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Abstract
Purpose This study aimed to evaluate the effect of combination
of alkyl polyglucoside (APG) and nitrilotriacetic acid (NTA) on
improving the efficiency of phytoremediation for pyrene and
lead (Pb) co-contaminated soil by Scirpus triqueter.
Materials and methods Seedlings of S. triqueter with a simi-
lar size and biomass (3 g/pot) were grown on 2-month aged
soil contaminated with 184.5 mg kg−1of pyrene and
454.3 mg kg−1 of Pb at pH=8.3. After growth for 10 days,
different doses of APG and NTA were added into the soil.
After 60 days, the height of plants, Pb concentrations in plants,
and pyrene amounts in soil were determined.
Results and discussion Combined application of NTA and
APG with lower dosage (1 + 1 g kg−1 soil and 1 + 2 g kg−1

soil) had no notable negative influence on the growth of
S. triqueter. Moreover, significant synergy on Pb accumulation
in S. triqueter was achieved with APG and NTA combined
application. Besides, the dissipation of pyrene from soil after
60-day planting was increased in APG and NTA treatments
when compared with the control treatments. Application of
APG alone or combined with NTA had greater effect on en-
hancing dissipation of pyrene from soil than NTA alone.
Conclusions This study demonstrated that the remediation of
Pb and pyrene co-contaminated soil by S. triqueter can be
enhanced by combined application of APG and NTA. Long-

term evaluation of this strategy is needed in co-contaminated
field sites.

Keywords APG .NTA . Phytoremediation . Pyrene and lead
co-contamination . Soil

1 Introduction

Soil and sediment system is considered as an important sink for
organic pollutants (OPs) and heavy metals (HMs; Cachada et al.
2012). As a family of OPs, polycyclic aromatic hydrocarbons
(PAHs) are ubiquitous in environments (Fabietti et al. 2009).
The risk of being exposed to PAHs dramatically increases as
the natural balance is being disturbed. In fact, soils contaminated
with PAHs usually contain other pollutants, such as HMs (Ehsan
et al. 2014). HM contamination of soil and water poses a serious
threat to both ecosystems and human health worldwide (Liu et al.
2015). Among heavy metals, lead (Pb) is a poison element,
which is known to be a persistent environmental problem (Noll
et al. 2014). It has been demonstrated that PAHs coexist with
heavymetals, especially with Pb (Cachada et al. 2012). Recently,
remediation of heavy metal-PAH co-contaminated soils has
drawn much more attention (Chen et al. 2015).

Compared to the physical, chemical, and biological reme-
diation techniques, phytoremediation is becoming more wide-
spread due to its environmental soundness and lower cost
(Ehsan et al. 2014). In recent years, many studies on utilizing
plants for remedying PAH- or metal-contaminated soils have
been performed (Liu et al. 2009; Chigbo and Batty 2013a; Sun
et al. 2014). Scirpus triqueter (S. triqueter) is capable of
degrading persistent organic compounds (Liu et al. 2011).
This plant species has extensive fibrous root system and large
specific surface area of root, which make it possible to pro-
mote the efficiency of phytoextraction (Liu et al. 2013). In
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addition, the root exudates secreted by S. triqueter have ben-
eficial effects on soil microorganisms and enzyme activity,
thereby improving the PAH degradation (Zhang et al. 2011).
Another report has also shown that S. triqueter can take up and
translocate Pb and improve the removal rate of PAHs (Liu
et al. 2013). Therefore, phytoremediation by S. triqueter is
feasible for decontamination of PAHs and HMs in soils.

However, phytoremediation efficiency of PAH- and HM-
contaminated soil is always limited by their poor availability,
which may result in lower biodegradation and removal, respec-
tively (Lestan et al. 2008). Besides, simultaneous removal of
multiple pollutants remains also a major challenge to
phytoremediation of co-contaminated soils (Wang et al.
2012). Therefore, increasing the mobility and solubility of
PAHs or HMs is the most important for their bioavailability.
The potential of adding different surfactants and chelating
agents to HM-PAH-contaminated soils have been studied in
recent years for their special chemical structure which can in-
crease the availability of the pollutants in the soils. Alkyl
polyglucosides (APGs), nonionic surfactants, which are pro-
duced from renewable resources such as fatty alcohols and
glucose, have low toxicity and high biodegradability (Liu
et al. 2013). Some studies indicated that APGs have a strong
ability to enhance the phytoremediation effect for OPs (Liu
et al. 2011; Zhang et al. 2014). Chelating agents include syn-
thetic chelants such as ethylene diamine tetraacetic acid
(EDTA) and natural aminopolycarboxylic acids such as
nitrilotriacetic acid (NTA) (Jagetiya and Sharma 2013). In re-
cent years, more and more related studies have been focused on
the later because of their biodegradability and lower toxicity for
microorganisms and plants (Lan et al. 2013). For example,
Quartacci et al. (2007) have reported that the addition of NTA
to soil can increase the ability of Brassica carinata to accumu-
late Pb, and the faster phytoextraction reduces the risk of metals
leaching into groundwater. Freitas and do Nascimento (2009)
have also found that NTA is highly effective in solubilizing Pb
from soil at concentration of 5 mmol kg−1. Phytoremediation
assisted with surfactants and chelating agents has been pro-
posed to enhance the efficiency of remediation for PAHs and
HMs, respectively, but few focus on their combined application
in HM and PAH co-contaminated soil.

