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INTRODUCTION

Usage of mineral fertilizers in agricultural 
production technologies is an important condition 
for maintaining the balance of plant nutrients in 
the soil environment. The volume of mineral fer-
tilizers applied in Ukraine in recent years has in-
creased to 125 kg/ha of active substance, which is 
close to the level of developed world agricultural 
production at 160 kg/ha (https://superagronom.
com). On average, for all crops the fertilizer uti-
lization rate is: nitrogen 50–60%, phosphorus 
10–25%, potassium 50–60%. This leads to en-
vironmental pollution by residual agrochemicals 
(Horodnii and Melnyk, 2003). In order to reduce 
unproductive losses of mineral nutrients, various 
measures are used, among which the use of slow-
release fertilizers is effective. Such fertilizers are 
characterized by the controlled release of nutri-
ents, which increases the level of their assimila-
tion by the root system of plants (Pasichnyk and 

Marchuk, 2013). Generally, dissolution time of 
fertilizers is adjusted by covering their surface 
with a shell. The shell permeability is considered 
to be the main parameter that determines the du-
ration of slow-release fertilizers. The permeabil-
ity is numerically described by the coefficient 
of internal diffusion of fertilizer elements in the 
shell material (Nagursky and Gumnitsky, 2012a). 
In order to ensure the required duration of fertil-
izers action within 3–9 months with a minimum 
coating thickness of up to 50 μm, the shell mate-
rial must be characterized by an internal diffusion 
coefficient D = 1×10-12 ÷ 3×10-13 m2/s (Nagursky 
and Gumnitsky, 2012b). Such properties are pos-
sessed by polymeric materials (Nagursky and 
Malovanyy, 2016) which are a part of household 
waste: polyethylene, polypropylene, polyvinyl-
chloride, polyethylene terephthalate (Yashchuk, 
2011). The use of polymer waste to obtain slow-
release fertilizers is expedient in terms of reduc-
ing the cost of the final product and improving 
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their availability for mass agricultural production. 
An important aspect of using polymers to prevent 
secondary soil contamination is the destruction of 
the shell. The destruction of the polymer in the 
soil environment is carried out mainly by using 
a biochemical method (Aamer, 2008). Destruc-
tion of plastic can occur under the influence of 
a microbial consortium found at the landfill (Yo-
shida et al., 2016), bacteria of the Ideonella genus 
(Tanasupawat and Takehana, 2016), cyanobacte-
ria (Malovanyy, 2016). These bacteria are accu-
mulated on plastic and use it as the main source of 
carbon and energy, degrading to CO2 and water. 
The decomposition of organic content to CO2 and 
H2O takes place in several stages with the forma-
tion of intermediate compounds that can have a 
negative impact on flora and fauna. (Ivachenko, 
2001). In addition to the release of chemical com-
pounds in the process of disintegration, the poly-
mer shell is destroyed by the formation of micro-
plastic particles, which are classified as hazardous 
environmental pollutants (Harrison and Hester, 
2018). The previous research with encapsulated 
polymer shell fertilizers has shown their agroef-
ficiency and safety for plants during the growing 
season (Rusyn et al., 2020). Usually, the growing 
season of crops is up to 3 months, and the destruc-
tion of the shell material under natural conditions 
is 1–2 years. In the following growing seasons 
under the conditions of encapsulated mineral fer-
tilizers application an increase in the content of 
intermediate decomposition products of the poly-
mer base of the shell can be observed. This can 
adversely affect the soil environment. Therefore, 
it is important to study the impact of the shell ma-
terial of slow-release fertilizers, obtained with the 
use of polymer waste, on the environment in the 
process of their destruction under the influence of 
environmental factors.

MATERIALS AND METHODS

The influence of intermediate decomposition 
products of the processed polymer shell material 
on the soil environment condition during its com-
plete degradation was investigated.

