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SUMMARY 

Cultivation of energy willow on oil-polluted soils with the introduction of SS as fertilizers 
leads to a certain increase in the content of Pb, Cd, Ni and Co in the soil. The highest 
indicators of the content of gross forms of these heavy metals in the soil were recorded in the 
variant with the highest rate of application of SS of 80 t/ha. However, the share of mobile 
forms of heavy metals in the soil changes disproportionately to the introduced norm of SS. 
Coefficients of heavy metal translocation in willow energy change disproportionally with 
applied fertilizers, however, the highest rates of SS lead to the highest rates of heavy metal 
translocation in plants. 

Energy willow can be successfully grown for the purpose of remediation of oil-polluted 
areas, since heavy metals accumulate mainly in the root systems and to a lesser extent in the 
vegetative mass, which is used as biomass for energy purposes. Environmentally safe 
standards for the application of SS are the norm of 40 - 60 t/ha, which determine the value of 
the Integral indicator of pollution by heavy metals at the level of application of SS composts 
with straw of grain crops. 
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Introduction  

Russia's insidious military aggression led to unprecedented processes of soil degradation in Ukraine, 
including the contamination of large areas with oil products. This increases the marginalization of 
soils in certain areas, leads to a decrease in their bioproductivity and contributes to the 
bioaccumulation of harmful compounds, including heavy metals, in the soil environment (Lopushniak 
et al., 2021a, Korsun et al., 2019). Hence, there is a need to develop revitalization measures and find 
ways to effectively use such soils. Growing energy crops on such lands can be one of the ways of 
rational use and reclamation of soil cover (Hryshko V. M. & Piskova O. M., 2014; Lopushniak et al., 
2022; , Lopushniak et al., 2021b;). One of these crops is energy willow, which is successfully grown 
in various soil and climatic conditions not only for the production of biomass for energy purposes, but 
also used for the remediation of man-made and oil-polluted areas (Lopushniak et al. 2020). 

On the other hand, in many countries of the world, municipal sewage sludge (SS) is considered an 
important resource for use in the agricultural sector. Its value is related to the content of nitrogen and 
phosphorus compounds, as well as carbon compounds, and a whole list of trace elements. Researchers 
note a significant impact of SS application on the physicochemical, agrochemical, and ecological 
properties of the soil, changes in the chemical composition of cultivated plants, and the recirculation 
of nutrient compounds in agroecosystems (Eid E. M et al., 2020; Lopushniak et al., 2021a; Skrylnyk 
Ye. et al., 2020).In order to study the possibilities of effective cultivation of energy willow in the oil-
polluted territories of Ukraine, including the use of sewage sludge as a fertilizer, a field experiment 
was established in the Precarpathian zone of Ukraine. 

Method and Theory  

The research was carried out in the South Hvizdetskoye field of the Nadvirnya oil and gas industry 
district in the village of Bytkiv, Ivano-Frankivsk region, where active oil production and primary 
processing activities were carried out and stopped 22 years ago. Energy willow was planted according 
to the scheme of 0.30x0.70 m. The width of the experimental plot was 5.0 m; length 7.0 m; registered 
area - 35 m2. As a control plot (background territory) (option 1 – control (without fertilizers)) an 
unpolluted plot of the experimental field was chosen. The soil of the experimental field is soddy and 
weakly podzolic sandy, there are some remains of an oil spill, the so-called oil stains. During the 
cultivation of energy willow, before planting, fertilizers were applied in certain rates (variants of the 
experiment): 2. Mineral fertilizers - N100P100K100; 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. Compost (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. 

Sewage sludge was collected from the aeration station in the village Yamnytsia, Ivano-Frankivsk 
region, namely from silt maps with a moisture content of 66%. Composts based on sewage sludge, 
sawdust and straw were laid near the experimental site in trenches measuring 3.0 x 4.0 x 1.0 m.During 
four years of experimental research, the content of gross and mobile forms of heavy metals in oil-
polluted soil, as well as the content of heavy metals in the green mass and roots of plants were 
determined according to approved methods in accordance with DSTU 4770.3 - DSTU 4770.9 (DSTU, 
2007), by the atomic adsorption method in the laboratory Ivano-Frankivsk branch of State State Soil 
Protection University. Coefficients of translocation of heavy metals from the soil to the aerial and root 
parts of plants were calculated according to formula 1:    

𝑲𝑲𝒕𝒕𝒕𝒕𝒕𝒕 = 𝒄𝒄𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒕𝒕
𝒄𝒄𝒔𝒔𝒔𝒔𝒔𝒔𝒑𝒑

                                                        (1) 

Where с𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the concentration of the element in the studied plant; 

с𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝   - the concentration of the element in the investigated variant of the soil. 

