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Abstract
Purpose Chelate-assisted phytoremediation with biodegradable chelates has been considered to be a promising technique to
enhance phytoremediation efficiency, while little information is available on phytostabilization. This study aims to assess NTA-
assisted phytostabilization of Pb-contaminated soils by Athyrium wardii (Hook.).
Materials and methods A pot experiment was carried out to investigate the effects of different application days (1, 3, 5, 7, 10, 14,
21) of nitrilotriacetic acid (NTA) on plant growth, Pb accumulation, and Pb availability in rhizosphere soils of A. wardii grown in
soils contaminated with low (200 mg kg−1) and high (800 mg kg−1) concentrations of Pb.
Results and discussion With the application of NTA, better growth for A. wardii was observed when treated with NTA for 5–
14 days for both low and high Pb soils, suggesting potential harvest time. Pb concentrations and Pb accumulation in underground
parts of A. wardii grown in low and high Pb soils increased with increasing application time of NTA generally. Similar changes
were also found for bioaccumulation coefficients (BCFs) of A. wardii. The greatest remediation factors (RFs) for underground
parts and whole plant of A. wardii were observed for NTA application time of 7 and 5 days for low and high Pb soils, suggesting
the greatest remediation efficiency. Furthermore, plant growth, BCF, and RF of A. wardii grown in low Pb-contaminated soils
were greater than those grown in high Pb-contaminated soils. Pb availability in rhizosphere soils of A. wardii grown in low Pb
soils was lower than those in high Pb-contaminated soils.
Conclusions It seems to be the optimum for A. wardii to phytostabilize slightly Pb-contaminated soils with the application of
NTA for 7 days as taking plant growth, Pb remediation efficiency, and environmental risk into consideration.
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1 Introduction

Due to the long history of Pb exploitation and its widespread
use, Pb contamination in mining areas has become a severe
problem all around the world, especially in developing coun-
tries, such as China (Johnson et al. 2016; Marx et al. 2016;
Mariet et al. 2017). China holds diversified and large-scale

mineral resources. In particular, Pb-Znmines are widely located
in the eastern and southern regions of China, such as the prov-
inces of Fujian, Zhejiang, Guizhou, and Hunan. Pb-Zn mining
wastes present a serious environmental hazard, as Pb and asso-
ciated metals are continuously released into the environment
(Li et al. 2014; Gutiérrez et al. 2016). More specifically, Pb
was found to be the second greatest pollutant among heavy
metals in mines from 22 provinces in China (Li et al. 2014).
Being persistent, covert, and irreversible, Pb pollution not only
degrades the quality of soils and food crops, but also threatens
human health through the food chain (Pourrut et al. 2011;
Saifullah et al. 2015; Marx et al. 2016; Mariet et al. 2017).

Phytostabilization, which refers to long-term succession of
plant community in mine tailings to promote the soil develop-
ment process and finally restore soil ecosystem functions,
provides an attractive alternative for the remediation of Pb-
contaminated soils (Bolan et al. 2011; Sarwar et al. 2017).
Metal accumulation in plant roots is considered to be one of
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the most important processes for phytostabilization (Mendez
andMaier 2008; Bolan et al. 2011). Nevertheless, heavy metal
availability in soils is the most important limiting factor to
heavy metal uptake by plant roots (Saifullah et al. 2015;
Sarwar et al. 2017).

To promote heavy metal uptake by plants, the use of syn-
thetic or organic chelating agents, known as chelant-assisted
phytoremediation, has been proposed in recent years (Wenger
et al. 2008; Shahid et al. 2012; Sarwar et al. 2017). This tech-
nology is of particularly great use in phytoremediation of
heavy metals with very low solubility and availability, such
as Pb (Huang et al. 1997; Pourrut et al. 2011; Saifullah et al.
2015). It is reported that available Pb in soils is usually less
than 0.1% of the total Pb in soils (Huang et al. 1997). Thus,
chelating agents, such as nitrilotriacetic acid (NTA), ethylene-
diaminetetraacetic acid (EDTA), and ethylenediamine
disuccinic acid (EDDS), have been extensively investigated
for their advantages in solubilizing Pb and promoting Pb up-
take by plants (Udovic and Lestan 2009; Shahid et al. 2012;
Zhang et al. 2016). Among these chelants, NTA, with a half-
life of 2–7 days, has been considered to be an ideal candidate
for Pb phytoremediation owing to high biodegradability, low
toxicity, and low leaching risk (Quartacci et al. 2005; Wenger
et al. 2008; Hseu et al. 2013; Saifullah et al. 2015). Numerous
studies have shown that NTA was effective in enhancing Pb
uptake by plants, thus demonstrating its potential application
in enhancing phytostabilization (Freitas and do Nascimento
2009; Babaeian et al. 2016; Hu et al. 2017). It has been proved
that the efficiency of chelants in enhancing Pb solubility and
bioavailability in soils could be attributed to many factors,
including chelant dosage, chelant application time, and Pb
concentrations in soils, in particular (Wang et al. 2009; Zaier
et al. 2010; Usman et al. 2013; Saifullah et al. 2015). In this
sense, it is of great importance to investigate the effects of
NTA application dosage, NTA application time, and Pb con-
centrations in soils on the phytostabilization efficiency of soils
contaminated with different Pb concentrations to optimize the
efficiency of chelant-assisted phytostabilization by plants.