The aim of this study was thus to evaluate the effect of
combined application of APG and NTA on phytoremeditation
for pyrene and Pb by S. triqueter.

2 Materials and methods

2.1 Chemicals

Pyrene (purity 98 %) was purchased from Aladdin Reagent.
APG used in the test was C12/14-APG (APG1214) obtained
from the China Research Institute of Daily Chemical Industry

(Shanxi, China). The other chemicals, analytical grade or bet-
ter, were bought from Sinopharm.

2.2 Soil preparation

The soil was collected from the top of the soil profile of a field
without previous exposure to pyrene and Pb contamination in
the east of Shanghai University. The soil was air dried and
sieved at 2 mm. The characteristics were pH 8.3, organic
matter 19.6 g kg−1, total nitrogen 0.52 g kg−1, clay 7.4 %, silt
60.4 %, and sand 32.2 %.

Mixed contaminated soil with pyrene and Pb was
prepared by two sequential steps; 15 kg of air dried
soils were firstly mixed with 2 L of [(CH3COO)2Pb]
solution (0.015 mol/L). Few days later, 3 g of pyrene
dissolved in 2 L of acetone was added into the Pb-
contaminated soil (Song et al. 2008). After the solvent
evaporated, the mixed contaminated soil was transferred
to a box and aged in the dark (25 ± 3 °C) for about
2 months before the experiments. The final concentra-
tions of pyrene and Pb in the soil were measured as
184.5 and 454.3 mg kg−1, respectively.

2.3 Experimental procedures

Based on previous experiments, the pot culture was car-
ried out in a greenhouse at Shanghai University with
controlled day/night temperatures of 25/20 °C.
S. triqueter used in the experiment was collected from
a wetland ecological environment near Huangpu-Yangtze
River Estuary, Shanghai, China. After 10-day incubation
before the experiment, S. triqueter with a similar size
and biomass (3 g/pot) were transplanted into the plastic
pots (14.8 cm diameter and 8.8 cm height) containing
500-g contaminated soil. Water content of the soil in
each pot was controlled at approximately 60 % of
water-holding capacity (WHC) by weighing and adding
deionized water every 2 days (Wei et al. 2012). Ten
days after transplanting, the test plants were treated with
APG and NTA as the following: CK (control), A1 (1 g
APG kg−1 soil), A2 (2 g APG kg−1 soil), N1 (1 g NTA
kg−1 soil), N2 (2 g NTA kg−1 soil), N1 + A1 (1 g NTA
+ 1 g APG kg−1 soil), N1 + A2 (1 g NTA + 2 g APG
kg−1 soil), N2 + A1 (2 g NTA + 1 g APG kg−1 soil),
and N2 + A2 (2 g NTA + 2 g APG kg−1 soil). The
mixed solutions of NTA and APG were applied to the
soil surface, adjusted to pH 8.3 with NaOH in order to
limit soil property modification. The plants were har-
vested 60 days after planting. Each treatment was repli-
cated three times. Plants of S. triqueter were removed
from the pots and carefully rinsed with tap water to
remove any soil particles. After measurement of heights,
each plant sample was oven-dried (80 °C) to constant
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weight (dry weight (DW)) by separating root and shoot.
T h e n , t h e p l a n t s amp l e s w e r e p l a c e d i n t o
polytetrafluoroethylene bags and stored at 4 °C for fur-
ther analysis. Soil samples sieved through a 2-mm mesh
were stored at −20 °C after freeze drying for 24 h.

