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ABSTRACT

Municipal sewage sludge is considered as an important resource for replenishing organic carbon and mineral
nutrition elements in the soil. However, its widespread use in the agricultural sector is associated with the risks of
soil contamination by pollutants, in particular heavy metals, and their inclusion in trophic food chains. A relatively
ecologically safe way to dispose of sewage sludge is to apply it to energy crops.In order to study the influence of
sewage sludge application on the ecological condition of podzolic soil and the level of heavy metal contamination
of plant cover, research was carried out in the Transcarpathian region of Ukraine on a willow plantation of the sec-
ond cycle of energy use and repeated application of fresh sewage sludge and its composts with coniferous sawdust
and grain straw cultures in different doses.Research has established that under the influence of the application of
sewage sludge, the indicators of the content of heavy metals in the roots and above-ground shoots of energy willow
significantly changed. The highest doses of sewage sludge of 60-80 t/ha led to a significant increase in the content
of As, Mo, and Pb compared to other research options. The content of Fe, Zn, Sr, Y in these options was at the level
of the option where compost was applied (sewage sludge + straw (3:1) + cement dust 10%) — 40 t/ha. Also, the use
of cement dust in this version led to the highest Nb content. Ni, Cu.An increase in the content of heavy metals in
the soil led to an increase in the translocation of heavy metals in energy willow plants. Application of the highest
dose of sewage sludge in the experiment —80 t/ha (option 5) caused the highest translocation coefficients of Fe, Nb,
Rb, Y, Mo. And the highest values of Sr, As, Pb translocation coefficients were noted in option 10, where compost
was applied (sewage sludge + straw (3:1) + cement dust 10%) — 40 t/ha, which indicates a significant influx of
cement dust into the accumulation of these dangerous metals in plants. The highest value of the Integral index of
energy willow plant pollution — 222 was recorded in the variant where fresh sewage sludge was applied at the rate
of 80 t/ha, which was 17-20 points higher than the values of the closest variants of the experiment.

Keywords: heavy metals, biological absorption coefficient, translocation coefficient, intra-tissue contamination
index, integral contamination index.

in wastewater and its sediment. All over the
world,SS is considered as an important resource

INTRODUCTION

The global problem of environmentally safe
disposal of wastewater and its sediment (SS) is
caused by the general urbanization of the planet,
the constantly growing volumes of municipal
waste. Excessive use of natural resources de-
termines the importance of finding ways to ef-
fectively reuse water and nutrients contained

for use in the agricultural sector [Kumar V., Cho-
pra A., Kumar A., 2017; Kirchmann H., Borjes-
son G., Kitterer T. et al., 2017]. The value of SS
is related to the content of biogenic substances
in it, primarily nitrogen and phosphorus,carbon
compounds. Owing to the relatively high content
of basic nutrients and certain microelements in
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SS, the method of its disposal through applica-
tion as a fertilizer for growing cultivated plants
is becoming more and more widespread in world
practice. Many researchers note the significant
impact of SS application on the physicochemi-
cal, agrochemical, and ecological properties of the
soil, the change in the chemical composition of
cultivated plants, and the recirculation of nutrient
compounds in agroecosystems [Eid E.M., Alamri
S.A.M., Shaltout K.H. et al., 2020; Skrylnyk Ye.V.
Maksymenko N.V., RyzhkovaYa.S. et al., 2020;
Buta M., Hubeny J., Zielinski W. et al., 2021].

Although the use of SS to add nutrients and
organic compounds can be beneficial to the soil,
it also poses risks due to the content of pollutants
such as heavy metals, organic compounds and
pathogens [Lamastra L., Suciu N.A., Trevisan
M., 2018; Poykio R., Watkins G., Dahl O., 2019],
which can serve as an additional source of pollu-
tion of agroecosystems and inclusion of pollutants
in trophic food chains. Soil degradation due to in-
creased metal content is considered a serious threat
to soil quality and human health [Golui, D., Datta,
S.P., Dwivedi, 2019; Kalenska S. et al., 2021].