Athyrium wardii (Hook.), a perennial fern growing in an
old Pb-Zn mine tailing in Yingjing, Ya’an, Sichuan Province,
China, has been identified as a mining ecotype in our previous
surveys. It showed great potential for phytostabilization of Pb-
contaminated soils due to large root biomass, great Pb accu-
mulation in underground parts, and lower translocation from
underground to aboveground parts (Zou et al. 2011; Zou et al.
2012; Zhao et al. 2016a). Earlier study on different dosages of
chelant-assisted phytostabilization to enhance the efficiency
of Pb remediation by A. wardii has been processed. It has been
found that 2 mmol kg−1 of NTA-assisted phytostabilization
could be a better alternative to enhance the Pb remediation
efficiency of A. wardii among a series of NTA concentrations
(Zhao et al. 2016b). Following this, further studies on effects
of NTA (2 mmol kg−1) application time on plant growth, Pb

accumulation, and Pb availability in rhizosphere soils of
A. wardii grown in soils contaminated with low and high
concentrations of Pb were processed in this work. The most
appropriate time for NTA application was therefore assessed
to optimize NTA-assisted phytostabilization of Pb-
contaminated soils by A. wardii. All of this also shows great
benefit for improving the efficiency of chelant-assisted
phytostabilization of Pb-contaminated soils by A. wardii.

2 Materials and methods

2.1 Plant and soil preparation

In this work, the seedlings of A. wardii were obtained from a
Pb-Zn mine area in Yingjing, Ya’an, Sichuan Province, China
(102° 31′ E, 29° 47′N). Healthy seedlings were separated into
similar size and cultivated in vermiculite media with 1/10
Hoagland solutions for 2 weeks before transplantation for
pot experiment.

Pot soils consisted of humic substances and calcareous al-
luvial soils (2:3, w/w) (Zhao et al. 2016c). Calcareous alluvial
soils, obtained from a farmland uncontaminated with Pb in
Dujiangyan, Sichuan Province, China, were air-dried and
sieved through 2-mm sieve. Humic substances, derived from
mature plant litter, were collected from the Lingyan Mountain
in Dujiangyan, Sichuan Province, China and mixed thorough-
ly with calcareous alluvial soils. Subsequently, the mixed soils
were artificially contaminated with Pb, applied with Pb(NO3)2
solutions, at the concentrations of 200 (low Pb) and 800 (high
Pb) mg Pb kg−1 soil, respectively. Following a full mix, the
spiked soils were homogenized for 30 days. The characteris-
tics of the homogenized soils are presented in Table 1.

2.2 Pot experiment

The pot experiment was conducted in a greenhouse in an
experimental station at Sichuan Agricultural University in
Dujiangyan, Sichuan Province, China, with natural light.
Following pre-cultivation for 2 weeks, the uniform and
healthy plants were selected and transplanted into pots (5 L)
with two plants per pot. Each pot was filled with 5-kg soils.
After 30-day growth, NTA was applied into each pot at the
concentration of 2 mmol kg−1 soil with 24 replicates for both
low Pb soils and high Pb soils. A total of 48 pots were ar-
ranged randomly and interchanged positions regularly to keep
similar growth condition. During the experiment, all plants
were watered with deionized water to maintain soils at ap-
proximately 70% of field capacity.

Following the application with NTA for 1, 3, 5, 7, 10, 14,
and 21 days, plant samples with three replicates for each treat-
ment were harvested, respectively. After being carefully
washed with tap water followed by deionized water, plant
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samples were separated into aboveground and underground
parts. The underground parts of the plant samples were soaked
in 20 mM Na2-EDTA for 15 min to remove Pb adhering to
underground parts. Then, all plant samples were dried at
75 °C, weighed, and ground for analysis of Pb concentrations.
Rhizosphere soils were also collected by brushing soils tightly
adhering to the underground parts. After being air-dried, soil
samples were ground and sieved through 1-mm and 0.15-mm
mesh for analysis of pH and available Pb.

2.3 Plant and soil analysis

Soil pH, organic matter, total nitrogen, and available phospho-
rus were determined according to the standard procedures of
the International Organization for Standardization (ISO) with
somemodifications (Margesin and Schinner 2005). Soil avail-
able nitrogen and available potassium were determined refer-
ring to Zhang et al. (2014).