Granular complex ANP fertilizer, encapsu-
lated with shells of modified polyethylene tere-
phthalate and a mixture of polystyrene and hydro-
lyzed lignin was used for the research. Polyethyl-
ene terephthalate and polystyrene are widely used 
in the manufacturing of containers for beverages 

and food products and in foam form (expanded 
polystyrene) as a packaging material. These prod-
ucts are used for their intended purpose in a short 
time period and are immediately converted into 
waste. ANP fertilizer is a universal complex fer-
tilizer that contains all three basic nutrients neces-
sary for plant life in easily digestible form. Water-
cress was used as a bioindicator. Watercress (Lep-
idiumsativum L.) is an annual plant of the Brassi-
caceae family. An adult watercress plant reaches 
60 cm in height. This is a cold-resistant culture, 
the optimum temperature for its growth is about 
15–18 °C. Watercress is moderately demanding to 
moisture, but a good harvest is obtained only on 
moist soil. In the hot summer months, the plants 
quickly turn to the stem extension stage. The plant 
likes light, especially in the early stages of devel-
opment, although it grows well with partial shade 
(Horodnii and Melnyk, 2003). Light fertile soils 
are the most suitable for watercress (рН = 6.5–6.8). 
Watercress, as a bioindicator, is also convenient in 
that the effects of stress can be studied simultane-
ously on a large number of plants in a small area of 
the workplace. The shoots and roots of this plant 
under the action of contaminants are morphologi-
cally changing: growth retardation, curvature of 
shoots, reducing the length and weight of roots, as 
well as the number of germinated seeds (Horodnii 
and Melnyk, 2003).

In order to characterize the effect of decom-
position products of the processed polymer shell 
on the germination of watercress seeds in the re-
search process, the following were determined: 
seed germination energy, seed germination, num-
ber of abnormal seedlings, average length of 
sprouts of each sample, pH of soil solution.

Germination energy is determined by the 
number of germinated seeds and the number of 
discarded seeds during germination. According to 
the obtained data, the seed germination energy Ek 
(%) of each sample is determined: 

	 𝐸𝐸𝑘𝑘 =
𝑁𝑁𝑘𝑘𝑘𝑘
𝑁𝑁𝑘𝑘

∙ 100   (1)  

𝐸𝐸 = (𝐸𝐸1+𝐸𝐸2+𝐸𝐸3+...+𝐸𝐸𝑘𝑘)
𝑘𝑘    (2)  

𝐶𝐶𝑘𝑘 =
𝑛𝑛𝑘𝑘𝑘𝑘
𝑁𝑁𝑘𝑘𝑘𝑘

∙ 100    (3)  

𝑁𝑁𝑘𝑘𝑘𝑘 = 𝑁𝑁𝑘𝑘 − 𝑛𝑛𝑘𝑘𝑘𝑘   (4) 

𝐶𝐶 = (𝐶𝐶1+𝐶𝐶2+𝐶𝐶3+...+𝐶𝐶𝑘𝑘)
𝑘𝑘    (2)   

	 (1) 

where:	Nkе– the number of germinated seeds in 
the k-th sample, pcs; Nk - the number of 
full-fledged seeds for germination (not 
infected with rot), pcs.; k- the number of 
repetitions of the experiment from one 
average sample. 

The average value of seed germination en-
ergy E (%) is determined by the dependence of: 
	

𝐸𝐸𝑘𝑘 =
𝑁𝑁𝑘𝑘𝑘𝑘
𝑁𝑁𝑘𝑘

∙ 100   (1)  

𝐸𝐸 = (𝐸𝐸1+𝐸𝐸2+𝐸𝐸3+...+𝐸𝐸𝑘𝑘)
𝑘𝑘    (2)  

𝐶𝐶𝑘𝑘 =
𝑛𝑛𝑘𝑘𝑘𝑘
𝑁𝑁𝑘𝑘𝑘𝑘

∙ 100    (3)  

𝑁𝑁𝑘𝑘𝑘𝑘 = 𝑁𝑁𝑘𝑘 − 𝑛𝑛𝑘𝑘𝑘𝑘   (4) 

𝐶𝐶 = (𝐶𝐶1+𝐶𝐶2+𝐶𝐶3+...+𝐶𝐶𝑘𝑘)
𝑘𝑘    (2)   

