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SUMMARY 

The paper presents the studies of the masstransfer in the soil medium. The physical model of 
releasing the component into the liquid medium was described, and the mathematical model 
of the second stage of extraction of nutrients from the encapsulated particle was developed. 
We studied that an increased pH of the medium increases the rate of release of the 
component. This explains by the change in the structure of the polymer coating. This fact can 
be used to adjust the release time of the component. This study is significant because many 
soils differ in properties, such as acidity and moisture. We established that an alkaline liquid 
environment increases the release of the component from the nitrocellulose capsules. An 
analytical solution to the mathematical model of the process of extracting a component from 
encapsulated particles through a polymer shell into a liquid medium was found. The kinetic 
coefficients of the mathematical model were calculated based on the release rate value at 
different film thicknesses and pH. The obtained values can be used in determining the 
thickness of the polymer coating, given the specific physical and chemical properties of the 
environment and the required rate of substance accumulation in the environment. 
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Introduction 
 
Application chemical substances in agriculture is the main factor in its intensive management. At the 
same time, it is known that plants absorb only a part of the fertilisers applied to the soil. On average, 
the coefficient of use of fertilizers for all agricultural crops is: nitrogen - 50-60%, phosphorus 10-25, 
potassium - 50-60% (Nagurskyy et al., 2022). Many environmental problems are connected with this, 
such as soil salinisation, penetration of fertiliser components into underground water, washing by 
surface waters, pollution of reservoirs, etc. 
Almost all mineral fertilisers are water-soluble salts. Therefore, granulated fertilisers' direct 
application for plant feed is related to the speed of their dissolution and migration in the soil and, 
therefore, is dependent on the amount of precipitation during the fertiliser application during the 
growing season. Excessive rainfall leads to the rapid dissolution of fertilisers, their leaching from the 
soil and pollution of the environment. The consequence of such migration of mineral fertilisers is the 
deterioration of the crop quality and its reduction. Internal reservoirs become extremely vulnerable 
since the accumulation of soluble substances, primarily nitrogenous, takes place in the water to the 
greatest extent. In this connection, the eutrophication of water bodies increases nitrate concentration 
in drinking water. Low precipitation, in turn, leads to the dissolution of fertilisers mainly due to 
groundwater (Yanovska et al., 2022). Under such conditions, a significant amount of fertilisers does 
not dissolve and salinises the soil. According to some scientists, this causes an increase in 
denitrification and releases a large amount of nitrogen oxide (I) into the atmosphere, destroying the 
ozone layer. 
The negative role of using fertilisers is often exaggerated in popular scientific literature. In this regard, 
the public and some specialists, especially doctors, sometimes assume that all fertilisers harm human 
health. However, it is well known that the positive role of fertilisers is much higher than the negative 
phenomena that can occur due to their unreasonable use (Symak et al., 2021). 
One of the ways to prevent environmental pollution with mineral fertilisers is using fertilisers with 
controlled solubility, particularly encapsulated fertilisers. Encapsulated fertilisers allow the 
component to be released at a low speed, which increases the probability of its assimilation by the 
plant, also extends the time of the fertiliser's action and reduces its leaching into water bodies. 
Detailed research was carried out in this field, especially the influence of the physical and chemical 
properties of the environment on the processes of component release from encapsulated fertilisers was 
studied in detail (Sabadash et al., 2021). Studies have found that soil moisture has a decisive influence 
on the release of the component due to which fertilisers were dissolved. An encapsulated fertiliser 
particle in a moist environment releases the target component only after water penetrates through the 
shell into the particle, dissolves the solid phase of the fertiliser, and diffuses the ingredients through 
the cover l into the moist medium. 
Therefore, the mass transfer of the solid phase through the soluble polymer shell can be divided into 
three stages, which have their characteristic features. We conducted a separate study of the duration 
and carried out a mathematical description of each stage of the extraction process. 
 
Method and Theory 
 
The mathematical description allows calculating the time of extraction of the component from the 
capsule to the medium. When formulating the mathematical model, a spherical particle was 
considered, and it was assumed that its centre coincides with the centre of the polymer shell during 
the entire process of solid extraction. The first stage of the component release process begins from the 
moments when the encapsulated particle enters the solvent, solvent percolation through the shell and 
dissolution of the fertiliser. The stage ends if the extractable component appears on the surface of the 
capsule. This time we can determine by known dependencies (Sydorchuk et al., 2014). 
The mathematical model of the second stage of the process, as the most important from the point of 
view of the release of the active component, was considered taking into account the following stages: 
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- diffusion of the component from the surface of the dissolving solid particle, inside the polymer 
capsule, to the inner boundary of the shell; 

- diffusion of the component through the polymer shell to its outer boundary; 
- mass transfer of the component from the outer boundary of the shell to the solvent 
medium. 