Knowing the total content of heavy metals in
SS does not mean the danger they may pose. The
toxicity of metals largely depends on their mobil-
ity and bioavailability [Latosinska J, Kowalik R,
Gawdzik J. et al., 2021]. In studies by Wydro U.,
Jabtonska-Trypu¢ A., Hawrylik E. et al., (2021)
the introduction of SS caused the immobilization
of heavy metals from the soil.

Agricultural use of SS contributes to the spread
of new pollutants in the environment, which can
lead to food contamination [Buta M., Hubeny J.,
Zielinski W. et al., 2021], and also contribute to the
spread of organic pollutants in the soil, which rep-
resents a direct environmental risk [Pulkrabova J.,
Cerny J., Szakova J. et al., 2019]. Adding SS to the
soil can suppress the development of soil micro-
flora and mesofauna, negatively affects the micro-
biome and resistome [Markowicz A., Bondarczuk
K., Wiekiera A. et al., 2021]. Researchers note that
SS may contain pharmaceuticals in different con-
centrations, and the presence of these micropollut-
ants negatively affects the environment [Bolesta
W., Glodniok M., Styszko K., 2022].

Hazardous substances in SS can threaten
agro-ecosystems and food safety [Rivier P.-A.,
Havranek 1., Coutris C., et al., 2019]. Long-term
use of SS can significantly increase the concentra-
tion of pollutants, causing hyperaccumulation of
certain compounds or phytotoxicity in cultivated
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crops [Nunes N., Ragonezi C., Gouveia C., et al.,
2021]. Also, the introduction of SS can import a
significant amount of microplastics into the soil,
which can accumulate and affect the properties of
the soil, as well as migrate along the soil profile,
causing pollution of deep soil layers and ground-
water [Ding Gao, Xin-yu Li, Hong-tao Liu.,
2020]. According to the research of A. Lutskevich,
the leaching of nitrate and ammonium compounds
N, Ni and Cd from the introduced SS can migrate
to a depth of more than 0.8 m and contribute to the
pollution of aquifers [Luczkiewicz A., 2006].

Thus, there are two conflicting points of
view in approaches to wastewater management.
The first considers SS as a source of nutrients
and organic matter for use as fertilizers to re-
store fertility, revitalize polluted areas and create
anthropo-soils.

On the other hand, CO is considered a po-
tential source of soil pollution by pollutants of
various nature, pathogens, polycyclic aromatic
hydrocarbons, biocides, care products and their
residues, synthetic hormones, microplastics, end
products of the life cycle of nano- and biotech-
nologies, highly specific microorganisms [Rorat
A., Courtois P., Vandenbulcke F., et al., 2019].

Combining the cultivation of biomass from
fast-growing wood with municipal wastewater
disposal can be a promising solution to several
economic, energy and environmental problems
[Tsvetkov 1., Elmi A., Al-Khaldy A., Al-Olayan
M., 2020; Ronald C. Sims, Sean K. Bedingfield,
Reese Thompson et al., 2016; Tzvetkova N., Ma-
rinova, S., 2021].

Biomass is considered by many scientists as
the only source of renewable energy that can re-
place oil-based liquid transportation fuel in the
near future, and wastewater and its sediment are
considered an important potential resource that
can be used to produce biomass for energy pur-
poses [Sims R., Bedingfield S., Thompson, R. et
al., 2016; Wojcik, M., Stachowicz, F., 2018].

The use of SS as a fertilizer for technical or
energy crops is considered the safest and most
economically feasible method of its disposal. An
example of this can be energy willow, which is
not only a good source of biomass, but can also be
used for phytoremediation of territories polluted
by pollutants, able to remove dangerous substanc-
es from a polluted environment [Panasiewicz K.,
Niewiadomska A., Sulewska H. et al., 2019].

The use of SS for the conditioning of agricul-
tural areas can be an alternative way of its proper
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utilization and increase of soil fertility. But the
content of certain toxic compounds and patho-
genic microorganisms limits its use. By applying
different doses of SS, it was observed that various
soil parameters changed significantly compared
to the untreated control soil. The content of total
organic carbon (C) and nitrogen (N) increased up
to the application of 50 t ha-1 of SS.

