (Cd
and Zn) but increased the mobility of the metals not hyperaccumulated (Cu and Pb). Thus, phytoex-
traction of soils contaminated with mixtures of metals must be performed carefully because of potential
increases in the mobility of non-hyperaccumulated metals in the soil and the consequent environmental
risks.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Human activities such as mining, wastewater irrigation and
application of chemical fertilizers have led to the excessive accu-
mulation of metals in many agricultural soils (Cheng, 2003) and soil
metal contamination represents a risk to human and environment
health (Liu et al., 2013; Lu et al., 2015). The risk of soil metal
pollution is therefore amajor concern andmethods for remediating
polluted soils are of strategic interest. Phytoextraction using
hyperaccumulating plant species is regarded as one of most
promising technologies for the decontamination of metal-polluted
agricultural soils because it is environmentally friendly and is car-
ried out in situ at relatively low cost with the topsoil remaining
intact (Ali et al., 2013). Soil metal availability or mobility is one of
most important factors affecting phytoextraction by influencing
plant root metal uptake and also by changing plant metal removal
and rhizosphere activities. Studies on changes in soil metals during
or after phytoextraction are important in helping to elucidate the
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Table 1
Chemical properties of the contaminated soils with and without repeated
phytoextraction.

Soil pH CEC cmol kg�1 SOC g kg�1 Total metal (mg kg�1)

Cu Pb Zn Cd

LQ NP 4.56 10.5 21.2 369* 52.8* 162* 7.79*

P 4.65 e 20.0 329 43.6 118 0.51
ZJW-L NP 7.14* 11.2 20.6 175 206 1201* 2.28*

P 7.72 e 19.5 166 187 978 1.43
ZJW-H NP 7.24* 10.7 29.1 1012 1343 6191* 14.7*

P 6.35 e 28.4 1037 1343 4952 2.92

NP, soil without phytoextraction; P, soil repeatedly phytoextracted with the
hyperaccumulator Sedum plumbizincicola; SOC, soil total organic carbon; CEC, soil
cation exchange capacity; “*” denotes that the value in NP soil is significant different
from the value in the corresponding P soil, n ¼ 3.
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principles of remediation and of risk assessment following
remediation.

During phytoextraction hyperaccumulators increase metal
mobility by rhizosphere metal activation or decrease soil metal
availability and mobility by plant metal removal from the soil. Root
exudation of dissolve organic matter (DOM) and acidification of
rhizosphere soil increase soil metal mobility and metal uptake by
hyperaccumulators (Li et al., 2012). Nickel (Ni) solubility in the
rhizosphere increased with the formation of Ni-organic complexes,
although the exchangeable (Ni) fraction was reduced by the uptake
of the Ni hyperaccumulator Thlaspi goesingense (Wenzel et al.,
2003). Repeated phytoextraction shows a clear decrease in soil
metal availability and Cd and Zn, both in solution and in extractable
fractions, showed large decreases after phytoextraction with
several croppings of a Cd and Zn hyperaccumulator in our previous
studies (Li et al., 2014a, b). However, studies have also indicated
that soil metal mobility might be regenerated to some extent by
transformation of soil metals between different fractions to reach
chemical equilibrium and/or by the rhizosphere effect of the plant
(Wenzel et al., 2003; Li et al., 2012). Thus, further investigation is
needed to elucidate the release of metals in soils during or after
phytoextraction using hyperaccumulator plant species.

Typically, a given hyperaccumulator species extracts a very
limited number of metals and the plant may exert different effects
on the different metals that it does hyperaccumulate (i.e. those the
hyperaccumulator can accumulate in high concentrations in the
aerial parts) and those it does not hyperaccumulate (those for
which the hyperaccumulator has no strong accumulation capacity).
In addition, few soils are typically contaminated with only one type
of pollutant and combinations of metals or metals together with
organic pollutants are commonly found in contaminated soils
(Zhang et al., 2014; Yin et al., 2013). However, studies on changes in
soil metals induced by hyperaccumulators have focused on the
hyperaccumulated metals without due regard to the remaining
metals, especially after long-term phytoextraction. Root exudates of
hyperaccumulators such as DOM and organic acids may not have
specific roles in the uptake of hyperaccumulated metals and non-
hyperaccumulated metals may also complex with DOM or be sol-
ubilized by soil acidification. Thus, the mobility or availability of
metals that are not accumulated by the hyperaccumulator plant
also require investigation for a full understanding of the phytoex-
traction of metals from contaminated soils.

