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Abstract The objectives of this study were to determine the
concentrations of Pb, Cd, As, Cr, Cu, Co, Ni, Zn, Ba, Fe, Al
and Ag in Erigeron canadensis L. growing on fly ash landfill
of power plant BKolubara^, Serbia. The content of each ele-
ment was determined in every part of plant separately (root,
stalk and inflorescence) and correlated with the content of
elements in each phase of sequential extraction of fly ash. In
order to ambiguously select the factors that are able to decid-
edly characterize the particular part of plant, principal compo-
nent analysis (PCA) and partial least squares discriminant
analysis (PLS-DA) were performed. The bioconcentration
factors and translocation factors for each metal were calculat-
ed in order to determine the feasibility of the use of plant
E. canadensis L. for phytoremediation purpose. There were
strong positive correlations between metals in every part of
plant samples, andmetals from pseudo total form of sequential
extraction indicate that the bioavailability of elements in fly
ash is similarly correlated with total form. Retained Al, Fe, Cr
and Co in the root indicate its suitability for phytostabilization.
This plant takes up Cd and Zn from the soil (bioconcentration
factors (BCFs) greater than 1), transporting them through the

stalk into the inflorescence (translocation factors (TFs) higher
than 1). Regarding its dominance in vegetation cover and
abundance, E. canadensis L. can be considered adequate for
phytoextraction of Cd and Zn from coal ash landfills at
Kolubara
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Introduction

Phytoremediation is an eco-friendly approach for remediation
of contaminated soil using plants. It involves processes as
removal, transfer, stabilization or degradation of contaminants
from soil and sediment water (Hughes et al. 1997). These
processes are known as phytoextraction, phytofiltration,
phytostabilization and phytovolatilization (Sarma 2011).

Plants used for phytoextraction should be fast growing and
deeply rooted, easily propagate and accumulate the target met-
al (Ghosh and Singh 2005a).

Many of toxic metals enter the environment as a conse-
quence of fossil fuel combustion (Ram and Masto 2010). Lig-
nite is an important source of fossil fuel and is often used for
electrical energy production (Ćujić et al. 2014). In Serbia,
BKolubara^ power plant, one of the oldest in Serbia, generates
annually 6–8×109 kg of coal ash. Therefore, important envi-
ronmental issues concerning ash disposal areas are the need of
huge space for deposition as well as the potential pollution of
water and air. Combustion waste deposited in landfills displays
numerous properties which are unfavorable for plant growth,
such as a poor air and water ratio, excessively alkaline reaction
and, in some cases, high content of heavy metals (Krzaklewski
et al. 2012). From environmental point of view, fly ash not only
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contains essential macroelements (P, K, Ca, Mg) and microel-
ements (Zn, Fe, Cu, Mn, B, Mo) for plant growth but also non-
essential elements and radionuclides. It is important to monitor
the processes of metals released to the environment and their
bioavailability (Pietrzykowski et al. 2014).

When one of the ash landfill is full, it needs to be
remediated to adequate state according to the obligation of
power plant directed by national legislation. The chemical or
any physical processes are very expensive, and their use is
usually reserved for small areas. The introduced vegetation
is an important element which initiates the processes of soil
formation (Krzaklewski et al. 2012). Over time, the formation
of well-developed vegetation cover can significantly reduce
further horizontal or vertical spreading of the contaminants,
erosion and the risk of leaching of potentially toxic contami-
nants to groundwater (Vangronsveld et al. 2009).

Plants with extreme levels of metal tolerance are called
hyperaccumulators of heavy metals (Barman et al. 2000). This
property depends on the plant species, soil conditions (pH,
organic matter content, etc.) and heavy metal (Barman et al.
2001). Plants such as Thlaspi caerulescens (Zhao et al. 2002),
Arabidopsis halleri L. (Küpper et al. 2000), Rorippa globosa
(Sun et al. 2010), Solanum photeinocarpum (Zhang et al.
2011) and Pfaffia glomerata (Gomes et al. 2013) have been
identified as Cd hyperaccumulators.

The hyperaccumulators have a high bioconcentration fac-
tor (BCF), which is defined as the plant/soil metal concentra-
tion; however, the efficiency of phytoextraction depends also
of biomass production (Ghosh and Singh 2005b).