	 (2) 
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In order to determine the germination of 
seeds the number of normally germinated seeds 
separately nkp and the number of rejected nkb in 
each sample are calculated after laying, on the 
day specified by DSTU 4138-2002. According 
to the obtained data, the germination of seeds 
Ck (%) for each sample is determined, by the 
dependence of: 
	

𝐸𝐸𝑘𝑘 =
𝑁𝑁𝑘𝑘𝑘𝑘
𝑁𝑁𝑘𝑘

∙ 100   (1)  

𝐸𝐸 = (𝐸𝐸1+𝐸𝐸2+𝐸𝐸3+...+𝐸𝐸𝑘𝑘)
𝑘𝑘    (2)  

𝐶𝐶𝑘𝑘 =
𝑛𝑛𝑘𝑘𝑘𝑘
𝑁𝑁𝑘𝑘𝑘𝑘

∙ 100    (3)  

𝑁𝑁𝑘𝑘𝑘𝑘 = 𝑁𝑁𝑘𝑘 − 𝑛𝑛𝑘𝑘𝑘𝑘   (4) 

𝐶𝐶 = (𝐶𝐶1+𝐶𝐶2+𝐶𝐶3+...+𝐶𝐶𝑘𝑘)
𝑘𝑘    (2)   

	 (3) 

where:	Nkр– the number of full-fledged seeds laid 
for germination (not infected with rot at 
the time of germinated seeds counting), 
which is determined by formula: 

	

𝐸𝐸𝑘𝑘 =
𝑁𝑁𝑘𝑘𝑘𝑘
𝑁𝑁𝑘𝑘

∙ 100   (1)  

𝐸𝐸 = (𝐸𝐸1+𝐸𝐸2+𝐸𝐸3+...+𝐸𝐸𝑘𝑘)
𝑘𝑘    (2)  

𝐶𝐶𝑘𝑘 =
𝑛𝑛𝑘𝑘𝑘𝑘
𝑁𝑁𝑘𝑘𝑘𝑘

∙ 100    (3)  

𝑁𝑁𝑘𝑘𝑘𝑘 = 𝑁𝑁𝑘𝑘 − 𝑛𝑛𝑘𝑘𝑘𝑘   (4) 

𝐶𝐶 = (𝐶𝐶1+𝐶𝐶2+𝐶𝐶3+...+𝐶𝐶𝑘𝑘)
𝑘𝑘    (2)   

	 (4)

The average value of springing up C (%) is 
calculated by formula: 

	

𝐸𝐸𝑘𝑘 =
𝑁𝑁𝑘𝑘𝑘𝑘
𝑁𝑁𝑘𝑘

∙ 100   (1)  

𝐸𝐸 = (𝐸𝐸1+𝐸𝐸2+𝐸𝐸3+...+𝐸𝐸𝑘𝑘)
𝑘𝑘    (2)  

𝐶𝐶𝑘𝑘 =
𝑛𝑛𝑘𝑘𝑘𝑘
𝑁𝑁𝑘𝑘𝑘𝑘
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𝐶𝐶 = (𝐶𝐶1+𝐶𝐶2+𝐶𝐶3+...+𝐶𝐶𝑘𝑘)
𝑘𝑘    (2)   	 (5)

Active acidity was determined in the water-
soil extract. For this research, 40 g of the test 
soil sample was added to the flask and mixed 
with distilled water in a ratio of 1 to 3. The re-
sulting suspension was well shaken and allowed 
to precipitate. A portable pH meter was added to 
the peeled liquid, according to the readings of 
which the soil pH was determined. 

RESULTS AND DISCUSSION

The study of the effect of the encapsulat-
ed fertilizer shell decomposition products was 
carried out during 3 vegetation periods of wa-
tercress growth. For this purpose, the growth 
of watercress without the use of mineral fer-
tilizers was studied in parallel; using granular 
ANP fertilizer as well as encapsulated ANP fer-
tilizer. The granular fertilizer was added in an 
amount of 6 g, whereas encapsulated – 4.8 g, 
which was 80% of the norm of granular fertil-
izers (Rusyn et al., 2020). The entire ANP fer-
tilizer was from one batch for the purity of the 
experiment. The whole experiment was divided 
into three stages. In the first stage, watercress 
was grown for 15 days with observation of the 
seeds germination and maintaining the mois-
ture of the substrates at the same level. The 
length of watercress shoots was measured daily 
starting from the 5th day of the experiment. The 
number of samples that died during growth and 
soil acidity were also noted. After the end of 