Chemical extractants have been widely used to assess and es-
timate soil metal mobility and availability to biota (Tessier et al.,
1979; Ure, 1996; Labanowski et al., 2008; Mourier et al., 2011;
Sungur et al., 2016). Ethylenediaminetetraacetic acid (EDTA) has a
strong capacity to complex with metals and has been used to
predict both the maximum labile metal pool in soils (Iqbal et al.,
2013) and long-term metal mobility (Labanowski et al., 2008). Ki-
netic extraction can give improved analysis of metal desorption
data when combined with mathematical models such as the two
first-order reaction model (TFOR), the two constant rate model,
parabolic diffusionmodels and simple Elovich equations (Fangueiro
et al., 2005; Rashti et al., 2014). Previous studies show substantial
decreases in the soluble fractions of soil Cd and Zn, extractable
fractions or total metal concentrations with repeated phytor-
emediation using a Cd/Zn hyperaccumulator in soils with combined
pollution by several metals (Wu et al., 2012; Li et al., 2014a, b).
However, the regeneration of Cd and Zn mobility after cessation of
phytoextraction and the mobility of other non-hyperaccumulated
metals require further study.

Here, we use EDTA kinetic extraction combined with TFOR
model to investigate the mobility of metals in three metal-
contaminated soils with different soil properties and pollution
loadings subjected to repeated phytoremediation by the Cd/Zn
hyperaccumulator Sedum plumbizincicola in previous pot experi-
ments. We discriminate between changes in soil metal distribu-
tions induced by the hyperaccumulator and their different effects
on the two metals hyperaccumulated by the plant (Cd and Zn) and
two other metal contaminants also present in the soils (Cu and Pb)
but not hyperaccumulated.

2. Materials and methods

2.1. Soil characterization

Three metal-contaminated soils were collected from the arable
layer (top 15 cm) at two field sites. An acid soil collected from
Luqiao in Zhejiang Province, east China, and designated ‘LQ’ is a
Typic Fe-leachi-Stagnic Anthrosols that has been polluted by the
dismantling of electronic wastes over a period of several decades.
The other two soils are calcareous soils that were collected from
Zhujiawu in Zhejiang Province, east China. They have been polluted
by a copper smelter and the soil type is Fe-accumuli-Stagnic
Anthrosols. One of the soils collected near the copper smelter has
been subjected to highmetal pollution and is referred to as ‘ZJW-H’.
The other soil is slightly polluted, was sampled further (about
100 m) from the smelter and is labelled ‘ZJW-L’. The three soils are
polluted with Cd and Zn and also have elevated concentrations of
Cu and Pb. All three contaminated soils have been repeatedly
phytoextracted using the Cd/Zn hyperaccumulator Sedum plumbi-
zincicola with several repeated croppings in glasshouse experi-
ments as reported previously (Wu et al., 2012; Li et al., 2014a, b).
Samples of the three soils with or without previous repeated
phytoextraction were used to evaluate the changes in the mobility
of soil metals induced by S. plumbizincicola. Selected chemical
properties of the soils with (P) and without (NP) repeated phy-
toextraction were determined. Soil pH, soil total organic carbon
(SOC), soil cation exchange capacity (CEC), and total metal (Cu, Pb,
Zn, and Cd) concentrations were determined and the details of the
soil analysis have been published previously (Wu et al., 2012; Li
et al., 2014a, b). Selected chemical properties of the contaminated
soils are listed in Table 1.

2.2. Extraction kinetics using EDTA

EDTA was used to extract soil metals for different time periods
from 0 to 24 h to determine the changes in soil metal mobilization
between soils with and without phytoremediation. Soil (1 g) was
mixed with 20 ml 0.01 M Na2H2-EDTA in a 50-ml plastic centrifuge
tube and shaken at 40 rpm for different times using an end-over-
end shaker (Hualida Model WH-962, Taicang, China). The extrac-
tion times were 5, 10, 15, 20, 25, and 30 min and 1, 3, 5, 7, 9, 11, 17,
and 24 h. In the case of extraction times <1 h the samples were
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immediately filtered through a 0.45 mm cellulose membrane. The
suspensions of the other samples were firstly centrifuged for
3 min at 3500 rpm before filtration. All extractions were carried out
at 14 points in time and each point with three replicates, giving a
total of 42 samples of each soil. The pH of the extractant solutions in
this study was adjusted to 6.5 to minimize the effects of Hþ during
extraction as described previously (Fangueiro et al., 2002;
Labanowski et al., 2008). Metal concentrations in the filtrates
were determined by atomic absorption spectrophotometry (Spec-
trAA 220FS, Varian, Palo Alto, CA), and the concentrations of some
major elements i.e. iron (Fe), aluminum (Al), calcium (Ca) and
magnesium (Mg) in the filtrates were also determined using
inductively coupled plasma-optical emission spectrometry (Optima
8000, Perkin Elmer, Waltham, MA).

