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Abstract: Coal waste dumps present potential sources of toxic elements, which may enter surrounding soils,
water bodies, and can be transferred into plants. Acidification of the dump material as a consequence of
sulphide mineral oxidation can foster element mobilization and plant uptake. In the present study we explored
the elemental composition (Co, As, Cu, Pb, Mn, Zn and Cr) of substrate from the waste heap of the coal mine
"Heroiv Kosmosy", Ukraine and investigated effects of substrate acidification on leaching and plant
accumulation of the elements, considering two native grass species wall barley (Hordeum murinum) and
japanese brome (Bromus japonicus). Both species were cultivated in a greenhouse experiment on substrate
from the waste dump. The plants were watered with acidic treatment solutions at a pH range from pH 2-7.
Element concentrations in leachate solutions, plant biomass and aqua regia extracts of the substrate were
analyzed by ICP-MS. The pH of the substrate collected from the coal dump was 7.68 + 0.02 the value and the
electrical conductivity was 1200 + 25 uS/cm. The substrate contained low concentrations of plant available
(mineral) N (0.09 + 0.01 mg/kg), and low concentrations of DL-extractable phosphate (0.016 + 0.01 mg/kg).
The aqua regia extractable concentrations of the investigated elements exceed the maximum allowable
concentration in 59; 38; 47; 11.5; 2.5; 25 and 64 times, respectively. Decreasing the pH in the substrate
significantly increases the concentrations of all studied elements in leachate solutions. The growth experiment
showed that both H. murinum and B. japonicus, respectively germinated and grew on the substrate. After 21
days of plant growth H. murinum developed 7 + 2 cm roots, and average shoot size was 20 + 1 cm. In contrast,
B. japonicus showed a root length 4 + 0.5 cm and shoots were 8 + 0.5 cm (pH=2). Decreasing the pH-values
in the substrate led to increased element abortion in both plant species. However, H. murinum preferably
accumulated the investigated elements in the roots while B. japanicus showed a substantially higher root—
shoot transfer. The calculated translocation factors ranged between TF = 0.4-6.6 (B. japanicus) and between
TF = 0.1-1.7 in H. murinum. We could demonstrate that substrate acidification strongly impacts plant
availability in coal waste material. Both plant species are meaningful candidates for a phytoremediation of
soil waste heaps in the Western Donbas.

Keywords: Physicochemical parameters, heavy metals, pH, ICP-MS, phytoremediation, ruderal plants,
translocation factor.

1. INTRODUCTION energy 2012). Although coal remains an essential source

The coal industry is currently playing an essential
role in the economic and energy sectors. World coal
reserves exceed 860 million tons, and it is estimated that
this may be enough for the next 112 years of active use
(BP Global Group 2012 BP statistical review of world