The determination of Pb concentrations in plants and soils
was referred to Zhao et al. (2016b). Approximately 0.3-g plant
samples were digested with HNO3 and HClO4 (5:1, v/v). After
cooling, the digested solutions were washed into 50-mL vol-
umetric flask, made up to volume, and filtered through
0.22-μm membrane filter. HNO3, HClO4, and HF (5:1:1,
v/v/v) were used for soil digestion with similar procedure as
plant digestion. Available Pb in soils was assayed by
extracting with DTPA solutions as described by Zhao et al.
(2016b). Pb concentrations in filtrates of plant and soil sam-
ples were finally determined by flame atomic absorption spec-
trophotometry (AA900T, PerkinElmer, USA).

2.4 Data processing

Calculations for bioaccumulation coefficient (BCF), translo-
cation factor (TF), and remediation factor (RF) were as fol-
lows (Zhan et al. 2016; Zhao et al. 2016a):

BCF ¼ Cunderground=Csoil ð1Þ

where Cunderground is for Pb concentrations in underground
plant parts and Csoil is for Pb concentrations in soils.

TF ¼ Caboveground=Cunderground ð2Þ

where Caboveground is for Pb concentrations in aboveground
plant parts and Cunderground is for Pb concentrations in under-
ground plant parts.

RF %ð Þ ¼ Aplant= TPb�M soilð Þ � 100 ð3Þ

where Aplant is for Pb accumulation in underground plant parts
or whole plant, TPb is for total amount of Pb in soils, andMsoil

is for the weight of dried soils.
Data presented in this work were the means of three repli-

cates. LSD test was performed to make the multiple compar-
isons. Significant difference was considered at P < 0.05. All
statistical analysis was performed by SPSS 22.0. Graphical
work and spreadsheet were processed on Origin 9.0 and
Excel 2016.

3 Results

3.1 Plant growth

The growth of A. wardii grown in both levels of Pb-
contaminated soils was considerably affected by the addition
of NTA (Fig. 1). The aboveground biomass of A. wardii
grown in low Pb-contaminated soils increased with increasing
application time of NTA from 1 to 14 days, beyond which a
significant decrease was observed. The greatest aboveground
biomass of A. wardii grown in low Pb-contaminated soils was
found for the addition time of 5, 10, and 14 days. A similar
increase was also observed for the aboveground biomass of
A. wardii grown in high Pb soils when applied with NTA for
1–3 days, beyond which there were no significant changes.
For the underground biomass of A. wardii grown in low Pb-
contaminated soils, there were no significant changes for the
application time from 1 to 14 days, beyond which there was a
significant decrease. The underground biomass of A. wardii
grown in high Pb-contaminated soils increased first and then
decreased and reached the maximum value for the application
time of 5, 7, and 14 days. In general, both the aboveground
and underground biomass of A. wardii grown in low Pb-
contaminated soils were significantly higher than those grown
in high Pb-contaminated soils.

Table 1 Characteristics of the experimental soils after homogenization

Treatment Total Pb (mg kg−1) Available Pb (mg kg−1) OM (g kg−1) TN (g kg−1) AN (mg kg−1) AP (mg kg−1) AK (mg kg−1) pH

Pb200 213.97 60.85 73.72 1.12 30.94 15.66 40.28 4.89

Pb800 816.82 231.80 77.71 1.07 24.50 19.96 45.33 4.87

pH, soil/water, 1:2.5. Pb200 and Pb800 are for Pb concentrations of 200 and 800 mg kg−1 soil. Data are means of three replicates

OM organic matter, TN total nitrogen, AN available nitrogen, AP available phosphorus, AK available potassium
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3.2 Pb accumulation

It was evident that Pb concentrations in aboveground and
underground parts of A. wardii increased with increasing ap-
plication time of NTA (Fig. 2). Pb concentrations in above-
ground parts of A. wardii grown in low and high Pb soils
showed no significant changes among the application time
from 1 to 5 days, beyond which a significant increase was
observed with increasing application time of NTA. Similar
changes were also observed for Pb concentrations in under-
ground parts of A. wardii. For both low and high Pb soils, Pb
concentrations in underground parts showed no significant
changes among the application time from 1 to 3 days, beyond
which a significant increase was found with increasing appli-
cation time of NTA. Pb concentrations in aboveground and

underground parts of A. wardii treated with high Pb were
significantly higher than those treated with low Pb.