2.3. Theory of the two first-order reactions model for data fitting

Metals in soil bind mostly on the soil solid matrix to different
sites such as soil minerals, oxides, and organic matter. The multiple
first-order reaction model can reflect the physicochemical re-
lationships between metals and soils and can distinguish types of
metal binding sites in soils by different first-order reactions. In the
present study the simplified two first-order reactions (TFOR)model
was used on the assumptions that the two first-order reactions took
place simultaneously and that the rates were independent of each
other. The whole reaction can therefore be described by the
following equations:

dQ
dt

¼ dQ1

dt
þ dQ2

dt
¼ k1ðQ0

1 � Q1Þ þ k (1)

For the initial conditions, t ¼ 0, and Q1 and Q2 ¼ 0; the above
equation can be rearranged as:

Q ¼ Q0
1

�
1� exp�k1t

�
þ Q0

2

�
1� exp�k2t

�
(2)

where Q (mg kg�1) is the amount of metal desorbed from the soil at
time t, Q1

0 (mg kg�1) is the amount of metal desorbed from the soil
in compartment 1 at equilibrium (t ¼ 24 h) which is defined as the
readily extractable metal, and the corresponding rate constant k1;
Q2
0 is the amount of metal desorbed from the soil in compartment

2 at equilibrium (mg kg�1) which is regarded as the less extractable
metal, and the corresponding rate constant k2. The non-extractable
metal (Q3

0, mg kg�1) can be obtained by the difference between the
total metal concentration in the soil (Qtotal, mg kg�1) and the
extracted metal concentrations at equilibrium (Q1

0 and Q2
0).

2.4. Statistical analysis

Soil EDTA-extractable metal concentration data are presented as
mean ± standard deviation. The amount of metal desorbed from
the soil in compartments 1 and 2 (Q1

0 andQ2
0) and the corresponding

rate constants k1 and k2 were gained by fitting extraction data
(n ¼ 14) as equation (2) using OringinPro8, and the difference in
value between NP soil and the corresponding P soil was distin-
guished by confidence intervals at a level of 95%. The difference in
soil characteristics between NP soil and the corresponding P soil
was tested by independent-samples t-test using the SPSS 16.0
software package.

3. Results

3.1. Changes in soil chemical characteristics

Selected chemical characteristics of the soils with (P) and
without (NP) repeated phytoextraction are presented in Table 1. Soil
pH changes differed in the different soils after repeated phytoex-
traction. Slight increases in soil pH were observed in both the acid
and the slightly polluted calcareous soils but significant decreases
in soil pH were found in the highly polluted calcareous soil after
repeated phytoextraction, indicating that there was no clear trend
of changing soil pH induced by phytoextraction. All contaminated
soils showed some changes in total metal concentrations. Total Zn
and Cd decreased markedly in all three soils after repeated phy-
toextraction with S. plumbizincicola, with percentage decreases in
Zn of 18.6e26.6% and in Cd of 37.2e93.6%. The decreases in total soil
Zn and Cd were consistent with plant Zn and Cd uptake (Wu et al.,
2012; Li et al., 2014a, b), which indicates that the soil metals were
mostly removed by the hyperaccumulator. However, there was no
significant change in soil Cu or Pb, two of the metals not hyper-
accumulated by the plant after repeated phytoextraction, with the
sole exception of the acid soil (Table 1).

3.2. EDTA-extractable soil metals

The increasing cumulative amounts of metals with time in
contaminated soils are presented in Figs. 1e3. All metal extractions
reached equilibrium after 24 h. The extraction curves for all metals
tested were similar in shape, comprising a more rapid region (t < 1)
and a slower region over a longer extraction time period
(1 < t < 24 h), a result consistent with previous studies (Fangueiro
et al., 2005).