As a result, this led to a significant increase
in microbial biomass, an increase in soil enzymes
- phosphatase, dehydrogenase, urease. The appli-
cation of SS also increased the available forms
of heavy metals (Ni, Cr, Pb, Cu and Cd) in the
soil, but below the threshold values [Dhanker R.,
Chaudhary S., Goyal S.et al., 2021].

The use of SS has considerable advantages dur-
ing the cultivation of bioenergy crops, remediation
of degraded lands. Although this measure should
also be evaluated in terms of energy security [Nunes
N., Ragonezi C., Gouveia C. et al., 2021]. In the
research of Skowronska M. et al., 2020, a significant
dose-dependent increase in the content of C and N,
as well as the activity of soil enzymes, as well as
the activity of soil enzymes, was observed when
applying 10-60t of SS in terms of dry matter to
the herbaceous energy crop Phalaris arundinacea.
Such standards contribute to the long-term impact
on soil quality indicators and do not pose a risk
for the accumulation of heavy metals and surface-
active substances [Skowronska M., Bielinska E.,
Szymanski K. et al., 2020]. The use of energy
willow plantations for SS utilization is a balanced
way to treat municipal wastewater and sludge,
potentially reducing environmental risks and eco-
nomic burden compared to conventional treatment.
However, the function of forming the potential of
willow biomass from the application of SS has
not yet been fully established [Sas E., Hennequin,
L.M., Frémont A. et al., 2021; Wolna-Maruwka A.,
Sulewska H., Niewiadomska, A. et al., 2018]. Cur-
rently, active research is being conducted in various
parts of the world on the effective use of SS under
energy willow.Currently, active research is being
conducted in various countries on the effective use
of SS under energy willow, in particular in Poland,
Sweden, Turkey and others. Active research is cur-
rently underway. Also, technical solutions are being
developed for the repeated subsurface application
of SS in the plantation of energy willow [Stacho-
wicz F., Trzepiecinsk T., Wojcik M. et al., 2016].
In willow plantations, after harvesting biomass, af-
ter repeated application of SS, plant survival, height
growth intensity, net photosynthetic productivity,

permeability through leaf stomata and transpira-

tion, as well as the number of regrown shoots in

plants significantly increase [Wolna-Maruwka A.,

Sulewska H., Niewiadomska, A. et al., 2018]. The

issue of safe dosing of the introduced SS remains

unexplored, since it is the dose that is the factor
of contamination of the soil environment. Long-
term field research is needed on the ecologically

safe use of sewage sludge [Hoang S.A., Bolan N.,

Madhubashani A.M.P. et al., 2022], including for

energy crops.The aim of research was to evaluate

the effect of repeated application of SS in energy
willow plantations on complex heavy metal con-
tamination of podzolic soil in the foothills of the

Carpathians of Ukraine.

The study involved the implementation of the
following tasks:

e determination of the mass fraction of chemi-
cal elements, in particular heavy metals, in the
soil, underground and above-ground organs of
the energy willow during the repeated (second)
cycle of plantation use under the influence of
different norms of SS and their composts with
organic materials (sawdust of coniferous trees
and straw of grain crops;

e determination of the coefficients of biological
absorption of heavy metals, the Index of intra-
tissue pollution and the coefficients of translo-
cation of heavy metals at different doses of the
use of SS and composts made on the basis of
SS and sawdust of coniferous trees or straw of
grain crops;

e calculation of the Integral indicator of veg-
etation cover pollution and assessment of the
polluting effect of various norms of SS and
composts with organic materials re-introduced
under the energy willow plantation.