The changes of Pb accumulation in underground parts and
BCF further proved that Pb accumulation in underground
parts of A. wardii increased with increasing application time
of NTA (Table 2). Pb accumulation in underground parts for
both low and high Pb soils significantly increased with in-
creasing application time of NTA from 1 to 7 days, beyond
which there were no significant changes in general. The BCF
values for the low and high Pb soils also increased with in-
creasing application time of NTA in general. No significant
changes were observed for BCF values for the high Pb soils
when the NTA application timewas more than 7 days. Among
the two Pb-contaminated soils, Pb accumulation in under-
ground parts of A. wardii grown in low Pb soils was
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significantly lower than that grown in high Pb soils. However,
the BCF values for low Pb soils were significantly higher than
those for high Pb soils.

3.3 Pb phytostabilization potential

For both low and high Pb soils, the remediation factors for
underground parts showed a consistent change with those for
the whole plant with increasing application time of NTA
(Table 3). In case of the low Pb soils, the RF values for un-
derground part and whole plant increased with increasing ap-
plication time to 7 days, beyond which a decrease was ob-
served. For the high Pb soils, the RF values for underground
part and whole plant increased with increasing application
time to 5 days, beyond which there were no significant chang-
es. It seems that the greatest RF values were observed for the
NTA application of 7 and 5 days for the low and high Pb soils,
respectively. It was also found that the RF values for under-
ground parts and whole plant for the low Pb soils were signif-
icantly higher than those for high Pb soils.

3.4 Soil pH and available Pb

The rhizosphere soil pH of A. wardii grown in both low and
high Pb-contaminated soils was lower than that before trans-
plantation (Table 1) and decreased with increasing application
time of NTA in general (Fig. 3). For low Pb soils, the rhizo-
sphere soil pH ofA. wardii decreased from 1 to 7 days, beyond
which no obvious changes were observed. For high Pb soils,
the rhizosphere soil pH of A. wardii presented a fluctuating
change with increasing application time of NTA. Lower pH
values of 4.54 and 4.55 were observed for the application time
of 5 and 21 days, respectively. The rhizosphere soil pH of
A. wardii treated with high Pb was lower than low Pb when
treated with NTA for 1, 3, 5, and 21 days.

Available Pb in rhizosphere soils of A. wardii for both low
and high Pb soils was lower than that before transplantation
(Table 1 and Fig. 4). For low Pb soils, available Pb in rhizo-
sphere soils ofA. wardii showed no significant changes for the
application time from 1 to 10 days and then significantly de-
creased with increasing application time. For high Pb soils,
available Pb in rhizosphere soils of A. wardii showed no

Table 2 Effect of NTA addition
time on Pb accumulation in
underground parts and
bioaccumulation coefficients of
A. wardii grown in low and high
Pb soils

Time (days) Pb accumulation in underground part (mg plant−1) Bioaccumulation coefficient

Pb200 Pb800 Pb200 Pb800

1 123.79e 198.05c* 53.77f* 33.71b

3 127.07de 217.79c* 61.05e* 34.50b

5 165.94cd 281.90b* 73.25d* 38.20b

7 243.90a 304.14ab* 99.88a* 38.78b

10 178.24bc 293.66ab* 80.32c* 46.11a

14 189.60bc 330.88a* 87.40b* 47.42a

21 206.35ab 304.91ab* 105.73a* 48.91a

Pb200 and Pb800 are for Pb concentrations of 200 and 800 mg kg−1 soil. Data are means of three replicates. The
lowercase letters refer to significant difference (P < 0.05) among the different addition time of NTA

*Significant difference (P< 0.05) between the low and high Pb soils

Table 3 Effect of NTA addition
time on remediation factors for
underground part and whole plant
of A. wardii grown in low and
high Pb soils

Time (days) Remediation factor for underground part Remediation factor for whole plant

Pb200 Pb800 Pb200 Pb800

1 23.14e* 9.70c 23.51e* 9.83c

3 23.75e* 10.67bc 24.13e* 10.82bc

5 31.02d* 13.80abc 31.44d* 13.95abc

7 45.59a* 14.89ab 46.19a* 15.11ab

10 33.32cd* 14.38ab 33.98cd* 14.60ab

14 35.44bc* 16.20a 36.22bc* 16.49a

21 38.58b* 14.93ab 39.35b* 15.19ab

Pb200 and Pb800 are for Pb concentrations of 200 and 800 mg kg−1 soil. Data are means of three replicates. The
lowercase letters refer to significant difference (P < 0.05) among the different addition time of NTA

*Significant difference (P< 0.05) between the low and high Pb soils
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significant changes for the application time from 1 to 7 days,
beyond which a significant decrease was observed with in-
creasing application time. Available Pb in rhizosphere soils
of A. wardii grown in low Pb soils was significantly lower
than that grown in high Pb soils.