In all three soils the EDTA-extractable Cd and Zn concentrations
at the more rapid stage and at equilibrium were much lower in
phytoremediated soils than in the corresponding non-
phytoremediated soils (Fig. 1), indicating that phytoextraction
significantly decreased the available and potentially mobile frac-
tions of soil Cd and Zn. Conversely, the amounts of EDTA-
extractable Cu and Pb at the more rapid stage (t ¼ 1 h) and at
equilibrium (t ¼ 24 h) in the two phytoremediated calcareous soils
increased by 7.64e52.9% compared to the non-phytoremediated
soils (Fig. 2). The extractable Cu and Pb at the rapid stage in non-
phytoremediated acid soil appeared to be lower than in the cor-
responding phytoremediated acid soil, but not at equilibrium.
Taking the first extraction (t ¼ 5 min) for example, the increases in
EDTA-extractable Cu and Pb in phytoremediated soil were from
8.19 to 78.4% compared with the non-phytoremediated acid soil.
However, Cu and Pb extracted at the equilibrium in the acid soil
showed no substantial differences between the phytoremediated
and non-phytoremediated soils, indicating that phytoextraction
increased the desorption rates of Cu and Pb in the acid soil but
exerted no influence on the maximum extractable metals.

For Al and Fe, EDTA-extractable concentrations at the more
rapid stage and at equilibrium were much higher in phytor-
emediated soils compared to the corresponding non-
phytoremediated soils (Fig. 3), indicating that the mobility of Fe
and Al in all three tested soils increased as phytoextraction pro-
ceeded. Conversely, the extractable Ca was lower in phytor-
emediated soils. For Mg the concentration in early extraction was
lower in phytoremediated soils than the corresponding non-
phytoremediated soils, but at equilibrium the Mg concentration
was higher in phytoremediated soils (LQ and ZJW-L) and no dif-
ference was observed from the corresponding non-
phytoremediated soil (ZJW-H).

3.3. Fitting of extraction data by the two first-order reactions model

The metal extraction data were fitted using the TFOR model
according to equation (2). Soil metals were separated into the
readily labile (Q1

0), less labile (Q2
0) and non-labile (Q3

0) fractions.
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Fig. 1. Dynamic desorption curves of Cd and Zn extracted with EDTA in the contaminated soils with (P) and without (NP) repeated phytoextraction with a Cd/Zn hyperaccumulator;
LQ, ZJW-L and ZJW-H are three metal-contaminated soils with different soil properties.
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Most of the fitting coefficients of correlation R2 values were close to
1, indicating the goodness of fit of the data using this model
(Tables 2 and 3). The desorption rate constants of readily labile
metal, k1, were two or three orders of magnitude higher than those
of less labile ones, k2, in all soils, suggesting that the model
distinguished the two metal fractions with different binding forces
to the soil solid matrix.

Turning to Cd and Zn, the two metals hyperaccumulated by
S. plumbizincicola, almost all values of Q1

0 and Q2
0 in non-

phytoremediated soil were much higher than in the correspond-
ing phytoremediated soil, indicating that both the readily labile and
less labile fractions of Cd and Zn were removed by the hyper-
accumulator. However, it was found that the value of Q2

0 for Zn in
the highly polluted phytoremediated calcareous soil was higher
than in the non-phytoremediated soil. This may have resulted from
metal transfer from the non-labile fraction as indicated by the large
decreases in Q3

0. However, in the case of Cu and Pb, the metals not
hyperaccumulated by S. plumbizincicola, there was a clear increase
in the value of Q1

0 in the calcareous soils following phytoextraction,
with increases of 35.1 and 11.6% for Cu and 33.9 and 6.26% for Pb
compared with the non-phytoremediated polluted calcareous soils
(Table 3). The labile Cu and Pb (Q1

0) in the acid soil showed no
apparent increase after repeated phytoextraction, but higher k1
values were also found after phytoremediation, with increases in k1
for Cu and Pb of 25 and 109%, respectively. In the case of the non-
labile fractions (Q3

0) there were apparent declines in all tested
metals following phytoremediation but not in Cu or Pb in the acid
soil.