MATERIALS AND METHODS

An experimental plantation of energy willow
was created in the early spring period in the spring of
2011 at the collection and research field of the [vano-
Frankivsk Vocational College of the Lviv National
University of Nature Management in the village
of Chukalivka, Ivano-Frankivsk Territorial Com-
munity, Ivano-Frankivsk District, Ivano-Frankivsk
Oblast. The width of the experimental area was
4.0 m; length — 7.0 m; registered area — 28.0 m>.
The total area of the experimental site is 54 m?.
Repetition is three times, placement of plots is sys-
tematic [Lopushnyak V., Hrytsulyak G., 2014].
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Options of the experiment: 1. Control — with-
outfertilizers; 2. Mineral fertilizers—N P, K, 3.
SS — 40 t/ha; 4. SS — 60 t/ha; 5. SS — 80 t/ha; 6.
Compost (SS+ sawdust (3:1)) — 60 t/ha; 7. Com-
post (SS + straw (3:1)) — 20 t/ha; 8. Compost (SS
+ straw (3:1)) — 40 t/ha; 9. Compost (SS + straw
(3:1)) — 60 t/ha; 10. Compost (SS + straw (3:1)
+ cement dust 10%) — 40 t/ha [Lopushnyak V.,
Hrytsulyak G., 2014; Lopushniak, V., Hrytsuliak,
H., Gamayunova et al., 2022; Lopushniak V., Grit-
sulyak G., Yakubovsky T. et al., 2020].

Field and laboratory studies of energy willow
plantations of the full cycle of use (after one cycle
of growing and harvesting biomass) were carried
out according to methods accepted in agronomy.
The research was carried out in a field experiment
during 2016 — 2021 after one cycle of growing
and harvesting energy willow biomass [Korsun
S.H., Klymenko LI., Bolokhovs'’ka V.A. et al,,
2019; Rybalova O., Bryhada O., Sarapina M.,
2020; Rybalova O.V., Korobkina K.M., 2017].
After the creation of experimental plantations,
the four-year-old willow was cut in autumn so
that 8—10 cm of the trunk remained above the soil
surface. The following year, after cutting the veg-
etative mass in early spring, after the cessation of
persistent frosts, loosening of the soil was carried
out between the rows with an improved milling
cultivator, as well as sewage sludge and composts
based on sewage sludge. and sawdust of conif-
erous trees, straw of grain crops were repeatedly
applied according to the specified scheme of the
experiment [Hryshko V. M., Piskova O. M., 2014;
Lopushnyak, V., Hrytsulyak, H., Voloshin, Y. et
al., 2022; Mosquera-Losada R., Amador-Garcia
A., Mufi6z-Ferreiro N. et al., 2017].

Appropriate work was carried out in the first
year to ensure the vitality of the plants. In the first
year after felling, 58 branches with a length of
about 3—4 m sprout from one trunk. The length
of the branches depends on the water regime and
the level of mineral nutrition. After the end of the
fourth year of vegetation, the willow was cut by
hand and samples were taken for quantitative ana-
lyzes [Korsun S.H., Klymenko L.I., Bolokhovs'ka
V.A. et al.,2019; Lopushniak V., Gritsulyak G.,
Yakubovsky T. et al., 2020].

In the specified layer (0-20 cm), soil samples
were taken, as well as samples of vegetative mass
(leaves and shoots) and root system were taken in
the summer period, which in the experiment was
from June to August. Average values of indicators
were determined in the obtained results.
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The study of the elemental composition ofa-
luvisoland plants was carried out by X-ray fluo-
rescence analysis on the EXPERT 3L analyzer
[Lopushnyak V., Hrytsulyak G., 2014; Lopushni-
ak, V., Hrytsuliak, H., Gamayunova et al., 2022;
Lopushnyak V., Hrytsulyak H., Voloshin Y. et al.,
2022]. All experimental measurements on cor-
relation-regression analysis performed using the
STATISTICA 6.0 program [Lopushniak V., Grit-
sulyak G., Yakubovsky T. et al., 2020].

In plant samples, the biological absorption
coefficient (Cba) the formula 1 [Rybalova, 2020,
Sas, 2021].:

Lx

Cha = — 1
a Nx M

The Index of intra-tissue pollution (jtp)
of plants the formula 2 [Rybalova, 2020, Sas,
20217, %.

Ly,
itp = @)

Lcontrol

I

The coefficients of translocation (C¢) the
formula 3.