2.4 Extraction and analysis of pyrene

Pyrene in soil was detectedwith the method referenced by Sun
et al. (2010) with some modification. Two grams of soil with
1 g Na2SO4 was ultrasonically extracted (45 kHz, 300 W) in
10 ml of 1:1 (v/v) solution of dichloromethane and acetone for
30 min, followed by 4000g centrifugation for 20 min. Then,
the supernatant was cautiously removed to specimen bottle.
This process was repeated two times. The extracts were con-
centrated using a rotary evaporator (at 40 °C) and exchanged
to 2 ml cyclohexane, followed by filtration through 4-g silica
gel with 10 ml 1:1 (v/v) mixture of hexane and dichlorometh-
ane. The samples were then evaporated and dissolved by hex-
ane with a final volume of 1.0 ml.

Extracts were analyzed using Agilent 7890 gas
chromatograph-5975 mass spectrometer (7890GC-5975MS)
using helium as carrier gas with velocity of 1 ml/min and a
DB-5 capillary column (30 m×0.25 mm×0.25 μm). The in-
jection volume was 1 μl and the splitless injection mode was
used. The oven temperature was programmed as followed:
100 °C for 2 min, increase at a rate 12 °C/min until 300 °C,
and finally maintained at 300 °C for 5 min.

2.5 Determination of Pb

Lead in soil (0.200 g DW) or plant (0.200 g DW) was deter-
mined by acid digestion; HNO3 + HClO4 (4:1, v/v) was added
for digestion at 220 °C for about 120 min followed by HF +
HClO4 (5:1, v/v) for about 120 min. Residues were transferred
to 25-ml volumetric flask diluted with 5 % of HNO3. The
concentrations of Pb were measured by inductively coupled
plasma optical emission spectrometry (ICP-OES) after filtra-
tion on a 0.45-μm glass fiber (GF) membrane.

2.6 Calculation of removal of pyrene from soil and Pb
bioaccumulation or translocation factors

The removal of pyrene from soil was calculated from the
initial and final concentrations of pyrene as the following
equation:

Rpyrene ¼ 1−C0
pyrene

Cpyrene
� 100% ð1Þ

where Rpyrene is the removal of pyrene, Cpyrene is the initial
concentration of pyrene in soil, while C′pyrene is the concen-
tration of pyrene in soil after the test.

The Pb bioaccumulation factor (BF) and translocation fac-
tor (TF) under different treatments were measured and calcu-
lated according to the following equations:

BF ¼ Pbr � DWr þ Pbs � DWs

DWr þ DWsð Þ � Csoilð Þ ð2Þ

TF ¼ Pbs
Pbr

ð3Þ

where Pbr and Pbs are the concentrations of Pb in root and
shoot, respectively, and DWr and DWs stand for the dry
weight of root and shoot, respectively. Csoil stands for Pb
concentration in soil.

2.7 Statistical methods

All data were analyzed using the SPSS software program
(version 17.0 for Windows). The treatment means were ana-
lyzed using one-way analysis of variance (ANOVA), and sig-
nificant differences between the means were determined by
the LSD test. The differences were considered statistically
significant when P<0.05.

3 Results and discussion

3.1 Growth of S. triqueter with different treatments

As compared to the control, the single addition of NTA en-
hanced the length of S. triqueter (Fig. 1) by 11.6 % (N1) and
19.1 % (N2). Also, the biomass of root and shoot were in-
creased significantly by alone application of NTA (Table 1).
The increase of plant growth may be due to lower toxicity to

Fig. 1 Boxplots showing the changes in the length of S. triqueter
subjected to different treatments. Boxes define the interquartile range,
the line is the median, and square is the mean
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S. triqueter or its contribution as a nutrient to plant (Najeeb
et al. 2011) or high capacity of S. triqueter to tolerate Pb.
However, APG had less effect on increasing the length and
biomass of the plant when compared with application of NTA
alone. In the treatments of combined application of these two
compounds, no notable negative influence on the growth of
S. triqueter was found except where APG and NTA were
applied at higher concentrations (N2 + A2). Similar phenom-
enon has been demonstrated in another research (Shi et al.
2009) where the cooperat ion of high dosage of
ethylenediamine disuccinic acid and rhamnolipid has negative
effect on ryegrass growth. This reduction of plant growth was
probably due to higher concentration of Pb in plant (Table 1),
which may exceed the capacity to tolerate toxicity of Pb.