The Erigeron canadensis L. plant is distributed widespread
across almost the whole world originating from North America
(Djurdjevic et al. 2011). In Serbia, it was noted for the first time
by Pančić, 1874, on sandy areas and fields. It is a naturalized
species (Vrbnicanin 2008)which played a pioneer role inhabiting
fields after fire at Deliblato Sands, Serbia. Also, as a pioneer
species, it colonized the ash deposit at the BNikola Tesla^ ther-
moelectric power plant in Obrenovac. E. canadensis L. played
the most important role in humus formation as one of the most
abundant self-sown plant species which can endure over a long
period of time (Djurdjevic et al. 2006). Also, we found that it
formed dense cover dominating with aboveground and below-
ground mass at the coal ash landfills at Kolubara (Serbia).

As a continuation of our previous research onmetal content
in passive cassettes (landfill) of power plant Kolubara near
Lazarevc, Serbia, after five steps of sequential extraction pro-
cedure (Krgović et al. 2014) in this study, the concentrations
of same elements in E. canadensis L. plant growing on this
contaminated site were determined. The goal of this paper was
to explore the possibilities to use E. canadensis L. for
phytoremediation. In that sense, the content of each element
was determined in every part of plant separately (root, stalk
and inflorescence) and correlated with the content of elements
in landfill ash in each phase of extraction. Moreover, the

translocation factors (TFs) and BCFs for each metal were
calculated. In order to unambiguously select the factors that
are able to decidedly characterize the particular part of plant,
principal component analysis (PCA) and partial least square
discriminant analysis (PLS-DA) were performed.

Materials and methods

Site characterization

The plant and fly ash samples used in this study were collected
from power plant Kolubara landfill (Fig. 1). Thermoelectric
power plant Kolubara (Veliki Crljeni, near Lazarevac, Serbia)
is the oldest active plant in Serbia, and together with other
power plants, it produces electricity for Belgrade area and
most of Serbia. Filter ash from power plant Kolubara was
mixed with river water and transported to active cassette.
The active cassette becomes passive cassette after complete
filling which can last up to 10 years or more. Ash deposition is
performed into three cassettes, two of which are inactive at
any time. The investigation was conducted in the landfill with
co-ordinates: 44° 29′ 25″ N and 20° 19′ 6″ E.

Plant and fly ash sampling

According to Braun-Blanquet scale (1964), vegetation
cover was 5 with the dominant specie E. canadensis L..
Other plant species were not taken, as their abundance
and cover were significantly lower. These plants were up
to 60 cm tall.

Plant samples, together with the associated fly ash samples,
were collected in October 2012. Sampling was performed by
the principle of diagonal grid sampling. A 1-ha area (100×
100 m) was a sampling site. The scheme of sampling is pre-
sented in Fig. 1.

A total of 20 plant samples of E. canadensis L. were col-
lected. After washing, the samples were oven dried at 70 °C
until a constant weight was reached (Liu et al. 2007).

Generally, the authors analyze the accumulation of heavy
metals in plants by dividing the plant into belowground and
aboveground parts. In our study, the plant samples were pre-
pared on two ways: (a) one part of samples was divided into
belowground plant part (roots) and aboveground plant parts
(leaves, stalk and inflorescences) (data not shown) and (b) the
second part of samples was divided into roots (R), stalk with-
out leaves (S) and leaves with inflorescence (I).

After the first statistical analysis, significant difference was
observed between aboveground and belowground. In further
analysis, the aim was to investigate in details the transport of
metals to the end point in the plant.

Also, 20 fly ash samples were taken from 0 to 30 cm, where
most of root biomass was found. Each sample was a
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composite sample consisting of five subsamples (about 5 kg).
Samples were air-dried at room temperature for 3 weeks.
Then, from the composite samples using the quartering meth-
od, 0.5 kg was obtained and only 1 g was analyzed.

Instrumentation

The measurements of fly ash samples were carried out in an
inductively coupled atomic emission spectrometer (ICP-OES)

(Thermo Scientific, UK), model 6500 Duo, equipped with a
CID86 chip detector as the measurements of Al and Fe in the
plant samples. This instrument operates sequentially with both
radial and axial view. The entire system was controlled with
iTEVA software. The measurement of all elements (except Al
and Fe) in the plant samples was carried out in an ICP-MS
(iCAP Q, Thermo Scientific X series 2). The entire system
was controlled with Qtegra Instrument Control Software.
7Li, 45Sc, 115In and 159 Tb were used as internal standards.