of energy, and its operation contributes to the
development of several national economies, the coal
industry leaves behind many adverse changes in the
environment (Zhengfu et al., 2010). These changes
apply to all spheres of the planet. In the formation of coal
dumps under the main influence line is the lithosphere.
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Large areas are needed to construct coal dumps, during
which the atmosphere and the hydrosphere are polluted
in parallel. The data show that biological activity is also
declining in the areas of coal dumps (Sun et al., 2011).
Besides many other negative environmental impacts,
coal dumps are potential sources of potentially toxic
elements that can threaten the surrounding soil, surface,
and groundwater (Shim et al., 2005). The chemical and
physical characteristics of coal are determined by the
nature of precursor plants, the amount of inorganic
materials, as well as the nature, intensity and duration of
biochemical and geochemical processes responsible for
the formation of coal (Finkelman, 1993). Coal heaps are
affected by various factors during which solubilization
processes occur, sometimes converting almost insoluble
metals into soluble substances, leading to water and soil
pollution (Thurdin et al., 2006). There are several
mechanisms for mobilizing chemical elements: 1)
Mobilization due to pH changes. This can be caused by
neutralization processes between alkaline ash and
weakly acidic atmospheric water (pH 5-6), or acid rain
(pH 4 or below), (Otero-Rey et al., 2005); 2)
Mobilization through changes in the redox potential.
The deposition of coal ash on dumps in the presence of
organic matter (derived from the surrounding soil or
surface water) can cause oxygen consumption by
microbes and can lead to a decreasing redox potential
with increasing depth. In consequence, oxides of Fe, Mn
and related potentially toxic trace elements might
dissolve due to the reduction and formation of soluble
chemical element species, (Hamilton-Taylor et al.,
1995); 3) Mobilization through ion-exchange reaction.
(Abbas et al., 2003); 4) Mobilization  through
complexation and ligand exchange reactions. The
presence of natural complexing agents, such as humic
substances in water and dissolved organic carbon from
microbial decomposition of organic matter in the heap
body, can significantly increase the amount of leaching
elements (Janos et al., 2002). (Popovic et al., 2009)
experimented on the potential leaching of chemical
elements from coal dumps, near Belgrade (Serbia). To
assess the leaching potential, the ash samples of the heap
were extracted with solutions with decreasing pH values
(8.5, 7.0, 5.5 and 4.0), simulating the reactions of
alkaline ash particles with possible alkaline, neutral and
acidic waters (e.g. acid rain). The authors could
demonstrate that the greatest environmental threat is
recently deposited "fresh” ash, which releases
significant quantities of potentially toxic elements even
at the lowest pH level. In contrast, "aged" ash has
already lost its potential for pollution due to constant
leaching in landfills (Popovic et al., 2009). Various bio
fertilizers and organic substances were added to reduce
the mobilization of heavy metals to increase the pH level
(Asha et al., 2008). The oxidation of pyrite and the

release of oxidation products from low-grade coal waste
heaps into the groundwater have been investigated by
geochemical and hydro geochemical methods at the
Alborz Sharghi Coal Flushing Plant, Shahrud, North-
east Iran. The analysis showed that at a standard pH of
7.410 7.5, the concentration of leached elements such as
Fe, S, Cu, Zn and Co was not altered, but began to
increase sharply in the sludge with a decrease in pH
(Faramarz et al., 2011). A direct relationship between a
decrease in pH and an increase in the concentration of
Fe, Cu, Mn and Ni was observed during a
physicochemical experiment in wastewater taken from
different mines in India (Tiwary, 1999). Although many
heavy metals are essential components of pigments and
enzymes (mainly Cu, Ni, Zn, Co, Fe and Mo) for algae
and plants, all metals/metalloids, especially cadmium
(Cd), lead (Pb), mercury (Hg) and copper (Cu) are toxic
in higher concentrations because they disrupt enzymes,
replace the essential metals in pigments and foster
production of oxygen species (Petr et al., 2009). The
similarity of some non-essential elements to essential
elements (for example, Cd-Zn, Se-S or AsO;*- PO43
pairs) causes their high uptake rates and high toxicity to
plants due to the possibility of replacing essential metals
in enzymatic systems (Petr et al., 2009). There are many
different approaches to removing potentially toxic
elements from contaminated substrates; however, most
methods are restricted to small areas and off-site
remediation of the contaminated material. A possible
on-site approach to remove potentially toxic elements
from heaps and mine dumps is phytoremediation
(Heilmeier & Wiche 2020). Phytoremediation is an
innovative, cost-effective and environmentally friendly
"green" technology to remove or stabilize contaminants
in soil (McGrath et al., 2002). In the course of
phytoextraction,  plant-available  elements  are
accumulated in plant biomass, which can be
subsequently removed from the site after harvest. In
contrast, phytostabilization deploys the ability of certain
plants to convert dissolved element species in soil into
immobile forms (McGrath et al., 2002). In this regard,
knowledge on the accumulation potential of different
plant species, their heavy metal tolerance, growth
characteristics on a specific substrate and soil-associated
factors and plant-associated factors influencing the
phytoextraction efficiency is decisive. Concerning
phytoremediation of fresh coal heaps the use of pioneer
plant species characterized by fast germination and fast
development of dense plant cover offers numerous
benefits, including erosion stability of the heap,
reduction of rainwater infiltration and removal of
potential leaching of compounds into neighboring water
bodies. At the same time, the plant species can be used
for element extraction or enhanced stabilization of the
elements in the root-zone which predominantly depends
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on species-specific functional and morphological traits
and physicochemical substrate properties such as the
distribution of elements in mobile element fractions, soil
pH and organic matter contents (Wiche et al., 2017b).
The increase in water-soluble forms of Cd with lowering
the pH level in the substrate was observed by (Eriksson
etal., 1989). However, in this experiment, no excessive
extraction properties of perennial ryegrass (Lolium
perenne) and rapeseed (Brassica napus) could be
measured. In contrast, (Igbal et al., 2012), observed a
direct relationship between a decrease in pH and an
increase in the concentration of Cd and Zn in the plants
dandelion (Taraxacum officinale) and ribwort plantain
(Plantago lanceolata). Additionally, (Reddy et al.,
1977) reported a significant negative relationship
between substrate pH, the concentration of water-
soluble forms of Pb and Cd, and accumulation of the
elements in rice (Oryza sativa). To our best knowledge,
there is no report available in the literature dealing with
the effects of soil pH on element mobilization in coal
mine tailings and availability of the elements to ruderal
grass species native in Western Donbass.

