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Abstract. Environmental risks caused by the use of traditional mineral fertilizers require new 

agro-technical solutions, which are encapsulated long-acting fertilizers. The use of the capsule 

allows to reduce the concentration of mineral compounds in the fertilizer and to minimize the 

adverse effects of the chemical compounds contained in it on the environment. Encapsulated 

fertilizers provide more efficient absorption of mineral nutrition by plants, allowing to 

synchronize the release of elements in accordance with the needs of the plant. The use of natural 

materials as fertilizer shells is faced with the problem of their low solubility and cost, and the use 

of synthetic coatings with the problems of their biodegradation in the environment. The 

development of new environmentally friendly materials for long-acting fertilizer capsules is a 

challenge for modern society. In this context, a universal mineral fertilizer coated with a coating 

of natural zeolite sorbent and diethylene glycol (DEG) modified polyethyl terephthalate (PET) is 

promising. We analyzed the influence of fertilizer on the kinetics of soil pH change, the 

dynamics of the total microbial count and the increase in the number of microorganisms and the 

germination of Hordeum sativum and Lolium perenne. The application of fertilizer for 28 days of 

the experiment led to decrease in soil pH by 0.3. In the presence of encapsulated fertilizer the 

germination of ryegrass seeds was 3.51 times higher, and ones of barley 4.14 times higher than 

without fertilizer. The fertilizer provided a prolonged release of minerals, which had a positive 

effect on the germination of barley and ryegrass plants, stimulated plant growth and increased 

the total number of microorganisms in the soil as an important indicator of the efficiency of 

agricultural technology. 
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1. Introduction 

Agricultural development of podzolic soils common in the north-western region of Europe is 

limited by a lack of nutrients and requires the application of mineral fertilizers. The use of 

traditional mineral fertilizers, which are applied to the soil once in high doses, involves long-

term plant-fertilizer interaction directly in the soil, which leads to a number of risks. Plants do 

not fully use mineral fertilizer compounds, while nitrates, ammonium and phosphates 

accumulate in the environment, penetrate into groundwater and disturb the balance of soil 

microbiota (Prasad, 2013; Chen et al., 2018). At the same time, reduced yields and polluted 

environment are given at the cost of high energy consumption for the production of inefficient 
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fertilizers (Pisarenko, 2008; Chen et al., 2018). Encapsulated fertilizers due to their prolonging 

ability to release nutrients provide more efficient assimilation by plants, prevent leaching of their 

components from the soil into groundwater and environmental pollution (Nazaryuk, 2007; 

Nahurskyi, 2011; Tymchuk & Malovanyj, 2014). The use of the capsule allows to reduce the 

concentration of mineral compounds of the fertilizer and to minimize the adverse effects on the 

environment. For encapsulation of fertilizers use different types of coatings that have a decisive 

effect on the effectiveness of fertilizers: 1) mineral sulfur; 2) polymers of natural origin: 

chitosan, alginate, lignin, cellulose, etc. (Chen et al., 2018); 3) synthetic polymer elements: 

polyurethane rubber, polyethylene emulsion, ethylene vinyl acetate, polystyrenes, etc. (Lypyn et 

al., 2018).  

Despite their positive characteristics, natural coatings have a number of disadvantages, 

such as the insolubility of chitosan (Sabadini et al., 2015), weak mechanical stability of alginate 

(He et al., 2015), low film-forming ability, insignificant solubility in water and easy destruction 

of starch in soil (Qiao et al., 2016), high cost of polydopamine (Feng et al., 2015), etc. Synthetic 

polymers are a promising type of fertilizer shell due to their low thickness, stability in the 

environment and the presence of tiny pores or semi-permeability of the material (Malavath et al., 

2017). However, the composition of the shell can change the composition of the soil and have an 

adverse effect on the soil microbiota (Pan et al., 2016). Therefore, the development of new 

environmentally friendly fertilizers of prolonged action is an urgent problem. In this context, it is 

promising to use a combined shell based on the natural mineral zeolite in combination with a 

synthetic polymer. Zeolite is an aluminosilicate mineral, environmentally friendly sorbent that 

adsorbs water, aerates the soil, stimulates the development of the root system of plants (Rhodes, 