Cpl
Ct __Pp ant 3)

Csoil

The integral indicator (IS) of vegetation cover
was calculated according to formula 4 [Lopush-
nyak V., Hrytsulyak, H., Voloshin, Y. et al., 2022;
Rybalova O., Bryhada O., Sarapina M., 2020].

cl c2 3

IS=2) —+4 ) —+5 ) — (4
C; C; C;
n=2 * n=4 ' n=5 ‘

where: IS — an integral indicator of vegetation
cover pollution [Lopushnyak V., Hrytsu-
lyak, H., Voloshin, Y. et al., 2022; Ryba-
lova O., Bryhada O., Sarapina M., 2020].

Thus, the research methods used make it
possible to provide a comprehensive assessment of
heavy metal contamination of aluvisolwith repeated
application of SS as a fertilizer for energy willow.

RESULTS AND DISCUSSION

Studies indicate certain regularities that are re-
flected in the change in the content of chemical el-
ements, including heavy metals in plants and their
localization in the aluvisol environment, roots and
vegetative shoots of energy willow under the influ-
ence of the use of SS and its composts (Table 1).
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Table 1. Mass fraction of individual chemical elements on aluvisol at a depth of 0 — 20 cm (a), roots (b), shoots (¢)
of energy willow after fertilization based on SS and its composts with organic materials, (average for 2016 —2021)

i Research option
C;T:;T;TI 1 2 3 4 5 pe 7 8 9 0 |P00
a 0.18 0.22 0.29 0.34 0.42 0.27 0.30 0.36 0.38 0.43 0.02
Fe b 0.15 0.15 0.17 0.19 0.29 0.19 0.23 0.26 0.27 0.29 0.01
c 0.19 0.25 0.31 0.37 0.44 0.34 0.37 0.41 0.39 0.44 0.01
a 0.43 0.45 0.51 0.69 0.99 0.88 0.54 0.66 0.68 0.72 0.03
Zn b 0.40 0.40 0.42 0.48 0.54 0.51 0.44 0.47 0.51 0.53 0.02
c 0.46 0.48 0.53 0.75 1.01 0.83 0.59 0.69 0.71 0.81 0.02
a 0.16 0.16 0.18 0.18 0.21 0.19 0.17 0.19 0.20 0.20 0.01
Sr b 0.10 0.10 0.10 0.12 0.17 0.15 0.12 0.14 0.15 0.18 0.01
c 0.19 0.20 0.20 0.24 0.27 0.24 0.20 0.23 0.25 0.30 0.01
a 11 11 13 16 21 20 15 19 19 22 1.26
Nb* b 9 10 11 13 18 17 19 24 23 27 1.12
c 16 16 20 28 20 19 24 23 27 16 2.31
a 8 8 10 15 23 21 19 18 18 20 1.02
As* b 5 6 11 12 21 15 20 17 15 18 0.14
c 11 12 12 18 28 19 25 25 28 30 1.57
a 31 33 32 37 54 50 34 43 49 58 2.21
Ni* b 19 22 20 28 44 40 29 37 41 48 2.81
c 127 134 130 146 162 154 149 151 157 167 6.72
a 67 68 68 73 78 79 68 7 75 78 3.21
Cu* b 13 26 24 29 44 45 31 36 40 47 0.62
c 109 11 112 117 128 120 111 116 119 122 6.02
a 76 79 78 81 89 87 77 83 84 90 3.81
Rb* b 68 82 72 79 85 85 76 79 80 87 2.9
c 43 44 44 47 49 50 44 48 49 52 2.15
a 31 33 32 39 44 40 37 39 40 46 1.37
Y* b 27 28 27 33 37 39 29 31 35 37 1.12
c 23 25 25 27 30 31 26 29 30 31 0.91
a 34 37 36 38 45 41 37 38 42 40 1.53
Mo* b 28 32 30 32 41 38 32 35 31 34 1.1
c 12 14 14 17 28 23 15 18 20 24 0.78
a 82 84 85 90 98 97 90 88 93 90 4.67
Pb* b 65 70 67 75 84 79 71 74 81 79 2.38
c 74 78 76 81 99 86 91 89 95 80 2.75
Note: %-10°.
Repeated application of SS in willow increase in the content of As, Mo and Pb. No such

plantations according to the research scheme
led to a significant increase in the content of
Fe, Zn, Nb, As, Ni, Cu, Y, Mo, Pb in the aluvi-
sol compared to the control and application of
mineral fertilizers. The increase in Ni content
in the soil was significant only compared to the
control variant.