Thus, in the present study, wall barley
(Hordeum murinum) and japanese brome (Bromus
japonicus) were cultivated on a substrate from a coal
waste heap in the Western Donbass, Ukraine under
conditions of decreasing soil pH. Element
concentrations in leachate solutions and element
uptake by plants were measured by ICP-MS (Co; As;
Cu; Pb; Mn; Zn and Cr) to explore the fate of
elements in the substrate with decreasing pH and
evaluate the prospects for the reclamation of heaps in
the Western Donbass.

2. MATERIALS AND METHODS
2.1. Study area

The object of the study was a coal waste heap
in the Western Donbass, Ukraine. The Western
Donbass is a coal basin within the Dnipropetrovsk
region, part of the Donetsk coal basin. In 2020,
Ukrainian miners received about 18.9 million tons of
coal. This, in turn, is accompanied by the formation
of approximately 60 million tons of rocks, which are
stored in special areas forming dumps (The coal
mining industry, 2021). Sampling for the study was
performed on the basis at the mine "Heroiv
Kosmosy", village Verbky, Ukraine. The samples
were freshly extracted rock from the mine.

2.2. Physicochemical analysis of substrate
quality

The analyses were conducted in the laboratories

of the Institute of Biosciences at the Technische
Universitat Bergakademie Freiberg. The soil reaction
(pH) and electrical conductivity (EC) were measured
according to Sobek et al., (1978). Five grams of fresh
soil samples were mixed with 50 ml deionized water
and shaken for 1 h. The pH and EC values were
measured directly from the centrifuged solutions using
pH- and EC-electrodes. For analysis of mineral N,
NOs and NH4* were extracted from soil samples with
deionized water and 1 M KCI, respectively, and
spectrophotometrically determined according to
Bolleter et al., (1961) and Hartley et al., (1963). Plant
available (mineral) N in soil was calculated as the sum
of NH4s* -N and NOs-N. For analysis of mineral P,
phosphate was extracted from soil samples with double
lactate solution and photometrically determinate
according to (Egnér et al., 1960). All analysis of
substrate samples were done in three replicates.

2.3. Plant growth experiment

Wall barley (Hordeum murinum) and Japanese
brome (Bromus japonicus) were used as phytoindicators
of the typical ruderal vegetation of the steppe region of
Ukraine. Thirty-six pots (size of each pot: height was 10
cm; diameter was 9 cm) were filled with 0.4 kg of the
substrate. Half of the pots (18 pots) were used to
cultivate H. murinum while the other half contained B.
japonicus. Thirty seeds of each plant species, were
allowed to germinate and the seedlings were transferred
to the pots. The pots were incubated in a growth
chamber (20°C, 600 pM/m2 s PAR) in a fully
randomized design. After two weeks, the plants were
continuously watered with weekly doses of 100 mL of
tap water with pH values adjusted at pH 2-7. For pH
adjustment, a 1:10 diluted H,SOs was used which
mimics a substrate acidification by oxidation of sulfide
minerals. The humidity of the growth substrate level
was maintained at 70% of field capacity throughout the
experiment. Each of the pH treatments per plant species
was threefold replicated. Leachate solutions were
collected weekly at the bottom of the pots using a
micropipette. The experiment lasted 21 days. After this
time, the shoots of plants were cut 2 cm above the
substrate. The roots were carefully separated from the
substrate, thoroughly washed with deionized water. The
plant parts were weighed and dried at 60°C for 48 h.