The integral indicator of vegetation cover pollution was calculated according to the formula (2) 
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𝐼𝐼𝐼𝐼 = 2∑ 𝑐𝑐𝑖𝑖
1

сф𝑖𝑖𝑝𝑝=2 + 2∑ 𝑐𝑐𝑖𝑖
2

сф𝑖𝑖𝑝𝑝=2                                                  (2) 

where, IS is an integral indicator of vegetation cover pollution; С1
і – concentration of the ith pollutant 

in a plant of the 1st danger class, mg/kg of soil; C1
fi – concentration of the ith pollutant in the plant of 

the 1st hazard class of the control version of the research, mg/kg of soil; n2 – the number of pollutants 
in a plant of the 1st hazard class; C2

i – concentration of the ith pollutant in a plant of the 2nd danger 
class, mg/kg of soil; С2

fi – concentration of the ith pollutant in the plant of the 2nd hazard class of the 
control version of the research, mg/kg of soil; n2 is the number of pollutants in a plant of the 2nd 
hazard class (Rybalova O. et al, 2020). 
 
All experimental measurements were performed in triplicate, and results are presented as mean values 
based on correlation-regression analysis performed using STATISTICA 6.0. 
As a result of the conducted research, certain regularities of the accumulation of certain heavy metals 
in oil-polluted podzolic soil (Table 1) under the influence of fertilizers based on SS and its composts 
were established. 
 
Table 1 The content of heavy metals in oil-contaminated soil after the introduction of SS, mg/kg of soil 

Options Gross form A moving form 
Pb Cd Ni Co Pb Cd Ni Co 

1. Without fertilizers - control 14,01 0,66 26,36 22,91 3,91 0,21 1,11 2,09 
2. N100P100K100 14,89 0,72 27,91 23,54 4,05 0,27 1,29 2,23 
3. SS - 40 t/ha 18,06 0,86 28,67 24,98 4,98 0,31 1,51 2,47 
4. SS - 60 t/ha 22,11 0,99 31,12 25,33 5,06 0,39 1,68 2,78 
5. SS - 80 t/ha 24,57 1,21 32,41 26,84 5,78 0,44 1,76 2,91 
6. Compost (SS+sawdust (3:1))60 t/ha 16,32 1,00 30,39 25,01 4,99 0,37 1,60 2,72 
7. Compost (SS+straw (3:1))20 t/ha 17,56 0,78 27,12 23,79 4,48 0,29 1,46 2,39 
8. Compost (SS+straw (3:1))40 t/ha 18,11 0,81 27,99 24,47 4,91 0,32 1,51 2,44 
9. Compost (SS + straw (3:1))60 t/ha 19,09 0,90 30,45 25,09 5,02 0,37 1,64 2,69 
10. Compost (SS+straw (3:1) + cement 
dust 10%) 40 t/ha 18,02 0,87 29,49 24,76 4,75 0,32 1,50 2,48 

Limit allowable concentration 30,0 3,0 85,0 50,0 6,0 0,7 4,0 5,0 
LSD 0,05 The least significant 
difference  0,04 0,01 0,87 0,29 0,16 0,05 0,01 0,01 

Under the influence of increasing doses of SS, the content of gross forms of heavy metals in podzolic 
oil-contaminated soil increased. The highest content of Pb, Cd, Ni, and Co was in option 5 with the 
highest rate of application (80 t/ha) of OSV, which increased compared to the control option without 
fertilizer application by 57% for Pb, 54% for Cd, and 81% – for Ni and 85% – for Co. The 
introduction of SS composts and sawdust (straw) in the rates determined by the research methodology 
contributed to the increase in the content of heavy metals in the soil at the level of applying fresh SS 
in the rates of 40-60 t/ha. 
 
The application of SS also affected the change in the content of mobile compounds of heavy metals in 
the soil. The highest content indicators for all studied elements were in option 5, with the introduction 
of the highest norm of SS. However, the share of mobile compounds of heavy metals in the gross 
content did not change in direct proportion. The share of mobile Pb compounds in the gross form in 
the control variant was 28%, and in variant 5 it decreased to 23%. In general, this indicator ranged 
from 23 to 31%. The share of mobile compounds of Cd in the gross content fluctuated in the range of 
32-41%, and the correlation dependence of its content on the increase in the rate of application of SS 
was more pronounced. The share of mobile Ni and Co compounds was the lowest in the control 
variant without fertilizer application – 4.2 and 9.1%, respectively. However, in the options, where SS 
was introduced in different forms and rates, this indicator fluctuated between 5.1 - 5.4% Ni and 10 - 
11% Co and practically did not depend on the increase in the rate of SS introduction. The highest 
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indicators of the content of heavy metals in the green mass and root system of energy willow plants 
were recorded in the variant with the highest rate of SS application (variant 5), and the lowest - in the 
control variant without fertilizers (Table 2). 
 