2010). Microorganisms known for their biodegradable ability to decompose different type of 

resistant compounds of hydrocarbon origin (Rusyn et al., 2003; Glaser et al., 2019; Ghatge et al., 

2020) expand the possibilities of using compounds with long-term decomposition in the 

environment.  The use of PET in the shell of the fertilizer in the minimum amount has prospects 

due to the isolation from the media exposed to PET, the bacteria Ideonella sakaiensis 201-F6, 

which are able to use PET as the main source of energy and are capable to biodegradation of 

environmentally stable polymer in 1.5-2 vegetation period (Tanasupawat et al., 2016; Yoshida et 

al., 2016; Danso et al., 2018; Liu et al., 2018). 

 

2. Study area 

In this paper, we aim to investigate the agronomic efficiency of encapsulated universal mineral 

fertilizer of delayed action, coated with zeolite and modified polyethyl terephthalate, which 

allows the gradual release of minerals for agricultural crops of barley and ryegrass. Soil acidity is 

a mobile agrochemical feature that changes significantly with the introduction of chemicals and 
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affects the digestibility of fertilizers (Trufanova, 2015). Functioning of microbial cenosis of soil 

is an indicator of its ecological condition, efficiency of agricultural machinery and its fertility 

(Samokhvalova et al., 2019). Barley is an important crop, for which in 2017 in Ukraine was 

allocated 2469 thousand hectares and is projected to increase the sowing area to 2.5-2.6 million 

hectares (Kliuchnikova, 2018). Ryegrass is a good model object as a fast-growing plant 

(Hannaway et al., 1999). Therefore, the task was to analyze the dynamics of soil pH, total 

microbial count, growth of microorganisms and germination of barley and ryegrass with the 

addition of modified polyethyl terephthalate-zeolite-encapsulated mineral fertilizer. 

 

 

3. Matherial and methods 

3.1 Fertilizer 

In the experiments we used granular highly concentrated nitro-phosphate-potassium with sulfate 

fertilizer in the proportion N16: P16: K16: S7, covered with a double shell of modified polyethyl 

terephthalate (PET) and zeolite. This is a universal mineral fertilizer, the nutrients of which are 

contained in the form of water-soluble and readily available to plants compounds. 

To obtain a polymer shell, PET waste in the form of flakes was modified with diethylene 

glycol (DEG) at 493 K and 20 kPa as described in (Gak, 2011). The formed modified polymer 

had the structure shown in Figure 1. 

 

Figure 1. Structure of fragments of DEG modified PET macromolecules, which together with 

zeolite covered mineral fertilizer 

 

 

During the polymer encapsulation and after its completion, zeolite dusting was performed 

as described in (Nahurskyi, 2011). The capsule occupied 10% of the mass of fertilizer. 

 

3.2 Сonducting of experiment 

In the experiments, a dark gray podzolic gley loamy soil with a humus content of 2.9 was used. 

The soil for analysis was prepared using sieves w 5.6, d 1.6 and w 2.0 d 0.9 200 g / 1 sample. 
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140 g of prepared dry soil was placed in plastic cups volume of 200 ml with a drainage, the soil 

was moistened and 3 granules of fertilizer were placed on its surface, which was covered with a 

1 cm layer of soil and 5 seeds of Lolium  perenne L. (Perennial ryegrass) or Hordeum sativum 

Jessen (barley), then were covered with a 1 cm layer of soil and watered (Fig. 2). Samples 

without fertilizers with the soil and with plants were used as controls. For plant germination, the 

cups were covered with film, creating mini-greenhouses. The samples were moistened as the soil 

dried every two days. The experiment was performed with three replicates in the laboratory at 

18°С±2°С  using natural light.  

