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Storage of ash and slag waste causes a number of environmental problems,
including the transformation of natural geochemical cycles and the change
of the natural radioactive background due to the increased concentration of
heavy metals and radioactive isotopes in coal combustion products. Plants
can provide an effective approach for the analysis and monitoring of heavy
metals contamination. Additionally, vegetation plays a significant role in
the restoration and remediation of heavy metal-contaminated soils. The
application of plants in phytoremediation is a green and sustainable solution
for decontaminating polluted sites. Moreover, the key role in the restoration
of contaminated sites belongs to native species. Within the presented research,
the abilities of native dominant species to accumulate and tolerate heavy
metals in conditions of ash and slag dumps were investigated on a limited
number of samples. Primary analysis of the bioaccumulation of heavy metals
through the bioaccumulation coefficient showed that zinc has the highest
accumulation capacity in the studied species. The ability to bioaccumulate
the analyzed heavy metals decreases in the following order: Zn > Fe > Cu
> Mn > Cd > Ni > Pb. Indexing the biogeochemical activity of the tested
species showed higher levels of biochemical activity for Anthemis arvensis L.
than for Achillea millefolium L., however, these data need to be confirmed
by statistical analysis. Determination of the translocation index of elements
reflected the high mobility of zinc and cadmium with a high rate of transferring
to above-ground biomass, but the potential for accumulation requires scaling
up the experiment with the involvement of a larger number of samples and
performing statistical data processing. Due to their ability to accumulate heavy
metals in roots, plant species could be used for phytostabilization. Establishing
methods of biomonitoring and the development of green reclamation
technologies with native species application need further research with both
selected species and other local species. The presented research showed
primary results of bioindication and references for phytoremediation of heavy
metal contamination of the ash and slag dumps, which is relevant for other
similar environmental conditions.

Key words: pollutants, heavy metals, bioaccumulation indexes, vegetation of
technogenic ecotopes, phytoremediation.
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Knrouoei cnoea: nonromanmu,
BAJICKT Memaau, poCaAUHHICMb
MEXHO2EHHUX eKOMONI8, ITHOeKCU
bioaxymynayii, gpimopemediayis.