Metal distribution patterns differed greatly depending on soil
and metal (Fig. 4). Cadmium in all three non-phytoremediated soils
was mainly distributed in the readily labile fraction (Q1

0), >60% of
total concentration, and >80% of total Zn was present in the non-
labile fraction in the acid and slightly polluted soils. In contrast,
Cu and Pb had relative even distributions in the three fractions in all
three soils. Repeated phytoextraction had apparent effects on the
distribution of the metals studied in all three soils. Compared to
non-phytoremediated acid soil, the percentages of labile fractions
to total Cd and Zn decreased, and of non-labile fractions increased
in the phytoremediated acid soil. In the calcareous soils the per-
centages of Cd and Zn showed a decline in Q3

0 and an increase in the
labile fraction (Q1

0þ Q2
0) after phytoremediation. Copper and Pb

were distributed more in the labile fractions and less in the non-
labile fractions in all soils after repeated phytoextraction with the
sole exception of Pb in the acid soil.
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Fig. 2. Dynamic desorption curves of Cu and Pb extracted with EDTA in the contaminated soils with (P) and without (NP) repeated phytoextraction with a Cd/Zn hyperaccumulator;
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4. Discussion

When metals enter the soil they will be fixed by the soil solid
phase and their mobility will thus decrease. The metals will reach a
quasi-equilibrium state between the soil solid phase and the soil
solution as reactions occur over the long term. Soil metal mobility is
controlled not only by the metal in the soil solution but also by the
processes governing the release of metal from the soil solid phase
to the solution (McGregor et al., 1998). Kinetic extraction provides
good evaluation of soil metal mobility (Labanowski et al., 2008).

In the present study EDTA kinetic extraction and TFOR models
were used and soil metals were distributed into three fractions
with different abilities to exhibit labile behavior, and the corre-
sponding desorption rate constants were also obtained (Tables 2
and 3). After repeated phytoextraction with S. plumbizincicola
there were large decreases in soil readily labile (Q1

0) and/or less
labile (Q2
0) Cd and Zn in all three soils examined, and the corre-

sponding desorption rate constants also decreased under certain
conditions, for example Cd in the acid soil or the slightly contam-
inated calcareous soil (Table 2). This indicates that repeated phy-
toextraction with S. plumbizincicola decreased the mobility of
accumulated metals by reducing the amount of desorbed metal
and/or the desorption rates. However, S. plumbizincicola induced an
increase in the mobility of the non-hyperaccumulated metals Cu
and Pb. For example, soil labile Cu and Pb (EDTA-extractable)
increased in the highly polluted calcareous soil. Although the labile
Cu and Pb showed no significant changes with repeated phytoex-
traction of the acid soil, the amounts released and desorption rates
at early extraction stages increased compared to the corresponding
non-phytoremediated acid soil (Fig. 2 and Table 3). In addition, the
non-labile fractions (Q3

0) of hyperaccumulated metals in all three
soils and the non-hyperaccumulated metals in the slightly and
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Table 2
Fitting results of the two first-order reactions model for cadmium (Cd) and zinc (Zn) extracted by EDTA in the contaminated soils with and without repeated phytoextraction.

Q1
0 (mg kg�1) k1 (min�1) Q2

0 (mg kg�1) k2 (e�3 min�1) Q3
0 (mg kg�1) R2

Cd LQ NP 5.49 ± 0.05* 0.54 ± 0.04* 1.30 ± 0.05* 8.12 ± 1.17* 1.00 0.99
P 0.21 ± 0.02 0.06 ± 0.01 0.11 ± 0.04 1.18 ± 1.16 0.19 0.96

ZJW-L NP 1.45 ± 0.02* 0.43 ± 0.05* 0.34 ± 0.04 3.08 ± 0.97 0.49 0.94
P 1.06 ± 0.01 0.25 ± 0.01 0.25 ± 0.03 1.27 ± 0.38 0 0.99

ZJW-H NP 11.7 ± 0.2* 0.38 ± 0.05 2.00 ± 0.30* 4.60 ± 2.30* 0.85 0.91
P 2.12 ± 0.04 0.49 ± 0.07 0.68 ± 0.04 10.0 ± 2.36 0.05 0.97

Zn LQ NP 22.0 ± 0.5* 0.39 ± 0.07 12.1 ± 1.6* 1.74 ± 0.56 128 0.95
P 3.09 ± 0.14 0.39 ± 0.14 7.83 ± 0.68 1.29 ± 0.24 103 0.98

ZJW-L NP 114 ± 3* 0.34 ± 0.05 87.2 ± 4.9 2.54 ± 0.41 1000 0.98
P 96.8 ± 2.8 0.23 ± 0.03 71.7 ± 4.7 2.50 ± 0.48 810 0.98

ZJW-H NP 2705 ± 105* 0.18 ± 0.02 1265 ± 116* 4.85 ± 1.34 2220 0.97
P 1747 ± 77 0.21 ± 0.03 1808 ± 89 4.67 ± 0.71 1397 0.98