2.4. Analysis of trace element concentrations
by ICP-MS

The total content of heavy metals, other
potentially toxic elements in the substrate, leachate
solutions and plant samples was determined by
inductively coupled plasma mass spectrometry (ICP-
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MS). For measurement with ICP-MS, all solid
samples (plant, substrate) were dissolved by wet acid
digestion according to Kurtz et al., (2002) and Wiche
et al., (2017a). For the determination of total element
concentrations in the heap material, representative
subsamples of the substrate used for the growth
experiment were collected and dried at 105°C for one
day. The samples were sieved (2 mm) and ground to
a fine powder using an agate mortar and pestle. The
dried plant material from each pot was ground in a
bullet mill (Retsch) to obtain homogeneous samples
for later analysis. For digestion of heap material
samples 100 mg of the dried substrate were
transferred into Teflon vessels and mixed with 200
ML deionized water, 300 pL of nitric acid (65%), 900
pL hydrochloric acid (36%) and 600 pL hydrofluoric
acid (4,9%). The digestion vessels were sealed and
placed in the microwave workstation ETHOS.lab
(MLS). The samples were heated to 200°C at a rate of
10°C-min‘t, This temperature was maintained for 20
min. The samples were removed when the system
cooled down to room temperature. In the case of plant
samples, 100 mg were transferred into Teflon vessels
with 200 pL deionized water, 1900 pL of nitric acid
(65%) and 600 pL hydrofluoric acid (4,9%). The
digestion vessels were sealed and placed in the
microwave workstation ETHOS.lab (MLS). The
samples were heated to 200°C at a rate of 10°C-min’
!, This temperature was maintained for 20 min. The
samples were removed when the system cooled down
to room temperature. Concentrations of Co, As, Cu,
Pb, Mn, Zn and Cr of the diluted digestion solutions
and leachates were determined by ICP-MS with 10
pg/L rhodium and rhenium as internal standards.

3. RESULTS AND DISCUSSION

3.1. Substrate properties of the heap
material

The pH of the substrate collected from the coal
dump was 7.68 + 0,02, the value of the electro
conductivity was 1200 £ 25 uS/cm. The results of
spectrophotometric analysis of the substrate supply of
nutrients showed that plant available (mineral) N in
substrate was 0.09 + 0.01 mg/kg, and DL-extractable
phosphate was 0.016 + 0.01 mg/kg, indicating
extremely low concentrations of these macronutrients
compared to Ukrainian soils (EuroSOMNET). ICP-
MS analysis of agua regia dissolvable of trace elements
in samples taken from the coal dump (Fig. 1) revealed
that the concentration of all measured elements
exceeds the maximum allowable concentration
(MAC), (Ministry of Health of Ukraine) in 59 (Co); 38
(As); 47 (Cu); 11.5 (Pb); 2,5 (Mn); 25 (Zn) and 64 (Cr)

times (Fig. 1). Since MAC values give a threshold for
the environmental risk assessment the heap material
must be clearly considered as a source of potentially
toxic elements. In contrast, results of the important
mineral plant nutrients nitrogen and phosphorus
showed that this substrate was clearly depleted in plant
nutrients. Thus our results show that typical mining
rock of Western Donbas and heaps containing the
material are especially problematic for the restoration
and phyto-assisted remediation. Their remediation
requires the use of plant species with low demands for
resources and particularly high metal resistance.
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Figure 1. Concentration of heavy metals and As (aqua regia
dissolvable trace elements) in comparison with the MAC.

