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Abstract

The strategy of re-cultivation of wasteland contaminated with heavy metals based on phytoremediation

was proposed. The ability of plants that colonized the investigated area to uptake pollutants from soils and their

translocation to aboveground organs was examined. The metals mobility and bioavailability was assessed

based on a single extraction with water and solutions of hydrogen peroxide and EDTA. A new hyperaccumu-

lator of barium — great mullein (Verbascum densiflora) — useful in the phytoextraction process, was identified.
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Introduction

In many countries burning coal remains a major source
of energy. It should be remembered that there are a number
of adverse environmental effects of coal mining and burn-
ing, especially in power stations. It is always related to coal
combustion products (CCPs): fly ash, bottom ash, and flue
gas desulphurization (FGD) materials. Fly ash and bottom
ash are primarily composed of valuable industrial minerals
such as alumina, silica, lime, and iron oxide. FGD is pri-
marily composed of gypsum, the mineral used to make
wallboard. CCPs can be used as a replacement for natural
materials in construction, providing a quality product while
reducing costs. Fly ash makes up the largest component of
CCPs, with more than 70 million tons produced each year.
Fly ash composed of very fine spherical particles is an
excellent additive to concrete. Bottom ash is resistant to
pressure and drains well, so it is often used for road base,
embankment, and structural fill applications. Unfortunately
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reports measuring the health risks posed by disposal prac-
tices at coal ash dumps confirm their negative impact on the
environment, especially the release of some toxic elements
and degradation of groundwater quality. Moreover, as the
areas of wasteland are usually very valuable and in many
cases could be used for building, special interests and
efforts are paid to restoration such sites [1].

Today, intensive investigation is directed at the useful-
ness of phytoremediation in recovery of some contaminat-
ed areas. The method of phytoremediation is based on the
application of plants in the removal of contaminants from
the soil. The plants, which are often identified as ‘bioaccu-
mulators] have the ability to take up soil contaminants and
deposit them in their roots, as well as in the aboveground
organs. Subsequently, they can be harvested in order to
eliminate contaminants from the restored area permanently.

It is necessary to point out that bioaccumulating plant
species are normally characterized by high concentration
factors, i.e. concentrations of the toxic substances are high-
er in their tissues than in the soil. Bioconcentration factors
of some plants can even reach 1000x. There are plant
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species capable of intensive uptake of soil contaminants
and, at the same time, are characterized by a significant pro-
duction of biomass [2-4].

Costs of area restoration using phytoremediation are
normally much lower than in the case of any other in situ,
and in particular ex sifu, methods. In fact, the method of
phytoremediation is often used in the USA and in Western
Europe. In Poland there is on-going research aiming to
assess the possibility of using different plant species in
biorestoration of polluted soils, as well as in the recovery of
precious elements from waste deposits (biomining).

The main task of the undertaken studies was to examine
the usefulness of plants growing in the vicinity of an indus-
trial plant near Warsaw for accumulation of wasteland con-
taminants and their translocation to aboveground organs.
For this purpose a list of plants growing on loads of ash
waste, as well as in zones remaining after the removal of the
ash, was identified and, after the determination of heavy
metal contents in particular plant organs and soil, the
assessment of their suitability to biorestoration of that con-
taminated area was evaluated. Moreover, the bioavailabili-
ty of heavy metals present in ash obtained after coal burn-
ing and stored in the wasteland was assessed. For this pur-
pose a single extraction with water, hydrogen peroxide and
EDTA was performed [5]. For determination of total ele-
ment contents in digested soil and plant samples and in the
extracts, we used mass spectrometry with inductively cou-
pled plasma (ICP-MS) [6-10].

Experimental

Reagents

The following reagents were used: hydroxylamine
hydrochloride (puriss p.a.) (Fluka, UK), nitric acid, per-
chloric acid, and fluoric acid (Ultranal) (Cheman). Standard
solutions were prepared by diluting Spectroscan solutions
(1000 mg-L") of the appropriate element. Ultrapure water
obtained from Milli-Q-Water System (Millipore, USA) was
used throughout the work.

Instrumentation

Total concentrations of studied elements in the digested
samples were measured by spectrometer (Perkin Elmer
SCIEX, Canada) with Meihard-type nebulizer and Scott-type
spray chamber. Advanced Microwave Digestion System
Ethos 1 (Milestone, Italy) was used for sample digestion.

Sampling and Sample Preparation

At the edge of the investigated area we collected a few
dominant plant species: rapeseed (Brassica napus), grass
(Lolium perenne) giant goldenrod (Solidago gigantea), great
mullein (Verbascum densiflora), and tansy (Tanacetum vul-
gare). Rapeseed, giant goldenrod, tansy, and grass were col-
lected from 1 m’ areas. It gave above 50 plants per species.
In the case of great mullein 5 plants were collected.

Harvested plants were carefully washed several times
with Milli-Q water. Special attention was paid to
Verbascum densiflora because their leaves were densely
covered with grayish hairs. Then the plants were divided
into leaves, roots, and flowers. Samples were dried at 60°C
overnight, milled in an agate mill, and sieved through a
0.125 mm nylon sieve.