Fig. 1 Location of investigated area
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Microwave digestion was performed in a microwave oven
equipped with a rotor holding 10 PTFE cuvettes (Ethos 1,
Advanced Microwave Digestion System; Milestone, Italy).

Reagents and chemicals

All chemicals were of analytical grade and were supplied by
Merck (Darmstadt, Germany). Ultrapure water was prepared
by passing doubly de-ionized water from a Milli-Q system
( 18 MΩ). All glassware was soaked in 10 % HNO3 for min-
imum 12 h and rinsed well with distilled water. The multi-
element stock solution containing 1000 mg/L of 22 elements
was used to prepare intermediate multi-element standard so-
lutions for ICP-OES measurements, and the multi-element
stock solution containing 10 mg/L of each element was used
to prepare intermediate multi-element standard solutions for
ICP-MS measurements. Internal standards (10 μg/L for Bi,
Ga, In, Tb and Y and 50 μg/L for Li and Sc) were prepared
from internal standard mix solution (VHG standards; Man-
chester, UK). In order to check the accuracy and precision of
instrument condition, the standard reference material was ap-
plied by ERM-CD281 (rye grass; JRC-IRMM, Belgium)
(Supplementary data Table A).

Procedure for plant sample preparation

Plant samples (0.5 g) were transferred into PTFE cuvettes, and
7 mL of 65 % HNO3 and 1 mL of 30 % H2O2 were added.
Digestion was performed under the following programme:
warm-up for 10 min at 200 °C and held for 15 min at that
temperature. After cool off period, the samples were quantita-
tively transferred into a volumetric flask (25 mL) and diluted
with distilled water.

Sequential extraction procedure for fly ash samples

A five-step sequential extraction procedure for fly ash samples
was applied (Popovic et al. 2011). The extractants used in each
extraction step and extraction fractions are given in Table 1.
Detailed description of sequential extraction procedure was
given in our previous paper (Krgović et al. 2014).

Calculation of bioconcentration and translocation factors

The BCF estimates the efficiency of a plant in taking up
metals from fly ash and is calculated as follows:

BCF ¼ croot
cash

where croot is the total concentration (μg/g) of the target metal
in the plant root and cash is the concentration (μg/g) of the
same metal in the first three phases in fly ash. The cash was
calculated as the sum of the first three phases instead of pseu-
do total concentration in fly ash regarding the fractions that are
bioavailable for plants. The TF is calculated separately for
stalk (s) and inflorescence with leaves (i) as follows:

TF ¼ cs
croot

; TF ¼ ci
croot

where cs, ci and croot are the total concentrations (μg/g) of
target metal in the plant stalk, inflorescence and root,
respectively.

Statistical analysis

PCA and PLS-DA were carried out by the means of PLS
ToolBox, v.6.2.1, for MATLAB 7.12.0 (R2011a). All data
were autoscaled prior to any multivariate analysis. PCA was
carried out as an exploratory data analysis using a singular
value decomposition (SVD) algorithm and a 0.95 confidence
level for Q and T2 Hotelling limits for outliers. PCA was
performed in order to reduce the dimensionality of data space,
visualize the structure of data, identify important variables and
confirm the presence of outliers. The PLS-DAwas performed
using the SIMPLS algorithm without forcing orthogonal con-
ditions to the model in order to condense Y-block variance
into first latent variables. PLS-DA is a classical PLS regres-
sion where the response variable is categorical, i.e. indicating
the classes or categories of the samples. The aim of this su-
pervised technique is to build a mathematical model that could
be used in further classification of unknown samples. The
models were validated using a venetian blind-validation
procedure.