3.2 Accumulation and translocation of Pb

Compared to the single application of APG, NTA had larger
capacity to enhance the concentration of Pb in plant tissues
(Table 2). For example, Pb root concentration was increased to
400 mg kg−1 DW and 483 mg kg−1 DW with application of
NTA (N1 and N2, respectively) but only to 244 mg kg−1 DW
and 250 mg kg−1 DWwith APG (A1 and A2, respectively). In
addition, the values of BF and TF with the treatments of NTA
alone were alsomuch higher thanwith APG. The efficiency of

phytoremediation for HMs mainly depends on the amounts of
bioavailable metals in soil (Luo et al. 2005; Tandy et al. 2003).
As a chelating agent, NTA does help to Pb desorbing out from
the soil matrix, then combined it to form complexes (Nowack
et al. 2006; Quartacci et al. 2007; Hseu et al. 2013) which can
dramatically increase the soluble Pb in soil, while surfactants
may not be able to form such complexes with HMs. The slight
increase of Pb concentration in root by adding APG might
mainly be due to changing the surface tension at the cellular
walls of root that increase the uptake of Pb by plant (Di
Gregorio et al. 2006; Almeida et al. 2009; Liu et al. 2013).

Although APG had no obvious effect on accumulation or
translocation of Pb, the concentration of Pb in plant and BF (or
TF) values were extremely increased when NTAwas applied
combined to APG, which was much higher than in the treat-
ments with NTA alone (Fig. 2). The gap of the observed and
theoretical values was used to evaluate the synergistic effect of
combined addition of APG and NTA. Figure 2a–d reveals that
compared to the theoretical value, there were great promotion
and synergy of accumulation and translocation of Pb in plant
generally. Twomain mechanisms might contribute to this syn-
ergy. On one hand, the availability of Pb was greatly increased
in the presence of NTA, while surfactants can improve the
surface tension at the cellular walls of the root. These changes
will happen together with combined application which led
more Pb to be accumulated in plant when compared to the
single application of NTA. On the other hand, it has been
suggested that significant amount of surfactants is adsorbed
onto the soil more easily (Almeida et al. 2009; Cao et al.
2013), which may result in competition between surfactants
and chelates to be adsorbed on the surface sites of soil parti-
cles. So while the NTA and APG were applied simultaneous-
ly, there were more soluble NTA in soil to form NTA-Pb
chelate so that more Pb was extracted from soil particles.
The exception to this situation was found in the treatments
of combination of NTA with lower dosage of APG where
the observed values of Pb concentration in root were lower
than the theoretical ones (N1 + A1 and N2 +A1) and observed
value of BF was also lower than the theoretical one (N1 +A1).
The potential reason for this situation was that the change
caused by lower dosage of APG on surface tension at the
cellular walls of the root was not sufficient to lead

Table 1 Dry biomass of S. triqueter root and shoot in different
treatments (g/pot)

Root Shoot

CK 0.907cd (±0.099) 1.048de (±0.091)

A1 1.372a (±0.157) 1.167cd (±0.050)

A2 1.180ab (±0.114) 1.219cd (±0.077)

N1 1.369a (±0.059) 1.653b (±0.075)

N2 1.359ab (±0.067) 2.601b (±0.096)

A1 + N1 1.228c (±0.098) 1.628c (±0.101)

A1 + N2 1.133a (±0.078) 1.265a (±0.093)

A2 + N1 1.099bc (±0.058) 1.655b (±0.062)

A2 + N2 0.733d (±0.108) 0.946e (±0.064)

Different letters following the values within the same column are different
significantly at 5 % level according to Duncan’s multiple-range test

Table 2 Concentration (mg kg−1

DW) of Pb in plant tissues (root
and shoot) and the values of BF
and TF with alone APG or NTA
application

Concentration in root Concentration in shoot BF TF

CK 201.34d (±0.86) 2.43b (±0.21) 0.21b (±0.02) 0.01c (±0.001)

A1 244.70c (±6.60) 3.49b (±0.46) 0.29b (±0.03) 0.01c (±0.002)

A2 250.62c (±12.38) 3.32b (±0.57) 0.27b (±0.02) 0.01c (±0.003)

N1 400.47b (±11.17) 41.71a (±0.92) 0.45a (±0.01) 0.10a (±0.004)

N2 482.63a (±5.67) 41.89a (±1.53) 0.43a (±0.02) 0.09b (±0.004)

Different letters following the values within the same column are different significantly at 5 % level according to
Duncan’s multiple-range test
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S. triqueter to accumulate muchmore Pb in root. However, the
values of concentration of Pb in shoot or root and the values of
BF or TF were still much higher in this combined application
of APG and NTA (BF 0.51 in N1 + A1 and 0.94 in N2 + A1
and TF 0.14 in N1 + A1 and 0.23 in N2 + A1) when compared
with the alone application (BF 0.45 in N1 and 0.43 in N2 and
TF 0.10 in N1 and 0.19 in N2). However, further researches
should be conducted to explain the precise mechanisms of this
synergistic effect by the combined application.