3.2. Elements in leachate solutions affected
by plant growth and substrate acidification

The treatment of the substrate with solutions
with different pH levels led to increasing
concentrations of all investigated elements of the
leachate solutions with decreasing pH level. In pots
with H.murinum the concentrations of all measured
elements such us: Co, As, Cu, Pb, Mn, Zn and Cr
increased by 21; 2; 4; 25; 73; 16 and 62 times
respectively (Table 1). In pots with B.japonicus the
concentrations of elements: Co, As, Cu, Pb, Mn, Zn
and Cr increased by 48; 3; 10; 55; 84; 21 and 43 times
respectively (Table 2). In generally, the concentration
of soluble forms of elements were increased in the
order < Cu < Zn < Co < Pb < Cr < Mn, which may be
interpreted by dissolution of the corresponding mineral
phases and increased removal of the element from ion
exchange sites (Kabata-Pendias 2011). In addition, the
observed pattern might reflect the corresponding
stability constants of the metal sulfides. Under sulfidic
conditions these inorganic complexes are relatively
stable (Calmano et al., 1992). When fresh heap
material is in contact with atmospheric or dissolved
oxygen, the sediment is oxidized and sulfidic
compounds are dissolved by a formation of sulfuric
acid, which mobilizes, a large portion of the potentially
toxic elements. Depending on their chemical attributes,
some species remain in solution or/are re-adsorbed on
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freshly precipitated iron hydroxides and oxyhydrates
which are formed during oxidation (Calmano et al.,
1992). Our results suggests that weakly acidic
atmospheric water (pH 5-6), or acid rain (pH 4 or
below) can already mobilize chemical elements in the
heap material, highlighting their high potential risk for
the environment (Otero-Rey et al., 2005). As it can be
seen in Table 1 and Table 2 the concentrations of
soluble forms of elements were increased with
decreasing pH level with a maximum effect at pH 2.

substrate

3.3. Plant growth on the

depending on pH

The growth experiment showed that both plant
species germinated and showed good plant growth on
the heap substrate, which was irrigated with solutions
of different pH levels. Under strongly acidic
conditions, H. murinum showed better growth results,
than B.japonicus. Compared to B. japonicus,
H. murinum developed longer roots and higher shoots
length (Table 3). When the plants were watered with

solutions adjusted to the lowest pH value (pH = 2),
the length of the roots were 7 + 2 cm, shoots were 20
+ 1 cmin H. murinum, while B .japonicas developed
smaller root systems (4 £ 0.5 cm) , and smaller shoots
8 £ 0.5 cm. The total biomass at pH=2 of roots was
0.6 £ 0.01 g and shoots biomass was 0.6 + 0.02 g for
H. murinum. In contrast, under these strongly acidic
conditions, roots of B. japonicus were 0.6 = 0.01 g
and shoots were 0.5 + 0.02 g, which could indicate a
higher stress resistance in H. murinum compared to B.
japonicus and highlights the applicability of H.
murinum for the remediation of sulfidic mineral
environments. Relationships between the
investigated plant growth parameters, the biomass
and the pH levels of the watering solutions are
presented in Table 3.

3.4. Element concentrations in plants
ICP-MS analysis of aqua regia substrate extracts

(Tables 1 and 2) and elements accumulated in plant
biomass (Tables 4 and 5) allowed the evaluation of

Table 1. The concentration of aqua regia extractable elements and element concentrations in soil leachates of pots

with Wall barley (Hordeum murinum)