Soil samples were collected using a multiple sampling
procedure according to the Polish Standard [11]. Soils, col-
lected to a depth of about 20-40 cm, were bulked into bags
for transport to the laboratory. After removing foreign bodies
such as twigs or stones, soil was air-dried at ambient temper-
ature for two weeks. The dried material was sieved through
a 1 mm sieve. The resulting material was homogenized by
shaking. The measured pH (H,O) of soil equalled 8.5.

Extraction Procedures

The extraction procedure was performed to assess the
mobility and bioavailability of the contaminant from soils
and ashes deposited in the wasteland area located in the
vicinity of an industrial plant near Warsaw. One g of dried
soil or ash samples were extracted with 50 mL of the extrac-
tant — water, 3% hydroxyperoxide or 0.05 mol-L"' EDTA —
in a 120 mL polyethylene container. Extracts were cen-
trifuged at 2,000 rpm for 30 min and filtered through a 0.45
um cellulose acetate filter into polyethylene containers.
Extracts after filtration (with exception of EDTA) were
acidified with 50 ul of concentrated HNO; (to pH about 2)
and stored at 4°C.

Sample Digestion

Plants — approximately 0.25 g of dried plant material and
3 mL of concentrated HNO, — were placed in PTFE vessels
and digested in a microwave system. A three-stage program
with a maximum temperature of 200°C and maximum
microwave power of 1000 W was used (5 min 20-90°C, 10
min 90-170°C, 50 min 170-200°C). Digested samples were
transferred to 25 mL volumetric flasks and diluted to volume
with Milli-Q water. Digestion of all samples was triplicated.

Soil — approximately 0.20 g of dried material and a mix-
ture of concentrated acids (2 mL of HNO; and 1 ml HCIO,)
—were placed in PTFE vessels and digested in a microwave
digestion system. A three-stage program with a maximum
temperature of 200°C and maximum microwave power of
1000 W, as in case of plants, was used. Then, after short
cooling, the vessels were opened and 0.5 ml HF was added
and the same three-stage program was applied. Digested
samples were transferred into 50 mL volumetric flasks and
diluted to volume with Milli-Q water. Digestion of all sam-
ples was triplicated.

Before barium determination, 0.1 g of dried samples
of soil were weighed with 140 mg of hydroxylamine
hydrochloride into quartz vessels and filled up to 50 mL
with 2 mol-L" nitric acid. Then the vessels were covered
with quartz watch glasses and heated to boiling for about
20 min on an electric heater to complete dissolution.
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After cooling, the solutions were refilled to 50 ml, filtered,
and stored a max 8 hours before determination.

Digested samples were diluted if required before mea-
surements.

Total Metal Determination

ICP-MS measurements were performed under the fol-
lowing conditions: sweep 5, replicates 5, dwell time 100 ms,
ICP RF power 1100 W, lens voltage 8 V, plasma gas flow 15
L'min’, auxiliary gas flow 1.2 L'min’, nebulizer gas flow
0.9 L'min", measured isotopes: *Cr, “Cu, *Ni, *Ba, **Pb,
*Co, ¥Zn. Iridium was applied as an internal standard.

Results and Discussion

During the first part of the research the characterization
of the investigated area was completed. In soil samples total
concentrations of Ba, Ni, Co, Cr, Pb, and Cu were deter-
mined. Based of the obtained results (Fig. 1), soils showed
relatively high concentrations of barium — above 300
mg-kg'. This was of a great interest, as the wasteland area
was dedicated to building development, and the admissible
norms recommended by Polish law [12] related to barium
content were exceeded. Most Polish soils contain no more
than 50 pg-g" of barium, but in submontane regions its con-
tent may increase up to 100 pg-g”' [13].

General information about barium toxicity is limited. It
can be found that significantly higher mortality rates, par-
ticularly among individuals 65 years of age and older, for
cardiovascular disease and heart disease (arteriosclerosis)
could be observed in communities with elevated barium in
drinking water levels (0.06-0.3 mgBa'kg'-day"'), as com-
pared to communities with low barium levels (0.006
mgBa-kg'-day") [14].

Concentrations of chromium, cooper and nickel in the
soil samples were also relatively high: 140, 110, and 80
mg-kg', respectively, but did not exceed the limits, while
contents of lead and cobalt were relatively low: 70 and 20
mg-kg', respectively.

As the total concentration of heavy metals in soil is not
sufficient for environmental risk assessment, in the next step
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Fig. 1. The comparison of metal concentrations in studied soils
with their acceptable amounts recommended by a decree of the
Ministry of Environment.

fractionation analysis was performed. The determination of
extractable trace metal contents in soil using single extrac-
tion procedure is currently performed to access the bioavail-
able metal fraction and related phytotoxic effects [15-17].

It was discovered that the extractable amount of ele-
ment by water or 3% solution of hydrogen peroxide did not
exceeded 1% for all studied elements. While the bioavail-
ability assessed after extraction by EDTA was much high-
er, especially in the case of Ba — with mean value about
35%. A relatively high bioavailability of this element gives
a great opportunity for restoration of this area by phytore-
mediation methods. Phytoextraction, when plants take up
contaminants from the soil and translocate them to above-
ground organs, seems to be useful in this case. So the next
task of the studies was to assess the suitability of plants to
colonize this area for the phytoremediation purpose.