Hakonmdennst Ta 30epiraHHs — 30JOMDIAKOBIIBANIB  BHUKIMKAE  HHU3KY
EKOJIOTTYHUX MPOOJIeM, cepel SKUX TpaHchopMalliss MPUPOIHUX TEOXIMIYHUX
[OUKJIiB, 3MiHa TPUPOJHOTO PATIOAKTHBHOIO (OHY dYepe3 IiJABHIICHHS
KOHIICHTpAIli BaXXKHX METAJIB Ta PaJlioaKTHMBHUX 130TOMIB Yy MPOAYKTaX
CHAJIOBaHHS Byriunis. POCIMHHI OpraHi3aMH € BHCOKOIH(OPMATHBHHUMH
OloiHMKaTOpaMK 3a0pYITHEHHS BAXXKUMH MeTaiiaMu. KpiM Toro, pocIMHHICTD
BIJII'pa€e MPIOPITETHY POJb Y BIJHOBICHHI Ta PEKYJIBTUBAIll 3a0pyIHEHUX
BOXKUMH MeTajaMH TPYHTiB. BHKOpUCTaHHS pocimH y (itopemenmiarii €
MEPCIIEKTUBHUM, €KOJIOTIYHO CTIHKHMM PIIIICHHSM JIJIs BiTHOBJICHHS TEPUTOPIH,
10 3a3HaIH 3a0pyIHEHHS BAXKKUMHU MeTanaMmu. CIIiT 3a3HaYHTH, 110 KITI0Y0Ba
POJb y BiTHOBIICHHI TaKWX 3€MENb HAJCSKUTH CaMe MICIIEBUM aO0OpUTCHHUM
BAAaM. Y TPEACTaBICHOMY JOCIIKCHHI TOKa3aHO TIEPBUHHE JIOCIIIKECHHS
Ha 0OMEXeHIH KUTbKOCTI 3pa3KiB 37[aTHOCTI a0OPUTCHHHUX BHUJIB POCIHH IO
AKyMYJISIIIIT BaXKKHUX METAJTIB Ta CTIHKOCTI JIO HUX B yMOBaX 30JI0IIJIAKOBIIBAIB.
AHai3 HAaKONMMYCHHS BaXXKUX METAJB dYepe3 Koe(ilieHT OioaKyMyJisimii
[I0Ka3aB IO HAMBHINY aKyMYIIOIOUY 3IATHICTh Y IOCHIIKyBaHHX BHAAX
BHSIBIISIE IIMHK. 3/IaTHICTh aHATI30BaHUX BKKHX METAIB JIO 010aKyMYJIsIIii
3MEHIIYEThCS y TOPsIKY: Zn > Fe > Cu > Mn > Cd > Ni > Pb. Ilonepeans
OIIIHKA IHeKcaIlii 010reoXIMIYHOT aKTHBHOCTI TOCITI/KYBAaHUX BUJIIB ITOKa3aJia
JICIIIO BUIIII PiBHI 010XIMIYHOT aKTUBHOCTI Anthemis arvensis L., anix Achillea
millefolium L., nmpote 1 naHi MOTpPeOyIOTh MIATBEPHKCHHS CTaTUCTHYHUM
aHaJIi30M Bu3HaueHHS iHJCKCY TpaHCIIOKAIlil eJIEMEHTIB BiOOPa3HIIO BUCOKY
PYXJIIUBICTB IIMHKY Ta KaJIMIIO, III0 XapaKTEePU3y€ThCS BUCOKOIO IHTCHCHBHICTIO
Iepexofy IUX eJEeMEHTIB Yy Haa3eMHy Oiomacy. 3aBISIKM 3HaTHOCTI
HAaKOIIMYYBaTH BaXXKi METAld B KOPCHSX, JMOCIIIKYBaHI BHUAW POCIHH
MOYXHa BHKOPHCTOBYBaTH JiIsi (piTocTabumizalii, OHAK aHai3 MOTEHIATy
IO akymysimii morpeOye MmacmTaOyBaHHS EKCIIEPUMEHTY 13 3alydeHHIM
OUTBIIOT KIJTBKOCTI 3pa3KiB Ta MPOBEICHHS CTATUCTUIHOT 00poOKH nanux s
ITUPOKOTO BIPOBAKCHHS METOJIIB O10MOHITOPHUHTY Ta PO3BHTKY TEXHOJIOTIH
(biTOpeKyIBTHBAIIT 13 3aCTOCYBaHHSIM MICIIEBUX BUJIIB HEOOXIIHI MOAAIIBIIN
JIOCITI/DKEHHSI 1K 13 OOpaHWMU BHJIAMH, TakK 1 3 IHIIMMH MICIICBUMHU BHJIaMHU.
[IpencraBnene AOCTIKEHHS BiI0OpaXkae IEPBUHHI Pe3yJIbTaTh Ol0iHHKAIIIT
3 BHKOPHUCTAHHSM JBOX BHJIB a0OPUTCHHHOT (PJIOPH, a TAKOXK BHCBITIIOE
MEPCIICKTUBH  BUKOPHCTAHHS JIOCHI/DKYBAaHMX BHUAIB Yy (iTopeMesiarii
3a0pyIHEHUX BAKKUMHU METaJaMH TEPUTOPIT 30JI0IIIAKOBI BAITIB.

Knrouoei cnosa: nonomanmu, 8adicki memanu, poCIUHHICING MEXHOSEHHUX
exomonis, inoexcu oioakymynayii, gimopemediayis.