A comparison of the indicators of the content
of chemical elements in the soil under the influ-
ence of SS and its composts with other organic
materials (options 6 — 10) indicates a significant

clear trend was established for other elements.
Under the influence of changes in the content
of elements in the soil, the indicators of their con-
tent in the roots and above-ground shoots of the
energy willow changed significantly. The accu-
mulation of heavy metals in plants was not linear
compared to the increase in their concentration in
the aluvisol environment under the influence of
the use of SS. The highest rates of SS (options
4 —5), where 60 — 80 t/ha of SS were applied, led
to a reliable and significant increase in the content
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of As, Mo, Pb compared to other research options
[Lopushnyak V., Hrytsulyak G., 2014; Lopushni-
ak V., Gritsulyak G., Yakubovsky T. et al., 2020].
The content of Fe, Zn, Sr, Y in these options was
at the level of option 10, where compost was ap-
plied (SS + straw (3:1) + cement dust 10%) — 40
t/ha. In this version, the indicators of the Nb con-
tent. Ni, Cu significantly outweighed the indica-
tors of other options.

The content of Zn, Cu, Mo, Pb in the shoots
was the highest in the variant with the highest
dose of SS — 80t/ha (option 5). For other ele-
ments, a clear dependence of the content on the
application doses of SS has not been established.

Calculation of the coefficient of biological
absorption [Lopushnyak V., Hrytsulyak G., 2014;
Lopushnyak V., Hrytsulyak, H., Voloshin, Y. et
al., 2022] provides a more complete picture of

the features of the accumulation of chemical ele-
ments in plants (Figure 1).

Calculation of bioaccumulation coefficients
indicates differential contamination of plant mate-
rial with heavy metals. Depending on the forms
and doses of SS application, the coefficients of bi-
ological absorption of chemical elements by ener-
gy willow plants varied in a wide range of values
(in descending order) for Nb, Mo, Fe, Sr, Pb, As.
These indicators for Rb, Y, Cu, Ni varied within
11-22% of the minimum value. For Zn, the value
of the coefficient varied slightly between 1.04 and
1.08, and its highest values were recorded in the
options where the highest dose of SS 80 t/ha (op-
tion 5) and compost (SS + straw (3:1) + cement
dust 10%) — 40 t/ha. The highest values of the bio-
logical absorption coefficient of Fe, Sr, Nb, As and
Pb were also recorded in these options.

A AT AT TS

options
®mAs* BNi* 8Cu*

BFe 8Zn BSr BNbL*

BRb* BY* BMo* BPb*

Figure 1. Change in the coefficients of biological absorption of chemical elements
during repeated application of SS under energy willow, average for 2016-2021

Table 2.The influence of the application of SS on the change in the value of the Index of intra-tissue contamination
(i@ ) of energy willow plants by some chemical elements, average for 2016-2021

Element Options

2 3 4 5 6 7 8 9 10
Fe 1.1 1.3 1.4 25 1.8 2.1 1.6 1.8 24
Zn 1.1 1.1 1.2 2.3 2 1.7 1.6 1.6 1.8
Sr 1.9 2.0 2.1 2.7 24 2.1 23 25 3.1
Nb* 24 24 2.6 2.8 25 2.6 2.3 24 26
As* 1.5 1.5 2.2 3.7 23 31 3.1 35 35
Ni* 1.0 1.0 1.0 1.2 1.3 1.0 1.1 1.1 1.2
Cu* 1.0 1.0 1.0 1.1 1.0 1.0 1.1 1.0 1.1
Rb* 1.0 1.0 1.0 1.2 1.1 1.1 1.1 1.2 1.2
Y* 1.0 1.0 1.2 1.5 1.2 1.1 1.3 1.3 1.4
Mo* 1.1 1.2 1.3 2.0 1.8 2.0 1.9 2.1 1.8
Pb* 1.1 1.1 1.2 1.6 1.4 1.2 1.3 1.5 1.5