“*” denotes that the value in NP soil is significantly different from the value in the corresponding P soil distinguished by confidence intervals at a level of 95%; Q3
0 has been

evaluated by subtracting Q1
0 and Q2

0 from the total metal amount per kg of soil; 14 samples (n ¼ 14) were used for the fitting, with three replicates for each mean value.
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highly contaminated calcareous soils also showed marked de-
creases after repeated phytoextraction (Tables 2 and 3). Although
the magnitudes of decrease in non-labile metals were much higher
for the hyperaccumulated than the non-hyperaccumulated metal
during repeated phytoextraction, the results clearly suggest that
growing S. plumbizincicola in metal contaminated soils can transfer
non-labile fractions into the labile fraction in the case of all four
metals tested. The above results also suggest that, technically
speaking, EDTA kinetic extraction and TFOR models confer
advantages in the assessment of soil metal mobility and clearly
discriminate among changes in metal fractions during the phy-
toextraction process.

Changes in metal mobility during phytoextraction are related to
plant metal uptake and interactions between the soil and plant
roots. Firstly, plant metal uptake decreases soil metal mobility by
removing the readily mobile metal from the soil. Secondly,
biochemical processes in the rhizosphere can decrease or increase
soil metal mobility depending on plant and metal species.



Table 3
Fitting results of the two first-order reactions model for copper (Cu) and lead (Pb) extracted by EDTA in the contaminated soils with and without repeated phytoextraction.

Element Soil Q1
0 (mg kg�1) k1 (min�1) Q2

0 (mg kg�1) k2 (e�3 min�1) Q3
0 (mg kg�1) R2

Cu LQ NP 137 ± 5 0.32 ± 0.06 94.1 ± 7.1 3.50 ± 0.79 138 0.96
P 140 ± 4 0.40 ± 0.09 89.1 ± 8.6 2.36 ± 0.64 140 0.95

ZJW-L NP 63.5 ± 1.9* 0.28 ± 0.04* 31.4 ± 3.4 2.63 ± 0.82* 159 0.96
P 85.8 ± 3.1 0.53 ± 0.09 33.3 ± 3.1 23.4 ± 4.38 135 0.98

ZJW-H NP 517 ± 46* 0.24 ± 0.03 230 ± 13 13.2 ± 3.29 299 0.94
P 577 ± 13 0.33 ± 0.03 299 ± 13 9.32 ± 1.41 161 0.99

Pb LQ NP 22.0 ± 0.8* 0.11 ± 0.01 17.2 ± 4.3 0.10 ± 0.04* 13.6 0.98
P 15.8 ± 0.6 0.23 ± 0.08 15.7 ± 0.6 2.37 ± 0.23 21.3 0.99

ZJW-L NP 98.6 ± 1.1* 0.38 ± 0.03 57.5 ± 1.5* 4.04 ± 0.34* 144 0.99
P 132 ± 2 0.29 ± 0.02 38.0 ± 4.1 1.82 ± 0.51 130 0.97

ZJW-H NP 814 ± 14 0.22 ± 0.02 221 ± 22* 2.70 ± 0.80* 308 0.98
P 865 ± 28 0.26 ± 0.03 324 ± 30 6.14 ± 1.93 154 0.96

“*” denotes that the value in NP soil is significantly different from the value in the corresponding P soil distinguished by confidence intervals at a level of 95%; Q3
0 has been

evaluated by subtracting Q1
0 and Q2

0 from the total metal amount per kg of soil; 14 samples (n ¼ 14) were used for the fitting, and there were three replicates for each mean
value.
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Fig. 4. Distribution of metals (Cd, Zn, Cu and Pb) between three fractions in the contaminated soils with (P) and without (NP) repeated phytoextraction with a Cd/Zn hyper-
accumulator; LQ, ZJW-L and ZJW-H are three metal contaminated soils with different soil properties.
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Acidification of rhizosphere soils and release of organic materials
by roots or soil rhizosphere organisms to increase element avail-
ability is one of the most important accumulation mechanisms for
some hyperaccumulators (Wenzel et al., 2003; Li et al., 2012; Liu
et al., 2017). However, plants may also secrete specific organic
compounds to complex with metals and to prevent the accumu-
lation of specific metals (Dong et al., 2007). In hyperaccumulators
the overall result of plant uptake and rhizosphere reactions will
reduce the mobility of hyperaccumulated metals in the soil for a
long time. After repeated phytoextraction by the hyperaccumulator
S. plumbizincicola therewere large declines in themobility of soil Cd
and Zn and this effect was independent of soil properties (Fig. 1).