Introduction
Thermal power plants are sources of heavy metal

thermal energy production®®. Fly ash contains toxic
metals like Zn, Cd, Cr, Pb and Ni, which can cause
environmental threat”8. These toxic elements leach

contamination as during the process of coal combustion
a significant amount of various trace elements,
including heavy metals (such as Pb, Cu, Mn, Zn,
Ni, Cd etc.) released to the environment'?. It causes
numerous environmental problems — contamination
of heavy metals is one of the most pressing threats to
water and soil resources as well as human health®*>.
Storage of waste from coal combustion (ash and
slag) is another factor of environmental risk from
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out from the fly ash dumps and contaminate nearby
soil surfaces and groundwater’. Henceforth, heavy
metals from fly ash during leaching influence on
living organisms'®. Within the influence of the
Burshtyn TPP an increase in concentrations of mobile
forms of heavy metal compounds in the environment
was shown in previous researches®'®!'. In addition,
soil contamination with radionuclides is observed''.
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Vegetation as a first acceptor in food chains has a
key role in the accumulation of heavy metals'>!*. Due
to accumulation ability, plants are the most useful
organisms to evaluate metal contamination'*!>!6,
However heavy metal concentrations in plants differed
between species indicating their different strategies
for metal accumulation'®. Numerous research
dedicated to analyzing heavy metal accumulation
by herbaceous species'>!°. There are several studies
about the accumulation of heavy metals in fly ash
lagoons and fields around coal-fired power stations
which are contaminated with fly ash!”!8:1920,

The problem of heavy metal contamination
requires sustainable and effective solutions. One
of the environmentally friendly approaches is
the application of plants in phytoremediation®'*.
Phytoremediation is a green remediation strategy,
which is highly efficient for the decontamination of
heavy metal-pollutions®**. Comparing the potential
environmental influence of phytoremediation with
other treatment technologies, such as chemical and
engineering treatments, phytoremediation impresses
as the sustainable alternative®>. Nevertheless, there
are critical challenges against the potential of
phytoremediation prevail: the lengthy time required
and what should be done with the metal-including
plant material®* Despite this limitation, environmental
benefits prevail: it enhances biodiversity, helps protect
soil, diverse sources of energy and has aesthetic
benefits*.

Native dominant plant species are considered
keys to the restoration and remediation of heavy
metal contaminated soils*>?. Local native plants
used for the remediation were better adapted to the
soil properties, toxicity level and environmental
conditions of the contaminated site?”-*%. The dominant
plant species found on contaminated sites show clear
tolerance and accumulation traits for heavy metals.
They have a defence mechanism against high levels
of heavy metals through a prolonged process of
natural selection, resulting in their ability to withstand
these conditions”. Phytoremediation proposes could
be fit as herbaceous perennials as well as woody
species®, but as herbaceous species are pioneers and
appear first, they could be more efficient than shrubs
or trees. Herbaceous species usually adapt faster to
adverse conditions because of their life cycles?®. The
main demands for phytoremediation species are well-
developed roots, large biomass and tolerance to the
high metal concentrations'?, which are inherent for
herbaceous vegetation. Beneficial of spontaneous
vegetation for phytoremediation purposes in examples
of mine sites were shown in several researches?*".

Plants are particularly useful for analysis and
monitoring heavy metals due to their stationary nature,
making them ideal in sifu bioindicators — plants can
provide a cost-effective long-term approach for
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monitoring metal pollution'>'®!?. At the same time,
vegetation covers could be used for reclamation of
heavy metals contaminated sites?*?%%, For establishing
methods of biomonitoring and development of
green reclamation technologies, investigation of
the abilities to accumulate and tolerate against trace
metals plant species is needed. Due to the high level
of pollution of ash and slag dumps, the investigation
of heavy metals concentration in plants and their
ability to decontaminate the pollutants is especially
important in the context of sustainable development
of the region.

Therefore, the aim of this study is: (1) to measure
metal contents in the native dominant plants; (2) to
evaluate the migration potentials of these native
dominant plants; (3) to estimate species abilities to
remediation and their prospects for phytoremediation
in the research area. Despite that the study contains
limited data, the research results can provide valuable
information about native species bioindication ability
and their relevance for remediation of heavy metal-
contaminated soil in the ash and slag dumps and other
similar environmental conditions.

Materials and methods

The study area is the ash and slag dump site Ne3
of Burshtyn Thermal Power Plant. Burshtyn TPP
annually produces more than 20 thousand tons of
solid residues of fuel combustion products. The
overall storage facility of ash and slag dump site Ne 3
is 24,674 million m?, currently filled for 98.5 % of its
capacity.