4 Discussion

4.1 Plant growth

NTA, being non-toxic to soil microorganisms and plants, has
shown great advantages in chelant-assisted phytoremediation
of Pb-contaminated soils (Evangelou et al. 2007; Saifullah
et al. 2015). The application of NTA has been reported to
show no toxic effect on biomass of Festuca arundinacea
(Zhao et al. 2011). Similarly, a previous study by Zhao et al.
(2016b) found that the application of 2 mmol kg−1 NTA
showed no negative effect on aboveground and underground
biomass of A. wardii. Following, the aboveground and under-
ground biomass of A. wardii presented an increase trend with
increasing application time of 2 mmol kg−1 of NTA in this
work. However, a biomass decline for A. wardiiwas observed
with a longer application time of 21 days (Fig. 1). The
inhibited plant growth may be attributed to the fast degrada-
tion of Pb-NTA complex and increased Pb solubility and Pb
accumulation in plants with the addition of NTA, which may
be beyond the tolerance capability of plants (Evangelou et al.
2007; Quartacci et al. 2007; Lan et al. 2013; Saifullah et al.
2015). Among the different application days of NTA,
A. wardii showed better growth when treated with NTA for
5–14 days (Fig. 1), suggesting potential harvest time for
A. wardii. It was also found that A. wardii presented better
growth when treated with low Pb because of lower Pb avail-
ability in soils (Figs. 1 and 4). In this sense, NTA-assisted
phytostabilization of Pb-contaminated soils by A. wardii
may be more appropriate for slightly contaminated soils.

4.2 Pb phytostabilization efficiency

In chemical-assisted phytoremediation process, it has been
concluded that biodegradable chelating agents have great abil-
ity to solubilize and increase heavy metal accumulation in
plants (Evangelou et al. 2007; Saifullah et al. 2015; Sarwar
et al. 2017). The application of NTA has been proved to be
effective in enhancing Pb accumulation in Brassica carinata
(Quartacci et al. 2007), Festuca arundinacea (Zhao et al.
2013), and Scirpus triqueter (Hu et al. 2017). Similar results
were also obtained for A. wardii (Zhao et al. 2016b). It is
reported that the application time of chelating agents may be
a crucial factor in the efficiency of phytoremediation. Plants
should be harvested 1 or 2 weeks after the application of
chelating agents in general (Wang et al. 2009; Lan et al.

2013). Zn and As uptake in vetiver shoots reached the maxi-
mum when treated with NTA for 20 days, and the maximum
Cu uptake occurred under HEIDA application for 16 days
(Chiu et al. 2005). In this work, Pb accumulation in
A. wardii, especially in underground parts, enhanced with in-
creasing NTA application time in general (Fig. 2 and Table 2).
There were no significant changes for Pb accumulation in
underground parts of A. wardii when the application time
was more than 7 days (Table 2), suggesting a potential harvest
t ime of 7 days for A. wardi i . The eff ic iency of
phytoremediation depends upon both the production of bio-
mass and heavy metal concentration in plants. The amounts of
heavy metal removed from soils or accumulated in plants are
therefore considered to be more important than heavy metal
concentration in plants when assessing the phytoremediation
potential of plants (Lan et al. 2013; Zhao et al. 2013). It is
reported that the greatest Pb removal by shoots of S. alfredii
was observed for the application of EDDS for 14 days for low
Pb soil and 10 days for high Pb soil (Wang et al. 2009). In this
study, the greatest Pb accumulation and remediation factors
for underground parts of A. wardii grown in low Pb soils were
observed for the NTA addition time of 7 days, whereas the
greatest Pb accumulation and remediation factors for under-
ground parts of A. wardii grown in high Pb soils were ob-
served for the NTA addition time of 7 and 5 days (Tables 2
and 3), demonstrating potential harvest time for A. wardii.
More importantly, it was also found that the bioaccumulation
coefficients and remediation factors for low Pb soils were
significantly higher than those for high Pb soils (Tables 2
and 3). Taking Pb remediation efficiency and soil Pb concen-
trations into consideration, it seems to be the optimum for
A. wardii to phytostabilize slightly Pb-contaminated soils with
the application of NTA for 7 days.

4.3 Pb availability in soils

NTA is considered to be a strong potential synthetic chelant
for Pb phytoremediation owing to its great chelating ability
and fast biodegrability (Quartacci et al. 2005; Evangelou et al.
2007). The addition of NTA reduced the adsorption of Pb on
pure minerals and soil particles and increased the exchange-
able fraction of Pb with a simultaneous decrease of Pb bound
to organic matter. Thus, most of Pb in soils treated with NTA
was in a promptly available form (Freitas and do Nascimento
2009; Saifullah et al. 2015). In this work, pH and available Pb
in rhizosphere soils of A. wardii treated with NTA for different
days were obviously lower than those before transplantation
(Table 1, Figs. 3 and 4), demonstrating depletion of mobile Pb
and therefore mobilization of Pb in rhizosphere soils and en-
hanced Pb uptake byA. wardii. However, whether the changes
of soil pH and available Pb were caused by the application of
NTA or the growth of plant roots is worth further investiga-
tion. Generally, heavy metal mobilization decreased
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significantly with increasing application time of chelant when
compared with the initial treatment period (Usman et al.
2013). It was found that water-soluble Pb in rhizosphere soils
of S. alfredii gradually reduced with the passage of time due to
the degradation and leaching effects of EDDS (Wang et al.
2009). Similar results were also obtained in this study. Pb
availability in rhizosphere soils of A. wardii decreased with
the passage of NTA treatment time generally (Fig. 4). These
results are in line with the previous study of Zhao et al.
(2016b) and may be related to Pb removal by plants and
NTA degradation (Usman et al. 2013; Zhao et al. 2016b).