Table 2 The content of heavy metals in the green mass and roots of energy willow after application of 
SS and its composts with sawdust (straw), mg/kg of dry matter 

№  
Vegetative mass Root system 

Pb Cd Ni Co Pb Cd Ni Co 
1. 0,46±0,02 1,21±0.01 0,99±0,02 0,44±0,01 0,51±0,01 1,22±0,02 1,08±0,02 0,47±0,02 
2. 0,61±0,04 1,28±0,01 1,14±0,03 0,53±0,01 0,65±0,02 1,34±0,05 1,16±0,03 0,57±0,02 
3. 0,74±0,07 1,69±0,01 1,34±0,03 0,83±0,02 0,86±0,03 1,76±0,04 1,41±0,03 0,94±0,02 
4. 0,81±0,09 1,75±0,02 1,54±0,03 0,97±0,03 0,95±0,05 1,86±0,05 1,63±0,02 1,02±0,02 
5. 0,96±0,10 1,88±0,02 1,66±0,03 1,21±0,04 1,21±0.06 1,99±0,06 1,73±0,05 1,27±0,02 
6. 0,77±0.06 1,72±0,02 1,52±0,02 0,98±0,03 0,91±0,04 1,62±0,02 1,61±0,04 0,91±0,02 
7. 0,67±0,04 1,61±0,01 1,53±0,02 0,65±0,01 0,59±0,03 1,57±0,02 1,38±0,03 0,68±0,02 
8. 0,72±0,05 1,65±0,01 1,53±0,02 0,75±0,02 0,86±0,03 1,75±0,03 1,44±0,02 0,95±0,01 
9. 0,75±0,05 1,67±0,01 1,57±0,03 0,91±0,03 0,89±0.03 1,79±0,03 1,56±0,03 1,01±0,01 
10. 0,87±0,06 1,75±0,02 1,65±0,04 0,98±0,04 0,98±0,04 1,86±0,02 1,62±0,03 1,02±0,01 

The application of composts from SS led to the accumulation of heavy metals at the level of indicators 
of options where fresh SS was used at the rate of 40-60 t/ha. An increase in the dose of compost 
application led to an increase in the content of heavy metals in plants. It should be noted that the 
application of compost at the rate of 20 t/ha led to an increase in the content of Pb, Cd and Ni in the 
vegetative organs, compared to the root system. In addition to this option (7), in all other options of 
the experiment, the content of heavy metals in the roots exceeded their content in above-ground 
organs. 

This indirectly supports the thesis that energy willow can be used for phytoremediation of areas 
contaminated with heavy metals, since its plants are able to accumulate heavy metals mainly in the 
root systems (Lopushniak et al., 2020b). Application of SS at rates of 40-80 t/ha does not significantly 
affect the ratio of the content of heavy metals in the vegetative above-ground mass to their content in 
the roots, since this ratio in the experimental conditions ranged from 0.85 to 0.96 and did not depend 
on the increase in the rate of application SS. 

The calculation of heavy metal translocation coefficients (Kt) showed that the introduction of SS 
leads to a decrease of this indicator for Pb from 16.7 in the control option to 13.6 - 14.9 - in options 3 
- 5 with the introduction of SS. The introduction of compost caused this indicator to increase to 15.9 - 
16.2. In option 10 with application of cement dust with compost, Kt was the highest of all fertilized 
options and at the level of the control option. The translocation of Cd also decreased under the 
influence of SS application, and with an increase in the SS rate, the coefficient decreased from 8.6 to 
6.5. Ni translocation increased with increasing SS dose in the range of 17.5 – 25.9. The highest value 
of Kt was recorded in option 10, where cement dust was added with compost. Co translocation 
slightly depended on the rate and form of SS introduction. It fluctuated in a small range of values of 
the Kt indicator - 0.7 - 0.9. However, the highest Kt was in the variant where the highest rate of SS (5) 
was introduced. 
 
Based on the indicators of the content of Pb, Cd, Ni, Co in the soil and plants, the Integral index of 
pollution of the agrophytocenosis of the energy willow was calculated, which allows to assess the 
degree of danger of pollution of the agroecosystem, taking into account the level of danger of each 
element. In our studies, the highest value of the Integral indicator of vegetation cover pollution was 
the variant with the highest application rate of 80 t/ha of SS (5) – 25.7. Also, high values of this 
indicator, 22.2, were noted in option 10, where compost was applied (SS + straw (3:1) + cement dust 
10%) - 40 t/ha. The lowest pollution rates of 13.0 - 17.1 were recorded in the variants where ROS 
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were applied at the rate of 40 t/ha of SS, as well as compost at the rate of 20 - 40 t/ha (options 7 and 
8). Lower pollution rates in the experimental conditions were only in the control variant and the 
variant with mineral fertilizers (option 2). 
 
Conclusions 

Cultivation of energy willow on oil-polluted soils with the introduction of SS as fertilizers leads to a 
certain increase in the content of Pb, Cd, Ni and Co in the soil. The highest indicators of the content of 
gross forms of these heavy metals in the soil were recorded in the variant with the highest rate of 
application of SS of 80 t/ha. However, the share of mobile forms of heavy metals in the soil changes 
disproportionately to the introduced norm of SS. Coefficients of heavy metal translocation in willow 
energy change disproportionally with applied fertilizers, however, the highest rates of SS lead to the 
highest rates of heavy metal translocation in plants. 

Energy willow can be successfully grown for the purpose of remediation of oil-polluted areas, since 
heavy metals accumulate mainly in the root systems and to a lesser extent in the vegetative mass, 
which is used as biomass for energy purposes. Environmentally safe standards for the application of 
SS are the norm of 40 - 60 t/ha, which determine the value of the Integral indicator of pollution by 
heavy metals at the level of application of SS composts with straw of grain crops. 
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