Soil sampling was carried out in July 2021 at
previously determined points. The sampling approach
was random; generally, there were 9 test plots. The soil
samples were collected from the top layer (0—20 cm)
of the soil profile after removing the surface cover.
One kilo of soil samples from each point was collected
and then stored in plastic bags until chemical analysis.

Two of the most common on the study site
herbaceous plants (Achillea millefolium L. and
Anthemis cotula L.) were selected for testing of metal
accumulation abilities. Plant samples were collected
in the area of the soil sampling point and a total of
30 plant samples. Herbaceous plant samples were
divided into roots and shoots and washed gently to
remove soil particles adhered to the plants. After
washing, plant samples were air-dried at room
temperature for two weeks. Mixed samples of dried
plants (separately above and below ground biomass)
and leaves were 100 gr each. In total, there were
9 samples of each species.

Samples of plants, soil were subjected to
an anatomic absorption  spectrometer  with
spectrophotometer AAS-3 to be analyzed for metals
like Cd, Zn, Ni, Fe, Mn, Cu and Pb*'. The instrument
setting and operational conditions were done in
accordance with the manufacturers’ specifications
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and according to the Ukranian national analyzing
standards®>,

Based on the results of the concentration of heavy
metals, the average mean and the standard error of
the mean (M+m), minimum (Min) and maximum
(Max) of values and the coefficient of variation
(CV, %) were calculated.

Since metals exist in different solid-phase forms
that can vary greatly in terms of their bioavailability,
the determination of total soil metal content is not
a good measure'®. A more useful tool to quantify
contamination and potential environmental and
human health risks is the assessment of bioavailability.
The bioaccumulation factor (BAF) determines the
efficiency of the plant accumulating heavy metals
from soil and calculated BAF as the ratio between
metal concentrations in root to metal concentration in

soil outside the root zone?'**:
BAF:Cplant / Csoil
C_—heavy metal concentration in plant tissue, mg/

plant
kg dry weight.
C,,, — heavy concentration in soil, mg/kg dry weight.
For the quantitative expression of the general ability
of a plant species to the concentration of heavy metals,
the biogeochemical index of activity (BIA) of the
species was used, which is the total value obtained from

the composition of the BAF of individual metals®:
BIA_ =Y BAF.

species

For herbaceous plants we detect the translocation

factor (TF) which is calculated to evaluate the ability

of plants to translocate heavy metals from roots to
shoots?!-:

TF=C

plant shoot
slanishoots heavy metal concentration in plant shoots,

mg/kg dry weight.

plant root

lanfsroots — heavy metal concentration in plant roots,
mg/kg dry weight.

Plant species with both bioconcentration factor
(BCF) and translocation factor (TF) greater than one can
potentially be used for heavy metal phytoextraction and/
or phytostabilization?'**. Plant species with TF > 1 are
regarded as good phytotranslocators'®. This implies that
these species effectively accumulated and transferred
heavy metals from the soil to the above ground parts'®.
Plants with translocation and bioaccumulation values
less than one are excluders and are not suitable for
extracting heavy metals from soils®.

Results

Evaluation of analyzed samples of herbaceous
plants reflects the concentration tendency: the highest
concentration was detected for Fe, Mn and Zn, the
lowest one was for Cd. The concentration of mobile
forms of heavy metals in herbaceous plants is shown
in Table 1.

Achillea millefolium accumulated metals in the
following order: Fe > Mn > Zn > Cu > Ni > Pb >
Cd. Maximum accumulated ones were Fe and Mn —
549,02 mg/kg and 58,9 mg/kg respectively, minimum
accumulated element was Cd — 0,34 mg/kg.

Anthemis arvensis accumulated metals in the same
order, but with differences of concentration of Ni and
Pb: Fe > Mn > Zn > Cu > Pb > Ni > Cd. Anthemis
arvensis to compare with 4. millefolium accumulated
less Ni than Pb. In A. arvensis maximum accumulated
ones were Fe and Mn — 529,67 mg/kg and 46,7 mg/kg
respectively. The minimum accumulated element was
Cd - 0,49 mg/kg. In general, A. arvensis accumulated
higher concentrations of Cu, Zn, Pb, Cd than A.
millefolium.