Five plant species, that predominantly colonized that
area, were collected in the in the wasteland near the indus-
trial plant in Warsaw. Total concentrations of studied ele-
ments were determined in particular plant organs (Table 1).
To assess if plants can effectively take up the contaminants
from ground and translocate them to aboveground organs,
bioconcentration factors (BCF), defined as the ratio of con-
centration of element in plant organ to concentration of ele-
ment in soil [18], were calculated (Table 1). It was found
that the lower accumulation and the lower bioconcentration
factors were observed for cobalt, while relatively high
uptake was observed for copper. In the case of grass the
BCF of Cu for aboveground organs was 0.95, slightly lower
than characteristics for hyperaccumulators. Based on the
literature data plant hyperaccumulators can be defined as
plants possessing the ability to store elements in above-
ground parts 10-500 times more than usual, with an enrich-
ment coefficient (metal content in dry matter/metal content
in soil) >1 [19, 20]. For some elements, hyperaccumulator
thresholds are defined: 100 mgkg' dry mass for Cd, Co,
and Cr, 1000 mg-kg"' dry mass for Cu, Ni, Pb, and Se, and
10,000 mg-kg' dry mass for Zn and Mn [21-23].

Additionally, to characterize transport efficiency of ele-
ments from roots to aboveground organs translocation fac-
tor (TF), defined as the ratio of metal concentration in
shoots to roots, is used [18]. Metal concentration in roots
and aboveground organs of tansy, giant goldenrod, and
grass was similar for each investigated element, and calcu-
lated values of TFs were nearly 1.

The highest difference of metal concentration in plant
organs was observed in the case of rapeseed. For Co, Ni,
and Cr, the highest concentrations were present in roots and
translocation of these elements to aboveground organs was
the least. But Pb concentration was the highest in stems,
while Ba content was nearly the same independent of plant
organs. Despite the relatively low bioconcentration factor
and transfer factors of metals observed for rapeseed, this
species might be considered for phytoremediation of soils
in an area designated for restoration because of its high den-
sity — naturally growing in this area, ca. 100 plants/m* The
most valuable and useful finding of the undertaken studies
was the ability of great mullein to take up, accumulate, and
translocate into leaves, barium, cobalt, nickel, and lead.
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Table 1. Total concentration of metals in particular organs of studied plants, expressed as mean values=SD [mg-kg'] (n>3), and bioconcentration factors defined as a ratio of metal content in plant

organ to metal content in soil (in brackets).
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In the case of all these elements their concentrations in
leaves were several times (5 to 10) higher than in roots and
stems. Bioconcentration factors between 0.41 and 1.02
indicated this plant species as very suitable for the phy-
toextraction process. Great mullein is a widely distributed
species found all over Europe and in temperate Asia as far
as the Himalayas and in the eastern United States where it
is exceedingly abundant as a naturalized weed. It grows on
hedge-banks, roadsides, and on waste ground, more espe-
cially on gravel, sand, or chalk. It seems to be excellent for
the recovery of wasteland areas in the vicinity of industrial
plants before such reuse of such areas for building devel-
opment.

There are only a few reports concerning barium accu-
mulation by plants. Relative to the amount of Ba found in
soils, less is bioconcentrated by plants. Nevertheless, there
are plants such as legumes, forage plants, Brazil nuts, and
mushrooms that can accumulate Ba. Bioconcentration fac-
tors from 2 to 20 have been reported for tomatoes and soy-
bean [24]. It also has been stated that Indigofera cordifolia
can colonize the soils around barite mining area in India
and accumulate Ba at 3.5 mg-g' dry weight [25] when
Juncellus serotinus growing on uranium mill tailings repos-
itory accumulate Ba in the roots (179 pg-g' dry weight)
[26].

Conclusions

Summarizing the undertaken studies and considering
the fact that only partial removing of contaminants from
the soil is necessary before the start of building develop-
ment - phytoremediation can be successfully applied in the
mentioned area. The required decline in amount of conta-
minants, according to Polish legislation, will probably be
achieved after a few seasons of cultivation of a well-select-
ed plant species. As the most important problem on this
area is related to barium, the species Verbascum densiflo-
ra, showing the ability for barium, accumulation, could be
useful for phytoextraction. This subject is worth studing,
especially that Sagiroglu et.al [20] looking for hyperaccu-
mulators among plants that are common and native
throughout Turkey, found another plant from the same
(Scrophulariaceae) family, i.e. Verbascum cheiranthifolium
Boiss. This plant can accumulate some metals like Mo, Cu,
Pb, Zn, Ag, and As, as high as 3-4 times more than their
content in soil.

Future studies of Ba bioaccumulation by Verbascum
densiflora should include relations with soil pH. Soil pH
plays a crucial role in heavy metal bioavailability [27, 28].
In general, acidic soils present a low metal retention capac-
ity. Comparing acid with basic soils, greater quantities of
metals were extracted from the former.
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