However, the non-hyperaccumulated metals behave differently
and repeated phytoextraction with S. plumbizincicola increased the
mobility of the non-hyperaccumulated Cu and Pb. The hyper-
accumulator has a weak ability to take up non-hyperaccumulated
metals from contaminated soils and the changes in mobility
depend mainly on biochemical reactions in the rhizosphere.
Rhizosphere soil acidification might be one of the important
accumulation mechanisms to some hyperaccumulators (Bernal
et al., 1994; Li et al., 2011), and low soil pH will also increase the
mobility of non-hyperaccumulated metals. Decreasing soil pH may
partly explain the increased Cu and Pb mobility in the highly
polluted calcareous soil, but not in the other two soils which had
higher soil pH values after repeated phytoextraction (Table 1).
Some exudates, notably low-molecular-weight organic acids, can
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increase the mobility of non-hyperaccumulated metals by forming
soluble complexes (Lu et al., 2007; Wang and Mulligan, 2013). The
root exudates of hyperaccumulators can also enhance the dissolu-
tion of iron minerals to release the binding of metals (Liu et al.,
2017). Moreover, through the action of soil organisms in the
rhizosphere the binding of metals to Fe/Mn oxides may be released
with a reduction in Fe/Mn (Weiss et al., 2004). The explanationmay
be further supported by our results showing much higher
extractable Fe and Al in phytoremediated soils than the corre-
sponding non-phytoremediated soils (Fig. 3). In addition, metals
may be redistributed with the decomposition of binding phase soil
organic materials (Schroth et al., 2008). When the hyper-
accumulator did not take up enough soil activated metals (non-
hyperaccumulated metals) their mobility would be enhanced. This
is supported by the fast that the hyperaccumulator showed high t
uptake of Ca and Mg (essential major elements for plants), but the
rhizosphere action usually resulted in a weak mobilization such as
root exudate complexation, thus the mobility was reduced by
phytoextraction (Fig. 3). The low uptake by the hyperaccumulator
and strong mobilization by rhizosphere activities might be the
explanation for the increased mobility of Cu and Pb after repeated
phytoextraction with S. plumbizincicola in the present study.

Our results suggest that phytoextraction of metal-contaminated
soils with S. plumbizincicola can definitely decrease the mobility of
soil Cd and/or Zn but also increase the mobility of other metals
present in contaminated soils such as Cu and Pb. Thus, phytoex-
traction with the hyperaccumulator decreased the environmental
risk from the hyperaccumulated metals but increased the risk from
non-hyperaccumulated metals in the soil. The resulting increase in
the mobility of non-hyperaccumulated metals may even induce
toxicity to the hyperaccumulator and thereby decrease the effi-
ciency of phytoextraction (Li et al., 2013). Therefore, when phy-
toextraction of metals in soils polluted with mixtures of metals is
conducted using hyperaccumulators the potential effects of
increasing mobility of non-hyperaccumulated metals must be
taken into consideration.
5. Conclusions

Repeated phytoextraction of metal-contaminated soils using the
Cd/Zn hyperaccumulator S. plumbizincicola changed soil metal
mobility and distribution, and this was discriminated by combining
EDTA kinetic extraction with TFOR models. The soil mobility of the
metals Cd and Znwhich are hyperaccumulated by S. plumbizincicola
was reduced by decreases in the labile fractions and/or the corre-
sponding desorption rates, but in contrast the mobility of the non-
hyperaccumulated metals Cu and Pb increased in the soils after
repeated phytoextraction. This indicates that on one hand the
environmental risk from hyperaccumulated metals can be reduced
by the hyperaccumulator but on the other hand there can be
negative effects due to the increased mobility of non-
hyperaccumulated metals during phytoextraction. Thus, when
soils with multiple metal contamination are remediated, inter-
cropping with two or more hyperaccumulators with the capacity to
hyperaccumulate different metals might be an effective measure to
solve this problem. In addition, the non-labile fractions of metals
can also be transferred to labile fractions by the repeated cropping
of hyperaccumulators irrespective of which metals are present in
the contaminated soils.
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