The ability to accumulate high concentrations of
metals into plants aboveground biomass was estimated

Table 1 — Heavy metals concentration in 9 samples of herbaceous plants

Achillea millefolium
Heavy metal
Cu Zn Pb Ni Cd Mn Fe
549,02 £
M+m 7,71+£0,45 | 19,36£1,74 | 2,37+0,19 | 3,04+0,34 | 0,34 +0,06 | 58,88 +27.,8 268.9
Max 9,9 28,6 3,6 5,5 0,7 279,5 2544
Min 6,2 12,3 1,5 1,8 0,2 17,1 93
CV, % 17,43% 27,05% 24,82% 33,46% 56,43% 141,77% 146,98%
Anthemis arvensis
Heavy metal
Cu Zn Pb Ni Cd Mn Fe
2,83 + 2,89 + 0,49 + 46,66 = 529,67 =
M=+m 9,56 £0,77 | 28,78 =3,31 0.18 0.64 0,08 571 211.82
Max 13,5 51,3 4,1 6,4 0,9 67 1556
Min 6,6 16,9 2,3 1,1 0,2 15,8 77,8
CV, % 24.25% 34,51% 19,09% 66,23% 51,59% 36,75% 119,97%
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Bioaccumulation factor of tested plants

10,000
9,000
8,000
7,000
6,000
5,000
4,000
3,000
2,000
1,000
0,000

8,548

5,799
67

4,68 4,7
2,82
2441 5 503
I ,892 I I ,967
Cu Zn Pb Ni

9,033
8,269

3,15

0,928
0,012.

Cd Mn Fe

HA. millefolium W A. arvensis

Figure 1. Bioaccumulation factor of tested plants (calculated based on 9 samples

of each species and 9 samples of soil)

using the bioaccumulation factor and translocation
factor. We calculated the bioaccumulation ability of
selected species using the bioaccumulation factor
(BAF). Among analyzed plant species, the average
value of BAFs of the heavy metals is decreased in
the order of: Zn > Fe > Cu > Mn > Cd > Ni > Pb. The
highest accumulative ability shows Zn, the lowest —
Pb (Fig. 1).

Different species have different potential for heavy
metal accumulation. Estimating of species metals
accumulation was based on their biogeochemical
index of activity (BIA) — a higher BIA coefficient
of accumulation was detected for Anthemis arvensis
(27,606), when Achillea millefolium biogeochemical
index of activity was 26,910.

Translocation factor (TF) as the ratio between
underground and aboveground heavy metal
concentration in plant biomass was detected too
(Table 2).

The translocation factor for Achillea millefolium
growing on the study site was found in the order of
Zn> Cd>Pb> Cu > Ni> Mn > Fe. The highest value
of TF in plants was for Zn with an average value of
1,516, and the lowest one was for Fe with an average
value of 0,115.

The translocation factor for Anthemis arvensis
growing on the study site was found in the order of
Zn> Cd>Pb> Cu> Mn > Ni > Fe. The highest value
of TF in plants was for Zn with an average value of
1,609, and the lowest one was for Fe with an average
value of 0,082.

In the present study TF of all elements lower than
one, except Zn in two samples and Cd in one sample.
This finding indicates low mobility of Cu, Pb, Ni, Mn
and Fe from the roots to the shoots and immobilization
of heavy metals in roots.

Acta Biologica Ukrainica. Ne 1 (2024)

Table 2 — Translocation factor of selected plants
(calculated based on 9 samples of each species
and 9 samples of soil)

Heavy Achillea millefolium Anthemis arvensis
metal
Cu 0,782 0,685
Zn 1,516* 1,609*
Pb 0,768 0,917
Ni 0,757 0,318
Cd 0,909 1,944%*
Mn 0,211 0,635
Fe 0,115 0,082
M+m 0,722 +0,18 0,884 +£ 0,25
Max 0,115 0,082
Min 1,516 1,944