The complex of Pb-NTA is highly degradable (Evangelou
et al. 2007; Saifullah et al. 2015). Following the degradation
of NTA in soils, Pb may be released from the complexes of
Pb-NTA, then re-precipitated or re-adsorbed on pure minerals
and soil particles (Yan et al. 2010; Yip et al. 2010; Zhao et al.
2016b). Thus, a sharp drop for available Pb in rhizosphere
soils of A. wardii was observed for the addition of NTA for
14 and 21 days (Fig. 4), which may be beneficial for NTA-
assisted phytostabilization of Pb-contaminated soils by
A. wardii.

In spite of the great ability of chelant to increase heavy
metal availability in soils, the potential environmental risk of
heavy metal leaching in surface runoff or groundwater has
been concerned (Quartacci et al. 2007; Luo et al. 2017; Qiao
et al. 2017). In this work, Pb availability in rhizosphere soils of
A. wardii grown in high Pb soils was much higher than that
grown in low Pb soils with the application of NTA (Fig. 4).
Considering the environmental risk, it may be suggested that
NTA-assisted technique is more suitable for the
phytostabilization of low Pb-contaminated soils by
A. wardii. Despite higher affinity for Pb than other synthetic
chelants, EDTA promoted twice as much leaching of Pb as
NTA (Freitas and do Nascimento 2009; Zaier et al. 2010; Qiao
et al. 2017). Thus, as an easily biodegradable chelator, NTA
has been advocated to the chelant-assisted phytoremediation
of Pb-contaminated soils with slight leaching risk of heavy
metals (Zhao et al. 2013; Babaeian et al. 2016). However, this
research was carried out with a pot experiment and lack of the
assessment of environmental risk. In this sense, research on
the environmental risk of NTA-assisted phytostabilization of
Pb-contaminated soils by A. wardii should be processed.
Further field experiment should also be continued to estimate
the efficiency of NTA-assisted phytostabilization of Pb-
contaminated soils by A. wardii.

5 Conclusions

This work proved that the application of 2 mmol kg−1 of NTA
was effective in enhancing Pb accumulation in A. wardii with
increasing application time. The greatest remediation efficien-
cy by A. wardii was observed with the application of NTA for
7 and 5 days for low and high Pb soils. Meanwhile, better
plant growth for A. wardii was observed when treated with
NTA for 5–14 days. However, the application of NTA pre-
sented low toxicity to the growth of A. wardii with longer
application time of 21 days, due to fast degradation of Pb-
NTA complex and increased Pb availability in soils as well
as Pb accumulation in plants. It seems to be the optimum for
A. wardii to phytostabilize slightly Pb-contaminated soils with
the application of NTA for 7 days, as taking plant growth, Pb
remediation efficiency, and environmental risk into consider-
ation. Furthermore, this research was carried out with a pot
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experiment and lack of the assessment of environmental risk.
In this sense, research on the environmental risk of NTA-
assisted phytostabilization of Pb-contaminated soils by
A. wardii should be processed. Further field experiment
should also be continued to estimate the efficiency of NTA-
assisted phytostabilization of Pb-contaminated soils by
A. wardii.

Acknowledgments The authors are also extremely grateful to Gerry
Milne for the kind comments and suggestions on English language of
this manuscript.

Funding information This study was financially supported by the
National Science and Technology Support Program (2015BAD05B01)
and Sichuan Key Research Programs (2017SZ0188, 2017SZ0198 and
2018SZ0326).