3.3 Dissipation of pyrene from soil

When compared to control, pyrene loss (Fig. 3) both in
APG alone and combined with NTA treatments was
significantly increased by 63.3 and 72.1 % (42.1 and
42.3 % for NTA). However, based on comparisons of
the pyrene loss with application of either APG or NTA,
the effect of APG on enhancing removal of pyrene was
more significant than NTA. Three mechanisms might
explain the phenomenon. Firstly, the special structures
of surfactants with hydrophobic and hydrophilic groups
lead to the formation of micelles while added in soil.
These clusters formed by surfactants can interact with
hydrophobic groups of OPs so that the amounts of sol-
uble OPs increase in soil. For this reason, the bioavail-
ability of pyrene was greatly improved in the presence
of APG. Secondly, microbial number potentially be-
comes much higher with APG application, since it has
been previously documented that some surfactants like
rhamnolipid or saponin have a promoting effect on

microbial numbers in the soil (Liao et al. 2015).
Finally, adding APG could also change the enzyme ac-
tivity in the soil. As shown by Shi et al. (2009), a
significant increase of polyphenol oxidase, FAD hydro-
lase, and dehydrogenase activities can enhance biodeg-
radation of PAHs. Additionally, although NTA may not
be able to form micelles to improve bioavailability di-
rectly just like APG, it may improve it indirectly by
changing properties of soil. For example, the removal
of HMs with the help of chelates can cause the soil

Fig. 2 Concentration of Pb in
plant tissues (a root and b shoot)
and BF (c) and TF (d) values with
combined application of APG and
NTA. The solid and dashed lines
denote the observed and
theoretical values, respectively,
where the theoretical one was
calculated concentration of Pb or
values of BF (or TF) with single
application of NTA plus that in
single application of APG

Fig. 3 Dissipation of pyrene from the soil after 60 days of S. triqueter
growth with different treatments. Different letters up the vertical bars are
different significantly between treatments at 5 % level according to
Duncan’s multiple test
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organic matter to become less constrained, thereby in-
creasing the diffusion rate of PAHs (Chigbo and Batty
2013b). In addition, it may also become a carbon source
for microorganisms or enhance the enzymatic activities
to increase dissipation of pyrene in the soil. More im-
portantly, a little synergistic effect on dissipation of
pyrene was found when APG was applied with combi-
nation of lower dosage of NTA (N1 + A1 and N1 +
A2), where the loss of pyrene was slightly higher than
with the application of APG alone. However, this syn-
ergistic effect disappeared while the extra NTA
(2 g kg−1) was added in the combined system. But,
the losses of pyrene (74.4 % in A1 + N2 and 75.0 %
in A2 + N2) were still much higher compared with the
control (46.2 %) and application of only NTA (65.6 %
in N1 and 65.7 % in N2). Effects on bioavailability of
pyrene or enzymatic activity potentially happened when
both APG and NTA were applied, so the removal of
pyrene was increased with combined application com-
pared to the NTA alone. However, surplus NTA in soil
may affect the effect of APG to improve bioavailability
of pyrene so that removal rate of pyrene in soil was decreased
slightly in the treatments of N2 + A1 and N2 + A2 compared
to N1 + A1 and N1 + A2. Further research should be carried
out to confirm the enhancing mechanisms.

4 Conclusions

The outcome of this investigation has highlighted the
effect on assisting phytoremediation for pyrene and Pb
from soil by S. triqueter with APG and NTA mixed
utilization. The growth of S. triqueter showed no obvi-
ously toxic symptoms by application of either APG or
NTA. For combined application, only in the treatment of
surplus dosage APG and NTA (N2 + A2), plant growth was
restricted. The accumulation and translocation of Pb were sig-
nificantly improved with NTA treatment but not significantly
increased with APG application.More interestingly, a synergy
and promotion of accumulation and translocation of Pb were
achieved with the combined application of APG and NTA.
Results also showed that the dissipation ratio of pyrene was
increased both by alone application and combined application,
which was desc r ibed as fo l lows: APG ≈ APG +
NTA>NTA>CK. Overall, the data in this study indicate that
exogenous APG and NTA combined application can increase
Pb uptake from soil by S. triqueter and be beneficial in accel-
erating dissipation of pyrene in soil. Finally, the combined
application of APG and NTA represents a feasible approach
to enhance phytoremediation of Pb-pyrene co-contaminated
soil. However, with the aim of optimizing this combined hard-
ening remediation technology, further studies related to the

dosage and ratio of APG and NTA should be conducted to
make this approach practical.
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