Table 1 Successive stages of the metal extraction method used in this study

Fraction Extraction reagent

Adsorbed fraction Distilled water, 6 h at ambient temperature

Exchangeable water and acid soluble (e.g. carbonates) fraction Ammonium acetate, concentration of 1 mol/L, 6 h at ambient temperature

Reducible (e.g. iron/manganese oxides) fraction Ammonium oxalate, concentration of 0.2 mol/L, and oxalic acid,
concentration of 0.2 mol/L

Organic-sulphide fraction Hydrogen peroxide, 8.8 mol/L, followed by ammonium acetate, 3.2 mol/L

Residual fraction HCl solution, concentration of 6 mol/L
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The quality of the models was monitored with the follow-
ing parameters: (1) R2

cal, the cumulative sum of squares of the
Ys explained by all extracted components, and R2

CV, the cu-
mulative fraction of the total variation of the Ys that can be
predicted by all extracted components, and these two values
should be as high as possible, and (2) root mean square errors
of calibration (RMSEC) and root mean square errors of cross-
validation (RMSECV); these two values should be as low as
possible and with the lowest difference between the two.

Results and discussion

Fly ash properties at studied landfill: reference data

The produced ash is aluminosilicate (approximately 80 %)
with a significant amount of Fe, Ca, Mg, K and Ti oxides
(approximately 17 %), and it is of alkaline reaction (pH 8).
Leaching of elements from fly ash obtained in the Kolubara
power plant during the storage was investigated in our previ-
ous paper (Krgović et al. 2014). We discovered that the con-
tents of Cr, Cu, Pb, Zn and Co are usually higher in the sam-
ples from filter ash compared to the samples from landfill,
indicating their leaching during the storage. Then, the signif-
icant fraction of Zn, Cr and Cu in filter ash was associated
with oxide of iron and manganese (third phase of sequential
extraction). Contrary, these metals were found in the first two
easily exchangeable phases in the samples from landfill. It
means that under reduction conditions and lower pH, Cr, Cu
and Zn migrated to the adsorbed and ion exchangeable form
which are bioavailable for plants. Cadmiumwas present in the
samples in the smallest amount compared to all other ele-
ments, but the highest content was observed for second ex-
traction phase (Krgović et al. 2014).

Distribution of metals in different plant parts

The summarized parameters of descriptive statistics obtained
from the metal content analysis in three separate parts of plant
(root, stalk and inflorescence) E. canadensis L., collected
from the power plant landfill ash, are presented in Table 2.

Plant samples are characterized with a higher amount of Al,
Cr, Fe, Pb and Co in the root, and As, Cd, Cu, Zn and Ag in
the inflorescence, while the content of all analyzed metals is
smallest in the stalk except Cd and Zn, although with gradu-
ally increased concentrations from the root to the inflores-
cence. Although descriptive statistics provided information
regarding general metal composition and some specific metals
that can differentiate the samples from roots and shoots, still it
is not possible to ambiguously select the factors that are able to
decidedly characterize the particular part of plant. In order to
further analyze the obtained results and evaluate a distribution
of metals in plant, sophisticated chemometric techniques, such

as PCA and PLS-DA, were applied. The PCA analysis pro-
vides the insight in the very structure of data. It is usually
carried out at the exploratory (introductory) level; therefore,
it is not used as a classification model, but rather as a hint what
could be expected from the current data and to check if there is
some logical patterns in the data that might be explained. PLS-
DAwas served as a classification method. Metal content was
served as an input data matrix.

A PCA resulted in a two-component model which explains
75.88 % of total variance. The first principal component, PC1,
accounted for 51.45 % of the overall data variance and the
second one, PC2, for 24.43 %. Mutual projections of factor
scores and their loadings for the first two principal compo-
nents (PCs) are presented in Fig. 2. Taking into account PC1
and PC2 score values (Fig. 2a) three distinctive groups of the
samples belonging to three different parts of the plant are
obtained.

There is some overlapping of Hotelling T2 ellipses among
the stalk and inflorescence samples. In spite of that, the root
samples are firmly clustered and distinguish in relation to
shoot. The loading plot (Fig. 2b) reveals that the most influ-
ential parameters discriminating between inflorescence and
samples from two other parts of plant are Zn, Cu and Cd.
On the other hand, the contents of Al, Cr, Fe and Co are the
major factors which lead to the separation of root samples
from the stalk and flower. The content of Ag, Ni and Ba
differentiate root and inflorescence samples from stalk. The
results of PCA indicated the different metal accumulation
characteristics among the tissues of E. canadensis L.