 

     
 

Figure 2. The scheme of the experiment.  Notation: the scheme of the sample with soil, fertilizer and 

seeds (a), schematic structure of fertilizer (b), three granules of encapsulated fertilizer 

were placed on the soil surface (c), five plant seeds were placed on a one-centimeter 

layer of soil covering the fertilizer, and then covered with a one-centimeter layer of 

soil (d) 

 

3.3 Microbiological analysis and determination of pH 

The average soil sample was taken according to GOST 17.4.4.02-84 (2006). The pH of the liquid 

phase of the soil was determined using a digital pH meter HI98103 with a glass electrode. A soil 

sample weighing 20 g and 20 ml of distilled water was added to a glass flask and stirred for 5 

minutes, the resulting soil mixture was allowed to stand for 1 hour. Using a filter, the liquid 

phase was separated and its pH was measured using a pH meter, immersing the electrode to a 

depth of 4 cm. 

For the preparation of microscopic preparations by the Vinogradsky-Breed’s method, 10 

g of soil was weighed from the average soil sample, ground in a mortar and mixed with 90 ml of 
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sterile distilled water for 10 minutes. The soil suspension was defended for the sedimentation of 

coarse particles and made a series of dilutions. The micropreparations were made from 0.01 ml 

of soil suspensions, dried, fixed with 96% ethyl alcohol and stained with carbolic erythrosine for 

30 minutes. The number of bacteria in the soil was determined by direct counting under a 

microscope using an immersion system in 100 fields of view of the eyepiece of the microscope 

(Lebid & Fedorovych, 2013). 

The total number of microorganisms was determined by the formula:  

 

where q - the average number of microorganisms in the field of view; Sm - smear area, cm2; 108 - 

conversion to micrometers, µm2; С - dilution; Sп.з. - field of view area, µm2; V - volume of test 

suspension. 

To calculate the number of bacteria in 1 g of absolutely dry soil, the number found was 

multiplied by the degree of dilution and divided by the mass of absolutely dry soil contained in 1 

g of raw soil. The content of absolutely dry soil was determined in 1 g of the analyzed moist soil 

by drying the boxes at at 105°C to constant weight. The increase in the total number of 

microorganisms in 1 g of soil was calculated as the difference between their calculated values at 

the beginning and the end of the first, second, third and fourth weeks of the experiment. The 

results were processed statistically. The reported results were presented as the average of all 

replicate experiments and their standard errors (x ± SE). Significance of difference between 

average values was established using one-way analysis of variance and F-test for 95% 

confidence level. 

Microbial associations directly in their natural soil environment were studied by the 

method of fouling plates according to M. G. Kholodny (Lebid & Fedorovych, 2013). To do this, 

an incision was made on a flat surface of the soil, a sterile degreased slide was tightly applied to 

the vertical wall of the section. The slides were placed at different depths to study the 

microorganisms of the soil with fertilizers and plant seedlings. Deeply located glasses were 

covered with soil and their locations were marked. The slides were kept in the soil throughout 

the experiment. After that, the ground was carefully removed and the glass was removed. The 

surface of the glass, which was pressed against the wall of the soil section, was dried in air. The 

opposite side of the glass was wiped with a dry cloth. The preparation was fixed on the flame of 

the burner. After that, the slide was immersed in a jar of water upside down, as a result of which 

large soil particles get wet and fall to the bottom, and microorganisms remain on the glass. After 

washing, the preparation was stained with carbolic erythrosine, the dye was incubated from 30 

min to 24 h, dried and examined under a microscope with an immersion system. 
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4. Results and Discussion 

On the first day of the experiment and the next day of the experiment, the number of 

microorganisms in 1 g of soil differed slightly (Fig. 3). On the 7th day of the experiment, the 

total microbial count in soil increased in all samples and, especially, in samples with fertilizer. 

The increase in the quantity of microorganisms in the samples with fertilizer was by 8.7 - 9.1% 

(1,075,718 – 1,132,820), while in the samples of soil without fertilizer the difference between the 

1st and 7th day of the experiment was only 2.3 - 3.5% (282,702 – 440,398)  (Fig. 4). Apparently, 

nitrates and ammonium, which were gradually released when the fertilizer was dissolved, 

contributed to the numerical development of nitrifying and denitrifying bacteria compared to 

samples without fertilizer. The increase in the number of microorganisms in samples without 

fertilizer is associated with the activation of soil microcenose due to its moisture and 

development due to the substrates contained in the soil.  