References

Babaeian E, Homaee M, Rahnemaie R (2016) Chelate-enhanced
phytoextraction and phytostabilization of lead-contaminated soils
by carrot (Daucus carota). Arch Agron Soil Sci 62:339–358

Bolan NS, Park JH, Robinson B, Naidu R, Huh KY (2011)
Phytostabilization: a green approach to contaminant. In: Paul MB,
Kate MS, Ronald LP, Larry PW (eds) Advances in agronomy.
Elsevier, Amsterdam, pp 145–204

Chiu KK,Ye ZH,WongMH (2005) Enhanced uptake of as, Zn, and cu by
Vetiveria zizanioides and Zea mays using chelating agents.
Chemosphere 60:1365–1375

Evangelou MWH, Ebel M, Schaeffer A (2007) Chelate assisted
phytoextraction of heavy metals from soil. Effect, mechanism, tox-
icity, and fate of chelating agents. Chemosphere 68:0989–1003

Freitas EVS, do Nascimento CWA (2009) The use of NTA for lead
phytoextraction from soil from a battery recycling site. J Hazard
Mater 171:833–837

Gutiérrez M, Mickus K, Camacho LM (2016) Abandoned Pb-Zn mining
wastes and their mobility as proxy to toxicity: a review. Sci Total
Environ 565:392–400

Hseu ZY, Jien SH, Wang SH, Deng HW (2013) Using EDDS and NTA
for enhanced phytoextraction of cd by water spinach. J Environ
Manag 117:58–64

Hu XX, Liu XY, Zhang XY, Cao LY, Chen J, Yu H (2017) Increased
accumulation of Pb and cd from contaminated soil with Scirpus
triqueter by the combined application of NTA and APG.
Chemosphere 188:397–402

Huang JW, Chen J , And WRB, Cunningham SD (1997)
Phytoremediation of lead-contaminated coils: role of synthetic che-
lates in lead phytoextraction. Environ Sci Technol 31:800–805

Johnson AW, Gutiérrez M, Gouzie D, McAliley LR (2016) State of re-
mediation and metal toxicity in the tri-state Mining District, USA.
Chemosphere 144:1132–1141

Lan JC, Zhang SR, Lin HC, Li T, Xu XX, Li Y, Jia YX, Gong GS (2013)
Efficiency of biodegradable EDDS, NTA and APAM on enhancing
the phytoextraction of cadmium by Siegesbeckia orientalisL. grown
in cd-contaminated soils. Chemosphere 91:1362–1367

Li ZY, Ma ZW, Kuijp TJVD, Yuan ZW, Huang L (2014) A review of soil
heavy metal pollution frommines in China: pollution and health risk
assessment. Sci Total Environ 468-469:843–853

Luo J, Cai LM, Qi SH, Wu J, Gu XWS (2017) Improvement effects of
cytokinin on EDTA assisted phytoremediation and the associated
environmental risks. Chemosphere 185:386–393

Margesin R, Schinner F (2005) Manual of soil analysis—monitoring and
assessing soil bioremediation. J Chem Phys 90:47–96

Mariet AL, Sarret G, Bégeot C, Walter-Simonnet AV, Gimbert F (2017)
Lead highly available in soils centuries after metallurgical activities.
J Environ Qual 46:1236–1242

Marx SK, Rashid S, Stromsoe N (2016) Global-scale patterns in anthro-
pogenic Pb contamination reconstructed from natural archives.
Environ Pollut 213:283–298

MendezMO,Maier RM (2008) Phytostabilization of mine tailings in arid
and semiarid environments-an emerging remediation technology.
Environ Health Perspect 116:278–283

Pourrut B, Shahid M, Dumat C, Winterton P, Pinelli E (2011) Lead up-
take, toxicity, and detoxification in plants. In: Whitacre D (ed)
Reviews of Environmental Contamination & Toxicology (continu-
ation of residue reviews). Springer, New York, pp 113–131

Qiao JB, Sun HM, Luo XH, Zhang W, Mathews S, Yin XQ (2017)
EDTA-assisted leaching of Pb and cd from contaminated soil.
Chemosphere 167:422–428

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

Quartacci MF, Irtelli B, Baker AJM, Navari-Izzo F (2007) The use of
NTA and EDDS for enhanced phytoextraction of metals from a
multiply contaminated soil by Brassica carinata. Chemosphere
68:1920–1928

Saifullah Shahid M, Zia-Ur-Rehman M, Sabir M, Ahmad HR (2015)
Phytoremediation of Pb-contaminated soils using synthetic chelates.
In: Khalid RH, Muhanmmad S, Münir Ö, Ahmet RM (eds) Soil
remediation and plants. Elsevier, Amsterdam, pp 397–414

Sarwar N, Imran M, Shaheen MR, Ishaque W, Kamran MA, Rehim A,
Hussain S (2017) Phytoremediation strategies for soils contaminated
with heavy metals: modifications and future perspectives.
Chemosphere 171:710–721

Shahid M, Pinelli E, Dumat C (2012) 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

Udovic M, Lestan D (2009) Pb, Zn and cd mobility, availability and
fractionation in aged soil remediated by EDTA leaching.
Chemosphere 74:1367–1373

Usman ARA, Almaroai YA, Ahmad M, Vithanage M, Ok YS (2013)
Toxicity of synthetic chelators and metal availability in poultry ma-
nure amended cd, Pb and as contaminated agricultural soil. J Hazard
Mater 262:1022–1030