Aqua regia extractable elements in the substrate with Element concentrations in leachate solutions of pots with Hordeum
Hordeum murinum (mg/kg) murinum (mg/L)
Co As Cu Pb Mn Zn Cr Co As Cu Pb Mn Zn Cr
17.6 8.1 20.8 125 318 68.9 90.5 124 0.2 1.7 1 286.7 141 0.5
pH2 | 0.1 | #0.05 | #0.2 +0.1 +0.5 +0.2 +0.2 +0.1 +0.05 | #0.02 | +0.01 +0.1 +0.02 | #0.02
16.2 7.8 204 | 123 309 70.1 874 1.6 0.1 1 0.08 21.2 1.9 0.008
pH3 | #0.1 | #0.05 | #0.2 | #0.1 | #05 | #0.2 0.2 | #0.05 | #0.05 | +0.02 | +0.001 +0.1 +0.02 | +0.002
144 6.5 156 | 16.3 261 55.5 68.7 15 0.2 0.2 2.8 29.7 0.6 0.02
pH4 | #0.1 | #0.05 | #0.2 | #0.1 | #05 | #0.2 0.2 | #0.06 | #0.05 | +0.02 | +0.01 $0.2 +0.02 | +0.002
16.2 18.2 18.2 12.3 285 65.1 110.1 0.9 0.1 0.5 0.1 9.8 16 0.02
pH5 | 0.1 | #0.05 | #0.2 +0.1 +0.5 +0.2 +0.2 +0.05 | #0.05 | £0.02 | #0.01 +0.1 +0.02 | +0.002
19.2 8.5 232 | 140 392 815 | 131.8 0.9 0.1 0.3 0.03 5.1 14 0.01
pH6 | #0.1 | #0.05 | #0.2 | #0.1 | #0.5 | #0.2 0.2 | #0.05 | #0.05 | +0.02 | +0.001 | +0.08 +0.02 | +0.002
16.1 1.7 19.0 114 287 62.9 98.4 0.6 0.09 0.4 0.04 3.9 0.9 0.008
pH7 | 0.1 | #0.05 | #0.2 +0.1 +0.5 +0.2 +0.2 +0.01 | £0.005 | +0.02 | +0.001 +0.1 +0.02 | +0.002
Table 2. The concentration of aqua regia extractable elements and element concentrations in soil leachates of pots
with Japanese brome (Bromus japonicus)
Agua regia extractable elements in the substrate with Bromus | Element concentrations in leachate solutions of pots with Bromus
japonicus , mg/kg japonicus , mg/L
Co As Cu Pb Mn Zn Co As Cu Pb Mn Zn Cr
17.6 9.2 184 | 13.0 339 71.9 78.1 9.5 0.2 1.9 11 200.7 104 0.3
pH2 | #0.1 | +0.04 | 0.2 | #0.05 | #0.1 +0.1 +0.1 +0.1 +0.04 +0.1 +0.05 +0.1 +0.1 +0.02
15.9 9.3 16.7 11.8 289 62.3 66.6 0.8 0.08 0.9 0.07 12.9 0.8 0.01
pH3 | #0.1 | +0.04 | 0.2 | #0.05 | #0.1 +0.1 +0.1 +0.05 | £0.004 | +0.05 | +0.005 +0.1 +0.02 | #0.002
16.2 8.6 20.9 135 322 71.6 80.5 0.9 0.1 0.3 4.4 5.6 1.1 0.007
pH4 | #0.1 | #0.04 | +0.2 | #0.05 | 0.1 +0.1 0.1 | #0.01 | #0.04 | #0.02 | +0.05 +0.1 +0.02 | +0.001
175 10.0 201 | 171 332 71.0 95.8 2 0.3 0.2 0.04 13.6 14 0.007
pH5 | #0.1 | +0.04 | 0.2 | #0.05 | #0.1 +0.1 +0.1 +0.02 | +0.04 | +0.02 | +0.005 +0.1 +0.1 | +0.001
11.9 8.9 13.9 9.1 242 49.0 65.6 1.1 0.1 0.2 0.03 4.1 1.2 0.01
pH6 | #0.1 | +0.04 | 0.2 | #0.05 | 0.1 +0.1 +0.1 +0.1 +0.04 | #0.02 | +0.005 +0.1 +0.05 | #0.001
17.9 8.6 201 | 124 444 70.2 89.6 0.2 0.06 0.2 0.02 24 0.5 0.007
pH7 | #0.1 | #0.04 | +0.2 | #0.05 | 0.1 +0.1 0.1 | #0.02 | +0.004 | +0.02 | +0.005 +0.1 +0.02 | +0.001
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the phytoremediation potential of the two plant species
at different pH levels and the calculation translocation
factors (Table 6). Generally, the total concentration of
elements in H.murinum were increased with
increasing pH levels (Table 4).

Table 3 - Correlation between their biomass and plant
growth at different pH levels (HM = H. murinum, BJ = B.