Comment: * — exceeding of TF above 1

Discussion

Based on our results there was a tendency with
the highest concentration of Fe, Mn and Zn in all
tested species. Both herbaceous species concentrate
high amounts of Mn, Fe and Zn, the lowest was
the concentration of Cd. The same trend for metal
concentration in naturally growing plants on fly ash
dump sites was presented in the results of Pandey
et al. 2016 — a high concentration of Zn and Mn
was found in Cynodon dactylon growing on fly ash
dump sites. According to several studies®’® Zn is an
element with intensive accumulation. Zn inhibits the
Cd uptake due to its competitive behaviour with Cd,
because both metals are transported by a common
carrier at the root plasma membrane, which has more
affinity for Zn than Cd®. In an example of Trifolium
pratense® were observed accumulation of Cu: copper
increases when accumulation of Zn decreases — its
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explained as an adaptation to metals contamination®.
Research of heavy metals accumulation in Artemisia
absinthium, Melilotus officinalis and Hippophae
rhamnoides growing on ash and slag dump reflects
that the highest bioaccumulation factor was for Zn'!.

Previousresearch ofmetal accumulationinAchillea
millefolium®** showed that the species has an ability
to Pb accumulation®, especially in inflorescence. Our
research shows low Pb concentration, but the results
confirm the low ability to Cd concentration®’*.
Moreover, there is a seasonic dynamic of heavy metal
concentration: in herbaceous species (for example of
Chelidonium majus), increasing Zn concentration in
aboveground biomass during flowering was shown
with the highest concentration in root still*!.

To evaluate the ability of plants to translocate
heavy metals from roots to shoots we detected a
translocation factor (TF)?*. The translocation
factor above 1 means that these species effectively
accumulated and transferred heavy metals from the
soil to the above-ground parts'®. TF > 1 for such
elements like Zn and Cd were shown in the study of
metal accumulation on fly ash lagoon's- it explains
that transferring Zn to the aerial part is beneficial for
the survival of the plant, because it’s an important
micronutrient¥, but Cd is a nonessential toxic
metal. Yoon et al. 2006 showed that Pb and Cu, Zn
concentrations were greater in the roots than the
shoots — in this case, TF of these elements was below
142, A higher translocation of heavy metals in aerial
parts could be a reason for the easy transfer of these
pollutants to the food chain'’. As the index of TF
reflects the transfer and redistribution of heavy metals
among different parts of plants', the TF is below 1,
indicating that metals are mainly accumulated in the
roots and are rarely transported to the shoots. In our
research, metal concentrations for most elements
were higher in roots versus in shoots for both species.
Higher concentration in roots explained that roots are

the preferential metal storage organs'**. Lower metal
concentrations in the shoots than those in the roots
indicate that the species could be metal excluders'.

Conclusions

Analysis of bioaccumulation of metals through
bioaccumulation coefficients showed that zinc had the
highest accumulation capacity in the studied species,
and lead had the lowest. The ability to bioaccumulate
the analyzed heavy metals decreases in the order: Zn
> Fe > Cu > Mn > Cd > Ni > Pb. The study of the
biogeochemical activity of the tested species reflected
a higher level of biochemical activity for Anthemis
arvensis. Determination of the translocation index
of elements reflected the low mobility of Cu, Pb, Ni,
Mn and Fe from roots to shoots and evidenced the
accumulation of heavy metals in the roots. Zn and
Cd were found to be mobile elements with a high
rate of transfer to above-ground biomass. Based on
the translocation factor, we can conclude that none
of the herbaceous species showed themselves as
hyperaccumulators. Due to the ability to accumulate
heavy metals in roots, plant species are promising for
phytostabilization. However, the presented results are
incomplete and require scaling with the involvement
of a larger number of cells and statistical analysis.

Consequently, plants on technogenic ecotopes
like ash and slag dumps could provide effective
analysis and monitoring of heavy metals pollution.
Further analysis of the natural vegetation of ash and
slag dumps regarding the accumulation of heavy
metals will determine their accumulative capacity
and tolerance against pollutants and, therefore,
their prospects for the use of these plant species in
phytoremediation.
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