During the 14th - 28th day of the experiment, an even more active further increase of the 

total microbial count in samples with fertilizer and plants was recorded in comparison with 

control samples without fertilizer (Fig. 3). Thus, on the 14th day of the experiment, the rise in the 

quantity of microorganisms in samples with soil and fertilizer was recorded by 3.7% (518,918), 

in samples with fertilizer and plants by 4.9% (692,830) and 5.9% (843,323), and in samples 

without fertilizers only 1.8 - 2.8% (227,021 – 369,703) (Fig. 4). Similar trends were observed on 

the 21st day of the experiment: the increase in the number of microorganisms was most 

significant in the samples with fertilizer and ryegrass or barley and was 4.8 and 5.6% (713,385 

and 843,368), respectively; in the samples with plants and without fertilizer there was also an 

increase, but less intensive, by 2.5% (341,490) with ryegrass and by 2.9% (390,729) with barley; 

in the samples with soil-fertilizer the growth was 2.5% (369,793). At the same time, in soil 

samples without fertilizer, the growth of the total microbial count slowed down further and was 

already only 1.2% (161,865) on the 21st day of the experiment. On the 28th day of the 

experiment, the total microbial count in 1 g of soil again actively increased in the samples with 

fertilizer and barley or ryegrass by 6.7% and 6.0%, respectively; in samples with plants, but 

without fertilizer, the rise was less intense and amounted to 3.6%. The increase in the quantity of 

microorganisms with fertilizer and soil without plants was even less active and the increase in 

the total microbial count was only 0.7% on the 28th day of the experiment. The number of 

microorganisms in the soil without fertilizer and without plants decreased, apparently due to the 

depletion of the substrates contained in the soil and the increase was negative. As can be seen 

from Figure 4, which illustrates the dependence of the growth of the total count of 

microorganisms on the duration of the experiment, the growth of microorganisms in soil samples 

without fertilizer, as in the soil-fertilizer sample slowed down compared to other samples with 

plants and plants and fertilizer. Throughout the experiment, the fertilizer stimulated the growth 
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of quantity of microorganisms. Obviously, the intensive germination of plants under the 

influence of prolonged release of mineral fertilizers caused active photosynthesis and excretion 

of organic matter into the soil, which are substrates for the development of a large number of 

microorganisms. The probable cause of less active growth of microbial count in samples with 

plants, but without fertilizers was less intensive germination and development of plants, in 

conditions of nutrient limitation and, accordingly, less intense secretion of organic compounds of 

photosynthesis into the soil. Fertilizers can also directly stimulate the growth of microbial 

populations (Nakhro & Dkhar, 2010). The microbial community is sensitive to the availability of 

nitrogen and the pH changes when the fertilizer dissolves (Frey et al., 2004; Lauber et al., 2009). 

The soil microbiota of all samples was diverse and represented by spherical, ro-shaped and 

branched forms. 

The pH of the soil of all samples on the 1st day and the 2nd day of the experiment 

differed slightly and was 6.97-7.05 (Table 1). On the 7th day of the experiment the pH of the 

samples with the fertilizer decreased slightly and on the 14-28th day of the experiment the pH of 

the samples with the fertilizer was slightly lower than the samples without the fertilizer (Table 

1). Lowering the pH of soil samples with fertilizer compared to control samples was a sign of 

gradual release of fertilizer components and is a positive factor, as weakly acidic soil pH is 

optimal for most crops, that increases the availability of nutrients for plant. pH of soil samples 

was statistically insignificantly reduced during the experiment after adding fertilizer to 0.3 on the 

28th day of the experiment (p>0.647). Similar results were obtained in the work Trufanova 

(2015), where the introduction of nitroammophos in comparison with the control, slightly 

reduces the pH by 0.1-0.2 and 0.3 with additional introduction of potassium sulfate. 