Wang X, Wang Y, Mahmood Q, Islam E, Jin XF, Li TQ, Yang XE, Liu D
(2009) The effect of EDDS addition on the phytoextraction efficien-
cy from Pb contaminated soil by Sedum alfredii Hance. J Hazard
Mater 168:530–535

Wenger K, Gupta SK, Schulin R (2008) Chapter 28 the value of
nitrilotriacetate in chelate-assisted phytoremediation. Dev Soil Sci
32:679–695

Yan DYS, Yip TCM, Yui MMT, Tsang DCW, Loa IMC (2010) Influence
of EDDS-to-metal molar ratio, solution pH, and soil-to-solution ra-
tio onmetal extraction under EDDS deficiency. J HazardMater 178:
890–894

Yip TCM, Tsang DCW, Lo IMC (2010) Interactions of chelating agents
with Pb-goethite at the solid-liquid interface: Pb extraction and re-
adsorption. Chemosphere 81:415–421

Zaier H, Ghnaya T, Rejeb KB, Lakhdar A, Rejeb S, Jemal F (2010)
Effects of EDTA on phytoextraction of heavy metals (Zn, Mn and
Pb) from sludge-amended soil with Brassica napus. Bioresource
Technol 101:3978–3983

Zhan J, Li TX, Yu HY, Zhang XZ, Zhao L (2016) The influence of humic
substance on cd accumulation of phytostabilizer Athyrium wardii
(hook.) grown in cd-contaminated soils. Environ Sci Pollut Res
23:18524–18532

J Soils Sediments (2019) 19:3576–3584 3583



Zhang SJ, Li TX, Zhang XZ, Yu HY, Zheng ZC, Wang YD, Hao XQ, Pu
Y (2014) Changes in pH, dissolved organic matter and cd species in
the rhizosphere soils of cd phytostabilizer Athyrium wardii (hook.)
Makino involved in cd tolerance and accumulation. Environ Sci
Pollut Res 21:4605–4613

Zhang HZ, Guo QJ, Yang JX, Ma J, Chen G, Chen TB, Zhu GX,Wang J,
Zhang GX, Wang X, Shao CY (2016) Comparison of chelates for
enhancing Ricinus communis L. phytoremediation of cd and Pb
contaminated soil. Ecotoxicol Environ Saf 133:57–62

Zhao S, Lian F, Duo L (2011) EDTA-assisted phytoextraction of heavy
metals by turfgrass from municipal solid waste compost using per-
meable barriers and associated potential leaching risk. Bioresour
Technol 102:621–626

Zhao SL, Jia L, Duo L (2013) The use of a biodegradable chelator for
enhanced phytoextraction of heavy metals by Festuca arundinacea
from municipal solid waste compost and associated heavy metal
leaching. Bioresour Technol 129:249–255

Zhao L, Li TX, Zhang XZ, Chen GD, Zheng ZC, Yu HY (2016a) Pb
uptake and phytostabilization potential of the mining ecotype of
Athyrium wardii (hook.) grown in Pb-contaminated soil. Clean
Soil Air Water 44:1–7

Zhao L, Li TX, Yu HY, Zhang XZ, Zheng ZC (2016b) Effects of [S,S]-
ethylenediaminedisuccinic acid and nitrilotriacetic acid on the effi-
ciency of Pb phytostabilization byAthyriumwardii (hook.) grown in
Pb-contaminated soils. J Environ Manag 182:94–100

Zhao L, Li TX, Zhang XZ, Chen GD, Zheng ZC, Yu HY (2016c)
Rhizosphere characteristics of Pb phytostabilizer Athyrium wardii
(hook.) involved in Pb accumulation. Environ Earth Sci 75:463

Zou TJ, Li TX, Zhang XZ, Yu HY, Luo HB (2011) Lead accumulation
and tolerance characteristics of Athyrium wardii (hook.) as a poten-
tial phytostabilizer. J Hazard Mater 186:683–689

Zou TJ, Li TX, Zhang XZ, Yu HY, Huang HG (2012) Lead accumulation
and phytostabilization potential of dominant plant species growing
in a lead–zinc mine tailing. Environ Earth Sci 65:621–630

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

3584 J Soils Sediments (2019) 19:3576–3584


	Effects of NTA on Pb phytostabilization efficiency of Athyrium wardii (Hook.) grown in a Pb-contaminated soil
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Plant and soil preparation
	Pot experiment
	Plant and soil analysis
	Data processing

	Results
	Plant growth
	Pb accumulation
	Pb phytostabilization potential
	Soil pH and available Pb

	Discussion
	Plant growth
	Pb phytostabilization efficiency
	Pb availability in soils

	Conclusions
	References