the growing season, the plants were extracted. 
The pots with soil were left unchanged for 30 
days, where under the action of environmental 
conditions, the polymer shell of encapsulated 
fertilizers was decomposed. The watercress 
was grown under the same conditions with the 
addition of fertilizers in the second and third 
stages. The results of studies of physiological 
parameters of watercress growth are presented 
in Figure 1 and soil acidity in Figure 2. 

The energy of seed germination remains 
virtually unchanged in all options for growing 
watercress. Acidification of soil in the case of 
granular ANP fertilizer slightly reduces this in-
dicator. Seed germination remains unchanged 
in all studies. There is an increase in the number 
of abnormal sprouts in the absence of mineral 
fertilizers and in the application of granular 
ANP fertilizer. In the first case, this is caused 
by a lack of nutrients, and in the second, by an 
increase in soil acidity. A similar relationship 
is observed in the case of the average length 
of sprouts. A series of experiments using the 
ANP fertilizer encapsulated in a shell based 
on polyethylene terephthalate showed better 
results than for a shell based on polystyrene. The 
difference in the agronomic efficiency of these 
fertilizers is due to the different permeability 
of the coating. In the investigated case, the 
comparison of the fertilizers effectiveness 
for this parameter was not included in the 
purpose of the research. The use of mineral 
fertilizers that contain an ammonium group 
leads to acidification of the soil. This pattern 
is reflected in the presented results (Fig. 2). 
Thus, in the control experiment without the use 
of fertilizers the pH remains unchanged. In the 
case of granular ANP fertilizer use, the soil pH 
level decreases from 6.53 to 5.98. During the 
application of encapsulated fertilizers there is a 
less intense increase in soil acidity. This can be 
explained by the presence of a natural sorbent 
– zeolite – in the shell, which partially absorbs 
excess ammonium from the soil solution 
(Malovanyy and Oleksandr 2019).

The visual observations of visible changes 
in plastic and changes in mechanical properties 
were performed to confirm the process of the 
shell polymer destruction. As a result of such 
studies, the violation of the integrity of the shell, 
its disintegration into separate fragments and 
loss of mechanical strength were revealed. The 
number of fragments of the polymer shell on 
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Figure 1. Physiological parameters of watercress growth in the studied samples under diff erent conditions:
1 – without fertilizers, 2 – granular ANP fertilizer, 3 – granular ANP fertilizer, encapsulated with a shell based 

on polyethyl terephthalate, 4 – granular ANP fertilizer, encapsulated with a shell based on polystyrene

Figure 2. Soil acidity depending on the growing conditions of watercress:
1 – without fertilizers, 2 – granular ANP fertilizer, 3 – granular ANP fertilizer, encapsulated with a shell based 

on polyethyl terephthalate, 4 – granular ANP fertilizer, encapsulated with a shell based on polystyrene
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the soil surface remained virtually unchanged 
with each stage of research. Figure 3 shows 
the photographs of the soil surface after the 
completion of the third stage of research. The 
presented images show the remnants of shells 
fragments, the number of which corresponds 
to approximately the number of granules of 
encapsulated fertilizers introduced in the third 
stage of research.

CONCLUSIONS 

The kinetics of watercress growth, its vital 
functions remain stable under conditions of 
cyclic application of encapsulated fertilizers. 
This confi rms the absence of harmful eff ects 
of intermediate decomposition products of 
the polymer shell on the soil environment. 
The agrotechnical effi  ciency of encapsulated 
mineral fertilizers correlates with the results of 
other studies. In general, studies have shown 
the safety of using encapsulated mineral 
fertilizers in agricultural production. The use 
of polyethylene terephthalate and polystyrene 
waste in the technologies of encapsulated 
fertilizers application can be considered as 
a method of their safe disposal with fi nal 
biodegradation.
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