Samples of different location origins were also modelled
simultaneously using PLS-DA. The number of the latent var-
iables (LVs) was selected on the basis of the minimum value
of RMSECV, which was achieved with two LVs. Classifica-
tion and validation results were expressed as R2

cal, R
2
CV,

RMSEC and RMSECV values. Statistical results of PLS-
DA models for the E. canadensis L. samples are presented
in Supplementary data Table F. All three models were statis-
tically significant, with relatively high values of R2

cal and
R2

CV and low difference between RMSEC and RMSECV
values. Score plot of data for the three different parts of the
plant, also, confirmed good predictive ability of PLS-DA
modelling (Fig. 3a).

The assessment of variables that have the greatest influence
on differentiation was done based on variable importance in
the projection (VIP) scores. The variables with a VIP score
higher than 1 was considered as the most relevant for
explaining a certain class of samples, while the others are of
extremely low or almost no contribution. In addition, the stan-
dardized regression coefficient reveals the significance of an
individual variable in the regression models. The most impor-
tant factors that discriminate root samples from shoot were Zn,
Cu, Ag and Al, in descending order (Fig. 3b). The highest
negative impacts on a model have Zn and Cu, suggesting that
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these two elements are accumulating in the root but do not
retain in there; instead, it is transported further in the shoot
(Fig. 3c). The highest positive influence on discrimination of
root samples has Al, indicating its retention in it (Fig. 3c).
Apoplastic route is limited by endodermis, and in order to
reach the vascular system of the plant, a metal ion needs to
be in a non-cationic metal chelate form and transported pro-
teins (Raskin et al. 1997). Good example is aluminium ions
which move through the apoplast, but are unable to enter the
cytosol of endodermal cells.

The most important variables that discriminate stalk sam-
ples were Co, Ni, Fe, Al, Cr, Ag and Ba, in descending order
(Fig. 3b). Regression coefficients of all these variables in a
model are negative, indicating their lower concentration in
stalk compared to root and flower (Fig. 3c). The most relevant
variables for explaining inflorescence with leaf samples were
Zn, Cu, Cd and Ag (Fig. 3b). These four elements have the
highest positive impact on discrimination of inflorescence

samples, suggesting their accumulation in this part of plant
(Fig. 3c).

Metal content in the associated soil samples, after five ex-
traction steps, is given in Table 3. The content of each element
of ash by phases is given in Fig. 4.

In order to process the data in terms of the possible corre-
lation between metals in root, stalk and inflorescence, a cor-
relation analysis was applied (Supplementary data Tables B, C
and D). According to the values of Pearson correlation coef-
ficients, i.e. t test for correlation, among the root samples, a
strong positive correlation exists between Fe, Al, Ba, Cr and
Co concentrations (0.9250<r<0.9921, 10.327< t<33.533,
tcr(0.05;18)=2.101), indicating their similar accumulation be-
haviour. Also, positive correlations between Ni, Ag and Co
(r=0.9792, t=9.455; r=0.9124, t=20.477, respectively) show
their connection (Supplementary data Table B). Similar corre-
lations were observed between metal concentrations in stalk
and inflorescence samples (Supplementary data Tables C and

Fig. 2 Distribution of metals in
different plant parts by PCA. a
Score plot, stalk (S), inflorescence
(I), root (R); b loading plot

Table 2 Parameters of descriptive statistics obtained from the metal content (mg/kg) analysis of plant samples