 

Таble 1. pH kinetics of the aqueous phase of soil samples within 28 days after fertilizer addition 

(х ± SE, n=3) 

Day 

Sample 

0 1 7 14 21 28 

Fertili

zer 

Plant 

+ - 7.02±0.03 6.98±0.05 6.88±0.07 6.68±0.06 6.61±0.06 6.74±0.08 

+ ryegrass 6.97±0.02 6.99±0.04 6.85±0.05 6.70±0.07 6.64±0.05 6.71±0.09 

+ barley 7.01±0.04 7.00±0.06 6.87±0.06 6.72±0.09 6.65±0.06 6.70±0.05 

- - 7.05±0.03 6.99±0.07 7.06±0.05 7.08±0.08 6.98±0.07 7.08±0.08 
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- ryegrass 6.99±0.05 7.02±0.05 7.09±0.09 7.02±0.05 7.02±0.08 6.95±0.09 

- barley 6.98±0.04 6.98±0.05 7.00±0.08 7.04±0.06 7.00±0.06 7.01±0.07 

 

The fertilizer had a positive effect on the germination of seeds of all analyzed plants. 

Without fertilizer, the seeds germinated slowly and in small quantities, while with the addition of 

fertilizer germination was several times higher (Fig. 5). On the 7th day from sowing, the first 

sprouts of plants emerged. 10 days after the start of the experiment, germination of ryegrass and 

barley was observed in most samples with fertilizer, while without fertilizer the seeds have not 

yet germinated. On the 14th day of the experiment, 36.0% of barley seeds germinated with 

fertilizer, while only 3.2% of barley germinated without fertilizer. With fertilizer 72.8% of 

ryegrass seeds were sprouted up, and only 17.6% without fertilizer on the 14th day of the 

experiment. On the 21st and 28th day of the experiment, the germination of barley was 40.0% 

with fertilizer and only 5.6% without fertilizer. The fertilizer had an even more intense effect on 

ryegrass germination: 98.4% of seeds germinated on the 21st and 28th day of the experiment and 

only 28.0% without fertilizer (Figs. 5, 6). The release of nutrients is gradual and promotes plant 

germination. In encapsulated fertilizers, mineral soluble compounds are covered with a 

protective film, which controls the penetration of water into the granules, the level of dissolution 

of the fertilizer components and allows to synchronize the release of elements to the needs of the 

plant (Lypyn et al., 2018). In the process of plant growth, fertilizer granules adsorb water that 

dissolves mineral salts. As a result of osmotic pressure, the dissolved elements pass through the 

capsule to the outside, where they are gradually absorbed by the roots of the plant throughout the 

entire growing season of  crops (Malavath et al., 2017) and facilitate plant growth. 

 

Figure 3. Total microbial count in soil without plants and soil of root zone of barley and ryegrass 

in 1 g of absolutely dry soil with and without fertilizer addition within 28 days after 
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application of agro-technic (x ± SE, n = 3). * The difference between the total 

microbial count in the samples with soil without fertilizer and the samples with 

fertilizer and ryegrass or barley was statistically significant (P < 0.05) 

 

 

 

 

 
Figure 4. Increase in the total microbial count in 1 g of soil for 28 days 
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b 

Figure 5.  Influence of fertilizer on germination of barley plants (a) and ryegrass (b)  

                (x ± SE, n = 3) 

 

  

Figure 6. Effect of fertilizer on germination of barley plants (a) and ryegrass (b) during 28 days 

of the experiment. Without fertilizer (cups in the first near row) plant germination is 

much lower than in samples with fertilizer (cups in the 2nd row) 

 

5. Conclusion 

Granular universal mineral fertilizer encapsulated with modified polyethyl terephthalate and 

zeolite with prolonged release of minerals had positive effect on the germination of plants of 

barley and ryegrass. The composition of the shell did not show adverse effects on the soil 

microbiota, vice versa increased the total count of microorganisms in the soil and slightly 

reduced soil pH. The application of encapsulated fertilizers in agro-technic can increase the 

efficiency of agricultural development of soils with a limited amount of nutrients. 
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