Compared to H. murinum, B. japonicus accumulated
higher concentrations of the heavy metals and other
toxic elements in roots and in shoots. Our study shows
that concentrations of Co; As; Mn; Zn and Cr in plants
increased sharply when plants were irrigated with
acidic solution showed highest concentration at pH of
4-5. This is in good agreement to the increased element
concentrations found in leachates (Tables 1 and 2) and

japanicus) seems to be the optimal pH-range for a
Root Shootof | Root of Shoot phytoremediation of coal waste dumps. Most probably
of HM HM BJ BJ at this pH element acquisition and accumulation is
% - % % optimal while plant growth and health was not
pHZ | 062001 | 065002 06£001 | 05xo00z | Significantly affected.
pH3 1.17;?.02 1.§0ii0.103 O.Lé i %'.?)2 of; 1 (())'_%1 Table 5 — Concentrations in shoot/in root in B. japonicus
112 1513 S+1 10+1 Elements Concentration in shoot mg/kg
pH4 | 1.1+£0.01| 1.9+£0.02 | 1.3+0.01 | 1.6 +0.02 Concentration in root mg/kg
ISTG 0.97;01.01 1.}15;0.201 0.24;01.01 1.é0J_r+o.101 pHZ | pH3 | pH4 | pHS5 | pHE | pH7
442 15+ 2 4+1 10 + 2 Co 8.5 6.7 164 | 4.9 4.4 6.6
pH6 | 0.3+£0.02 | 1.2+0.02 | 09+ 0.01 [ 0.8+0.01 7.2 79 [ 113 | 67 | 93 | 9.1
542 17+ 2 4+1 10+ 2 As 1.7 2.8 13.9 2.5 8.6 2.2
pH7 | 0.3£0.02 | 0.9+0.01 | 03+£0.02 | 0.8+0.02 2.1 3.7 | 31 | 19 [ 13 | 219
6+ 3 19+1 2405 10+ 1 Cu 14.6 124 | 29.6 6.6 125 | 15.0
117 | 82 | 152 | 78 | 75 | 77
Table 4 — Concentrations in shoot/in root in H. murinum Pb 2.7 49 1209 | 40 | 32 | 44
_ 5.2 42 | 111 ] 35 | 32 | 36
Elements Concentration in shoot mg/kg Mn 280 174 | 496 | 139 | 151 | 234
Concentration in root mg/kg 153 253 | 301 | 246 | 217 | 281
Zn 80.7 | 487 | 145 | 29.0 | 70.0 | 69.8
PHZ2 | pH3 | pH4 | pH5 | pH6 | pH7 385 | 405 | 87.1 | 545 | 50.4 | 37.8
Co 4.6 6.0 | 46 | 25 | 115 [ 4.2 Cr 114 | 236 | 448 | 197 | 114 [ 193
109 | 229 | 158 | 112 | 185 | 36.3 269 | 205 | 339 | 11.1 | 105 | 154
As 15 17 | 1.2 | 04 | 32 | 118
35 46 | 47 | 48 | 38 | 488 3.5. The translocation factor
Cu 11.0 | 12.6 | 104 | 116 | 189 | 124
124 | 196 | 165 | 113 | 129 | 254 The roots/shoots concentration ratio was
P 15215 ;:g 162'_28 ;:g 2; %i calculated for each element. This quotient shows the
Mn 173 | 183 | 204 | 320 | 247 | 222 | (translocation factor (TF) of heavy metals and As from
179 | 483 | 276 | 274 | 359 | 705 | roots to shoots (Table 6). The translocation factor was
Zn 478 | 486 | 389 | 50.8 | 72.9 | 495 | higher in the B. japonicus than in H. murinum for all
396 | 652 | 631 | 405 | 419 | 710 | elements. For B. japonicus TFs ranged between 0.4 -
Cr 133 | 115 | 118 | 41 | 462 | 59 | g6 \while at the same time it ranged between 0.1 - 1.7
19.4 | 49.4 | 381 | 105 | 38.7 | 388