Parameter Al As Ba Cd Cr Cu Fe Ni Pb Zn Ag Co

Mean 2422 2.24 17.58 0.28 4.31 13.05 1370 6.17 2.61 18.80 4.91 0.66

Root SD 977 0.91 7.26 0.15 2.19 4.97 552 1.87 5.14 4.12 1.49 0.23

Median 2262 1.90 15.78 0.28 3.91 12.58 1312 5.98 1.21 18.95 4.55 0.63

Max 5084 4.73 41.25 0.57 10.71 22.36 2831 10.55 23.99 30.51 8.49 1.28

Min 526 1.39 6.03 0.08 0.99 4.30 474 2.69 0.75 11.31 2.79 0.19

Mean 226 2.17 8.80 0.43 0.31 6.66 136 1.75 0.35 35.50 1.63 0.04

Stalk SD 191 2.50 2.71 0.20 0.39 3.47 135 0.96 0.34 15.00 1.12 0.07

Median 127 1.10 7.94 0.37 0.12 6.88 72 1.67 0.27 31.86 1.45 0.00

Max 641 9.10 16.78 0.87 1.45 18.13 573 4.40 1.49 88.16 5.44 0.31

Min 64 0.77 5.11 0.15 0.00 2.77 38 0.49 0.07 18.09 0.46 0.00

Mean 1019 3.92 17.41 0.54 1.84 27.75 656 6.02 0.80 86.06 6.40 0.34

Inflorescence SD 680 3.14 5.06 0.25 1.22 6.53 380 1.85 0.30 20.32 1.71 0.22

Median 756 2.29 16.78 0.58 1.47 28.98 568 5.82 0.74 88.16 6.03 0.31

Max 2855 11.38 30.32 1.15 5.06 38.48 1641 9.65 1.49 125.60 9.76 0.85

Min 324 1.66 10.92 0.18 0.52 14.62 243 3.59 0.44 55.23 4.16 0.10
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D). It should be emphasized that the inflorescence samples
were characterized with high correlation between Cd and Zn
(r=0.8166, t=6.002), which can indicate a similar deposition

and atmospheric transport behaviour (Supplementary data
Table D). Water, nutrients as well as metal ions move across
the plant tissue by transmembrane transport, apoplastic or

Fig. 3 Distribution of metals in different plant parts by PLS-DA. a Scores plots of data, stalk (S), inflorescence (I), root (R); b plots of the variables
versus VIP scores in model; c plot of the coefficients of parameters in model for root, stalk and inflorescence samples, respectively

Table 3 The results of metal content (mg/kg) in fly ash samples

Al As Ba Cd Cr Cu Fe Ni Pb Zn Co

Phase I 17.56 3.09 2.33 0.03 0.06 0.12 6.18 nd 0.03 0.04 0.01

Phase II 793 10.62 74.82 0.20 8.61 5.79 1863 6.82 2.84 8.15 1.97

Phase III 3172 20.14 90.96 0.00 13.67 15.90 3460 15.9 5.70 5.89 2.95

Sum (phase I, II and III) 3984 33.85 168.11 0.23 22.34 21.92 5330 22.08 8.57 14.08 4.93

Phase IV 648 6.76 31.08 0.06 20.91 8.93 2953 12.01 3.26 4.96 2.14

Phase V 468 nd 1.61 0.01 1.14 nd 395 0.98 1.13 nd nd

Total 5100 40.61 200.8 0.30 44.39 29.48 8679 35.07 12.96 19.04 7.17

nd not detected (below detection limit)
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symplastic pathway. Nevertheless, due to their insolubility,
most metals are retained as carbonate, sulphate or phosphate
precipitated in extracellular or intracellular chambers (Khan
et al. 2011).

Mean values of concentration of each element in root, stalk
and inflorescence samples were correlated with mean values
of elements determined for each phase of extraction of soil
samples (Supplementary data Table E). Strong positive corre-
lations were observed between metals in root samples and
metals determined after phase I (r=0.9579, t=10.015,
tcr(0.05;9)=2.262), phase III (r=0.9404, t=8.295) and phase V

(r=0.9788, t=14.335) of sequential extraction. Identical trend
was obtained for stalk and inflorescence samples.

Also, there were strong positive correlations between
metals in root, stalk and inflorescence with pseudo total
metal concentration in soil (r=0.8365, t=4.579, tcr(0.05;9)=
2.262; r=0.8404, t=4.651, tcr(0.05;9)=2.262; r=0.8652, t=
5.176, tcr(0.05;9)=2.262, respectively). In addition, the pseu-
do total content of heavy metals in every part of plant is
similarly correlated as that in phase I. It means that the
bioavailability of elements in fly ash is similarly correlated
with total form.

Fig. 4 The metal content in fly ash samples for every phase of sequential extraction
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BCFs and TFs

The bioconcentration factor expresses the ability of a plant to
accumulate metal from soils. The optimum conditions for
phytoremediation include high concentrations of heavy metals
in soil and plants and high BCFs (Xue et al. 2014). Calculated
BCFs are presented in Table 4. BCF values lower than 1
showed metals Cu, Pb, Ni, Fe, Cr, Ba and As, in descending
order. The lowest BCF value has As (0.07). Plants were clas-
sified as potential hyperaccumulators if the BCF shoot values
are higher than 10 (Ma et al. 2001). In our case, BCF values
suggest that E. canadensis L. is not hyperaccumulator. On the
other hand, a high BCF value is not an enough parameter to
qualify for high phytoextraction efficiency (Ghosh and Singh
2005b). Indicator plants in comparison to hyperaccumulators
have a lower metal bioaccumulation but have at least 10 times
the biomass production, so that the actual amount of extrac-
tion is higher (Alloway 1995).