206



Ecological Engineering & Environmental Technology 2023, 24(3), 201-211

The use of SS contributed to an increase in
the degree of biological assimilation of all inves-
tigated chemical elements compared to the appli-
cation of only mineral fertilizers and composts,
except for Cu. Option 10, where 40 t/ha of SS
compost with straw, as well as cement dust was
applied, had the highest rate of biological absorp-
tion of Nb, Y. An increase in the index (Cba) of
individual elements in the variants with the use of
SS (Fe, Sr, Nb, As, Mo, Pb) contributed to the in-
crease of i, by heavy metals (formula 2) in rela-
tion to the variant where only chemical fertilizers
were applied (option 2) (Table 2).

The highest indicators of the Ijy, of energy
willow plants with the overwhelming majority of
elements (Fe, Zn, Nb, As, Ni, Rb, Y, Mo, Pb), ex-
cept for Sr and Ni, were established in option 5,
where the highest dose of SS was applied in the
experiment. In the version where compost was
applied (SS + straw (3:1) + cement dust 10%) —
40 t/ha, the highest index of intra-tissue pollution
was noted — 3, which prevailed the smallest indi-
cator by 1.5 times.

To find out the trends in the intensity of intra-
tissue contamination of energy willow plants, the
translocation coefficients (Cy) of heavy metals
were determined (formula 3), which indicates the
ratio of their content in the plant part to the mobile
form in the soil [Lopushnyak V., Hrytsulyak G.,
2014; Lopushniak V., Gritsulyak G., Yakubovsky
T. et al., 2020]. (Figure 2).

First of all, it should be noted that the control
variant (without fertilization) had the lowest rates
of Fe, Sr, Nb, As, Cu, Rb, Y, Mo, Pb transloca-
tion. However, in this variant, the highest indica-
tors of the Zn, Ni translocation coefficient were

noted. The coefficient of Cu translocation in the
control option without fertilizers was the lowest
— 3, but the introduction of even the highest doses
of SS (option 5) led to an increase in this indica-
tor only to 3.2, and in all options where fertilizers
were applied, the translocation coefficient was 3.1
—3.2. That is, the introduction of significant doses
of SS has a negligible effect on the intensity of Cu
accumulation in energy willow plants.

The translocation coefficients of various met-
als changed unequally under the influence of the
use of fertilizers from SS. For example, the Y, Mo
translocation coefficient increased by 42-46%
compared to the control variant (without fertiliz-
ers), for Sr, Ni — by 33%, for Fe, As, Nb, Pb — by
22-29%, for the rest of the metals — by 7 — 18%.

Application of the highest dose of SS in the
experiment — 80 t/ha (option 5) caused the highest
translocation coefficients of Fe, Nb, Rb, Y, Mo.
And the highest values of Sr, As, Pb translocation
coefficients were noted in option 10, where com-
post was applied (SS + straw (3:1) + cement dust
10%) — 40 t/ha, which indicates a significant in-
flux of cement dust into the accumulation of these
dangerous metals in plants.

For a generalized assessment of the level of
accumulation of heavy metals in various organs
of energy willow plants, the Integral indicator of
pollution (IS) was calculated according to formu-
la 4 (Figure 3).

Determination of the Integral indicator of
plant contamination of energy willow was carried
out in comparison with the control option, where
fertilizers were not applied. It should be noted
that the highest levels of pollution were recorded
in the variants where fresh SS was applied at the
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Figure 2. The change in the metal translocation coefficient in energy willow
depending on the application of SS, the average for 2016-2021

207



Ecological Engineering & Environmental Technology 2023, 24(3), 201-211

250

221,63
203,84 200,87
200 178,47 172,09 17585
150,75
150
100
57,48
50
0
0
1 2 3 4 6 7 8 9 10

options

Figure 3. Change of the Integral indicator of the pollution of the energy willow plant
cover due to the repeated introduction of sewage sludge (2016-2021)

rate of 40 — 80 t/ha. In these options (options 3
—5), the pollution rate increased almost directly
proportional to the applied fertilizers. The appli-
cation of SScomposts with straw and sawdust led
to a significant reduction in the level of pollution.
However, in option 10, where compost of SS and
straw was applied at the rate of 40 t/ha and ad-
ditionally cement dust, the pollution of the plant
cover reached the indicator of the option, where
fresh SS was applied at the rate of 60 t/ha.