The lowest concentrations of all elements in
shoots and roots were observed when plants were
irrigated with solutions pH=7. Hordeum murinum
accumulated higher concentration all elements in roots
than in shoots. Surprisingly, our data shows that the
elements concentration in leachate solutions and
concentrations in the plant parts of H. murinum were
not directly related to each other. Possibly, the pH
value and resulting increase in the concentration of
toxic elements in soil solution negatively affected
nutrient homeostasis and plant growth through metals
toxicity which can negatively affect the accumulation
of the studied elements (Schulz et al., 2012).

in the H. murinum. The highest TF values were
observed under near neutral and slightly acidic
conditions (Table 6) representing the typical pH values
of fresh or slightly aged dump material (see Section
3.1). Higher TF values in B. japonicus suggest the high
value of this plant species for a phytoremediation in a
sense of phytoextraction which requires the elements
to be transferred into the shoot biomass which can be
easily harvested. Due to higher growth rates of roots
and shoots of H. murinum, especially under acidic
conditions H. murinum must be considered as a
meaningful candidate for a phytoremediation by
phytostabilization where the elements are stored in
roots which prohibits their movement into neighboring
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sites or water bodies.

Table 6 — The translocation factor in H. murinum and

B. japonicus
Element TF in the Hordeum murinum
TF in the Bromus japonicas
pH2 | pH3 | pH4 | pH5 | pH6 | pH7
Co 0.4 03 | 03] 03] 06 | 01
1.2 08 | 14 | 0.7 | 05 | 0.7
As 0.4 04 | 02 | 01 | 0.8 | 0.2
0.8 07 | 45 | 1.3 | 6.6 | 0.1
Cu 0.8 0.6 | 0.6 1 15 | 05
1.2 15|19 | 08 | 17 | 19
Pb 0.5 0.3 |05 03 | 09 | 0.2
0.5 1.2 | 19 | 11 1 0.8
Mn 0.9 04 | 07 | 1.2 | 0.7 | 0.3
1.8 0.7 | 16 | 0.6 0.7 | 0.8
Zn 1.2 07 | 06 | 1.2 | 1.7 | 0.7
2.1 1.2 | 16 | 06 | 0.7 | 0.8
Cr 0.7 02 | 03 | 04 | 12 | 01
0.4 1.1 | 13 | 18 | 1.1 | 1.2

We could demonstrate, that Wall barley
(H. murinum) and Japanese brome (B. japonicus) can
be used like pioneer plants. They showed resistance
to germination on a substrate from a coal waste heap
under conditions of decreasing soil pH.

4. CONCLUSION

We could demonstrate that dump material from
the coal waste dump of "Heroiv Kosmosy", contains
considerable amounts of potentially toxic elements,
while it is impoverished by most macronutrients for
plants. Thus, a phytoremediation of coal waste dumps
is particularly challenging. The initial pH of the dump
material is slightly alkaline but typically decreases
with ongoing sulfide oxidation. We have demonstrated
that a lowering in pH beyond a value of pH 4 strongly
mobilizes Co, As, Cu, Pb, Mn, Zn and Cr, which can
threaten the environment. Both pioneer grass species
H. murinum and B. japonicus, respectively showed
good germination rates on the substrate and are
meaningful candidates for a phyto-assisted
remediation of the waste heaps. In direct comparison,
H. murinum was characterized by better growth
properties (longer roots and shoots) compared to
B. japonicus, especially under strongly acidic
conditions. Concomitantly, H. murinum preferably
accumulated the investigated elements in the roots
while B. japonicus showed a substantially higher root—
shoot transfer. This highlights that both plant species
are meaningful candidates for a phytoremediation of
coal waste dumps. On fresh coal wastes with an initial
pH of 7.8 both grasses can improve erosion stability of

the dumps and could reduce leaching of toxic elements
by a reduction of rainwater infiltration. With ongoing
sulfide oxidation and substrate acidification our results
suggest that H. murinum could be used for a
phytostabilization of contaminants characterized by
low TFs, while B. japonicus is a meaningful candidate
for phytoextraction of toxic elements in mining areas,
in the Western Donbas. Future studies will explore the
benefits of intercropping of both species to increase the
remediation efficiency on the coal dump and evaluate
the remediation efficiency under field conditions.
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