As presented in Table 4, BCF values higher than 1 were
obtained only for Cd and Zn (1.33 and 1.34, respectively). A
strong adsorption of Cd on root apoplast might act as a driving
force to extract the metal from the soil, compete with the
symplast absorption and contribute to the amount of metals
taken up by the accumulator, at least in its roots (Redjala et al.
2009). Themajor storage site for Zn andCd in plants is cell wall
of roots, vacuoles of epidermis and bundle sheath of leaves (Hu
et al. 2009). It is not unusual that Zn-accumulating species have
been also identified as Cd accumulators (Yang et al. 2004).

One of the strategies of phytoremediation of metal-
contaminated soil is phytoextraction, through uptake and ac-
cumulation of metals into plant shoots, which can then be
harvested and removed from the site. Translocation factor in-
dicates the efficiency of a plant in translocating heavy metals
from roots to shoots. The ratio of metals between roots and
plant parts is an important criterion for the selection of model
plant species for phytoextraction, and the ratio higher than 1
means higher accumulation of metals in shoots than in roots
(Barman et al. 2000). Calculated TFs were presented in
Table 4. E. canadensis L. contained several heavy metals with
valuable degree of absorption and transportation from the root
to the shoot area (Table 4). This plant showed efficient trans-
location of metal ions Zn, Cd, As, Cu, Ba, Ni, Pb, Fe and Cr,
in descending order. Retained Al, Fe, Cr and Co in the root
indicate its suitability for phytostabilization. Higher values of

Zn, Cu and Cd content could be expected in the shoot of the
E. canadensis L. The bioconcentration and translocation fac-
tors of Cd and Zn are higher than 1 which indicated that
E. canadensis L. is favourable for phytoextraction of Cd and
Zn from the landfill at Kolubara basin. The possibility to use
Cd for remediation of contaminated soil was also described by
Wei et al. (2009). E. canadensis L. can be considered as a
satisfactory specie for phytoextraction of Cd and Zn from
contaminated soils.

However, some technical solution and field application
of this specie in phytoextraction require more detailed in-
vestigation of biomass, cover abundance as well as ecolog-
ical and phytosociological studies of vegetation on fly ash
disposal.

Conclusions

Themetal content in various parts ofE. canadensis L. from fly
ash deposit of power plant Kolubara (Serbia) was determined
in order to estimate its metal accumulation potential. The most
influential parameters which distinguished shoot from root
samples were Zn, Cu and Cd. Content of Al, Cr, Fe and Co
was the major indicator of root samples in comparison to the
stalk and inflorescence. The strong correlations among Al, Ba,
Cr and Fe could result from their similar accumulation behav-
iour. Retained Al, Fe, Cr and Co in the root indicate its suit-
ability for phytostabilization. Higher values of Zn, Cu and Cd
content could be expected in the shoot of the E. canadensis L.
This plant takes up Cd and Zn from the soil (BCFs greater than
1), transporting them through the stalk into the inflorescence
(TFs higher than 1). Strong positive correlations between
metals in every part of plant samples and metals from phase
I and the pseudo total form of sequential extraction indicate
that the bioavailability of elements in fly ash is similarly cor-
related with total form as an easy soluble form. Regarding its
dominance in vegetation cover and abundance, the
E. canadensis L. can be considered adequate for
phytoextraction of Cd and Zn from coal ash landfills at
Kolubara.
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Table 4 Calculated BCFs and TFs

Al As Ba Cd Cr Cu Fe Ni Pb Zn Co Ag

BCFs Root/soil 0.61 0.07 0.10 1.21 0.19 0.60 0.26 0.28 0.30 1.34 0.13 –

TFs Stalk/root 0.11 0.82 0.56 1.87 0.08 0.59 0.10 0.30 0.24 1.93 0.05 0.34

Inflorescence/root 0.53 1.68 1.13 2.39 0.55 2.34 0.57 1.05 0.61 4.68 0.60 1.36
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