For options 2, 3, 4 and 5, linear multiple re-
gression equations, can have the following form:

y = 52.546x - 0.428 (%)

where: x — the norm of introducing SS in the
experiment, t/ha;
vy — Integral indicator of pollution of en-
ergy willow plants.

The multiple coefficients of determination is

2 = (0.8573, which indicates (according to the

Chaddock scale) the high closeness of the depen-

dence of the Integral indicator of pollution on the
rate of introduction of SS.

For certain options, where fertilization was
carried out with mineral fertilizers in the amount
of N, ,P,,,K,,, and composts based on SS, straw
and sawdust were applied and with a compensa-
tory dose of mineral fertilizers according to the
scheme (options 2, 6, 7, 8, 9 and 10), linear mul-
tiple regression equations were calculated depen-
dence of the IS increasing doses of SS, which can
have the following form:

y = 26.859x + 25.773 6)

where: x — the norm of introducing SS in the
experiment, t/ha;
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vy — Integral indicator of pollution of en-
ergy willow plants.

The assessment of the closeness of the rela-
tionship between the Integral indicator of vegeta-
tion cover pollution and increasing doses of SS
composts and sawdust (straw) indicates a very
high, almost functional closeness (R?=0.9545) of
this dependence according to the Chaddock scale.

CONCLUSIONS

The solution to the problem of safe disposal
of municipal solid waste is considered in many
countries of the world due to the possibility of its
use as a fertilizer in mineral nutrition systems of
technical and, especially, energy crops due to its
high content of biogenic substances, in particular
nitrogen and phosphorus compounds, as well as
carbon. However, this method of use may be as-
sociated with environmental risks of soil contam-
ination with heavy metals and other pollutants.

Under the influence of the introduction of SS,
the indicators of the content of heavy metals in
the roots and above-ground shoots of energy wil-
low changed significantly. The highest doses of
SS of 60-80 t/ha led to a significant increase in
the content of As, Mo, and Pb compared to other
research options. The content of Fe, Zn, Sr, Y
in these variants was at the level of the variant
where compost was applied (SS + straw (3:1) +
cement dust 10%) — 40 t/ha. Also, in this version,
indicators of Nb content. Ni, Cu significantly out-
weighed the indicators of other options.

The content of Zn, Cu, Mo, Pb in the shoots
was the highest in the variant with the highest
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dose of SS — 80 t/ha (variant 5). For other ele-
ments, a clear dependence of the content on the
application doses of SS has not been established.
The highest rate of 80 t/ha of SS led to a signifi-
cant increase in the content of As, Mo, and Pb
in plants compared to other research options. The
content of Fe, Zn, Sr, Y in this version was at the
level of the version where compost was applied
(SS + straw (3:1) + cement dust 10%) — 40 t/ha.

The highest value of the Integral index of en-
ergy willow plant pollution — 222 was recorded in
the variant where fresh SS was applied at the rate
of 80 t/ha, which was 17-20 points higher than the
values of the closest options of the experiment.

Further scientific studies on the assessment of
pollution of sod-podzolic soil during repeated cy-
cles (up to 5 — 7cycles) of the use of agrophytoce-
noses of energy willow and periodic introduction
of SS under this culture relate to the study of the
transformation and immobilization of polluting
compounds in the soil environment, the influence
of changes in the content of organic matter on
such transformation processes soil, clarifying the
role of physicochemical properties of soil on the
bioavailability of heavy metals and the intensity
of their assimilation by the root systems of plants,
as well as the regularities of their translocation in
vegetative organs.
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