Experimental studies have shown that for well-soluble components, their concentration inside the 
encapsulated particle changes slightly so that this concentration can be neglected when solving the 
mathematical model. In work, it is assumed that Cs (concentration on the surface of a solid particle) is 
approximately equal to Ch - concentration on the inner surface of the polymer shell. 
Taking into account the  description, releasing a useful component into the aqueous environment of 
the soil can be described by a system of kinetic equations: 
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where r, r 0, and R are the radius, respectively: running, saturation phase at time t, particles at an initial 
time, m; 
C s, C h, C 1 - average concentrations, respectively: saturation, on the inner and outer surfaces of the 
shell and in the solution, kg/m 3 ; 
D 2 - diffusion coefficient of the component in the polymer shell, m 2 /s; 
β - mass transfer coefficient, m/s; 
ρ  - solid phase density, kg/m 3 ; 
W - solvent volume, m 3. 
The mass transfer resistance through the shell is significantly greater than the mass transfer resistance 
in the space between the saturation phase with a radius r 0 and the inner surface of the cover with a 
radius R. Under such assumptions, the solution of equations (1) and (2) allows us to obtain the 
relationship between the radius of the solid particle and extraction time t. 
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The studies showed that the II stage primarily influenced the extraction process, so the slight increase 
in concentration in the III stage can be neglected. The third stage of the process will begin when the 
solid phase in the middle of the polymer capsule dissolves and continues until the dynamic 
equilibrium is reached. The time to get equilibrium approaches infinity due to the reduction of the 
driving force of the process. 
Spherical particles made of magnesium sulfate and covered with a nitrocellulose shell were used to 
study the influence of the pH of the environment on the kinetics of the release of the active 
component (Rozo et al., 2019). Magnesium sulfate was chosen because it is easy to determine in 
experimental conditions, does not lead to neutralisation of the environment and has good physical 
characteristics for producing encapsulated particles compared to mineral fertilisers. In addition, 
magnesium sulfate is used in agriculture as a micro-fertiliser. 
Particles of NH4NO3 were granulated and covered with a polymer shell made of nitrocellulose were 
used to determine the influence of the pH of the environment on the kinetics of release of the target 
component from polymer capsules.  
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Balls with a diameter of 4 mm were pressed from NH4NO3 powder, which is a model drug, using a 
hand press under the condition of the working pressure of 120 MPa. Particle coating was carried out 
with a suitable film-forming solution in an apparatus with a fluidised bed of solid particles. The study 
of the release of the component was carried out at the pH of the environment from 2 to 9. To create an 
acidic environment, HCl was used, neutral - distilled water, alkaline - NaOH solution. The kinetics of 
the release of NH4NO3 from capsules was studied by determining the concentration of ammonium 
ions by the spectrophotometric method. 
 
The extraction rate of the target components through the polymer shell into the solvent environment 
depends on many factors. These include the nature of the film-forming polymer, the active 
component, the release of which from the capsule is the goal of the process, the conditions of 
application of the shell, its thickness, and structure. The orientation of the polymer molecules changes 
under the influence of the pH of the medium. In an acidic environment, cellulose ethers are stable, and 
in an alkaline environment, a chemical reaction takes place, because of which the nitro group replaces 
by a hydroxyl group (Sabadash et al., 2021). These factors lead to an increase in the diffusion 
coefficient of the target component through the polymer. This explains by a decrease in the polymer's 
molecular packing coefficient, that is, an increase in the proportion of free volume in the packing of 
macromolecules. The hydroxyl group has a much smaller size than the nitro group; namely: according 
to the calculations made according to the dependencies given in (Trus et al., 2022), the volume of the 

OH group is 6.7 
0
A 3, and the volume of the NO 3 ¯ 33 

0
A 3 groups. For comparison, the coefficient of 

molecular packing of cellulose is 0.78, and that of nitrocellulose is 1.36. In addition, because of 
chemical interaction and physicochemical processes (surface phenomena), micro-cracks are formed 
on the surface of the shell, which contributes to increasing the permeability of the cover. 
Because of the increased permeability of the polymer shell, the target component's release rate 
increases when the medium's pH increases. The dependence of the concentration of the released 
component C 1 in the solution on time t at different pH of the solution presents in Fig. 1. 
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Figure 1 Dependence of the concentration of the active component in the solution on time at different 
pH of the medium and the thickness of the polymer capsule of 20 μm 
 
After substituting the value of the particle radius calculated according to equation (1) depending on 
the value of C 1 into the solution of the system of equations (3), the following values of the mass 
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transfer coefficient k (Table 1) were obtained by the graphical method, which is equal 

to 
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Table 1 The value of the mass transfer coefficient k at different pH values of the medium 

pH 2 3 4 5 6 7 8 9 
k, m/s 8.19·10-9 1.4·10 -8 1.9·10 -8 4.25·10-8 8.01·10-8 9.35·10-8 1.04·10-7 1.35·10-7 

 
For this purpose, the measuring cell was filled with sand (porosity 0.4) and filled with distilled water, 
thus creating an environment with a specific humidity of W. 
Using a biodegradable polymer composition as a shell for encapsulated fertilisers can reduce the 
impact on the environment. For this, in addition to the high-molecular base (polystyrene), it is 
suggested to use substances capable of accelerating the biodegradation of the polymer (biodegradable 
additives). 
 
Conclusions 
 
The conducted research is of great importance for obtaining encapsulated fertilisers with a coating 
thickness determined in accordance with the type of soil. The ecological aspects of fertiliser 
application were analysed, and the process of dissolution of the active component through the 
insoluble shell into the environment was investigated, depending on the thickness of the coating, pH 
and humidity of the environment. Based on the mathematical model, a system of equations was 
obtained for calculating the duration and intensity of the process depending on the parameters of the 
encapsulated particle, and its solution was found. The analysis of theoretical and experimental results 
showed that the regulation of the duration and intensity of the process was carried out by changing the 
thickness of the film, which can be calculated according to the developed model. 
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