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Abstract: This article provides information on the synth-
esis of esterified derivatives of hydrolyzed polyacryloni-
trile (EPAN) based on the polymer waste “Nitron” for use
as an encapsulating reagent. The elemental and structural
compositions of potassium humate and the organic polymer
were determined using a scanning electron microscope (Jeol
JSM-64901 V) and an IR Fourier spectrometer (Zhimadzu IR
Prestige-21). A method is presented for determining the
strength of the encapsulated granules of potassium humates
using an IPG-IM device and a TAXTplus texture analyzer
(Stable Microsystems). The scientific novelty of the article
lies in the synthesis of EPAN from “Nitron” polymer waste
using sodium hydroxide in the presence of ethylene glycol at
a temperature of 370 K for 4 h, followed by the use of 0.5%
synthesized solution for encapsulating the granular potas-
sium humate produced from humic acid to give a strength of
up to 17.3kg and prolonged action to the granules. The effect
of EPAN concentration on the encapsulation process of gran-
ular potassium humates was investigated and studied. The
mechanism for the formation of a protective layer of gran-
ular potassium humates in the form of a transparent film
has been established. The results of the experimental work
were processed using the integrated program Statistica-10,
which showed a 3D simulation of the process. Microscopic,
IR spectral, X-ray phase and thermogravimetric analyses of
the encapsulated potassium humate were carried out using
modern instrumental devices (MicroXRF Analysis Report,
monochromator D878-PC75-17.0, TGA/DSC 1HT/319). The
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encapsulated durable potassium humate granules provide
longer-term nutrition, i.e., a slow, gradual release of plant
nutrients in the soil. The use of the produced high-strength
encapsulated potassium humate granules allows for restoring
soil fertility and increasing the yield of agricultural plants.
The encapsulated granules can withstand numerous trans-
shipments and long-term transportation while maintaining
the commercial and consumer properties of the product.

Keywords: synthesis, capsulation, potassium humate, fer-
tilizer, polyacrylonitrile

1 Introduction

One of the promising types of fertilizers is slow-release
fertilizers or fertilizers with controlled release of nutrients
using water-soluble polymers. Water-soluble polymers (poly-
electrolytes) have unique complex properties that depend on
the concentration in the system; at low concentrations, they
have a structure-forming effect, and in more concentrated
solutions, they have a pronounced stabilizing effect. In addi-
tion, due to the successful combination of physicochemical
properties of high-molecular compounds and surfactants,
they are widely used in encapsulating mineral fertilizers
for the agro-industrial complex [1,2].

The authors obtained materials containing various
amounts of NPK as a mineral fertilizer, lignohumate as a
source of organic carbon, and combinations thereof. This
stability study focused on beneficial properties when applied
to soil — repeated drying/reswelling cycles and possible
winter freezing. Lignohumate supported water absorption,
whereas the addition of NPK caused a negative effect. The
pore size decreased with the addition of NPK. The introduc-
tion of lignohumate into polymers leads to the formation of a
very diverse structure, rich in various pores and voids of
various sizes [3]. The advantages of encapsulated organo-
mineral fertilizers are presented. It is proposed to use the
suspension of chicken manure as an organic shell [4].

Encapsulation is a physical-chemical or mechanical pro-
cess of enclosing small particles of a substance in a shell of film-
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forming material. When encapsulating water-soluble mineral
fertilizers, the granules are covered with protective films that
have low permeability to aqueous solutions. The result is a kind
of slow-acting encapsulated fertilizer [5,6].

Encapsulation technology comprises enclosing active
agents (core materials) within a homogeneous/heteroge-
neous matrix (wall material) at the micro/nanoscale. In
the last few years, encapsulation has gained a lot of
interest. The encapsulation technology not only extends
the availability of nutrients to crops by minimizing nutrient
losses through leaching and volatilization but also modu-
lates the release dynamics, potentially leading to enhanced
nutrient uptake and crop productivity. The adoption of such
encapsulated fertilizers could contribute to increased crop
yields, reduced environmental pollution from fertilizer
runoff, and decreased fertilization costs. Fertilizers are
encapsulated with various compounds based on synthetic
or natural polymers to be used as SRFs [7-9].

The use of water-soluble polymers (polyelectrolytes) in
organomineral fertilizers promotes structure formation in
the system, the formation of a polymer—fertilizer complex,
and the preservation of digestible potassium humate in the
composition of the fertilizer. In the future, using them will
lead to the aggregation of soil aggregates; these aggregates
will retain moisture, which will have a beneficial effect on
maintaining soil moisture for a long time [10].

Potassium humate received the widest application in
pre-sowing seed treatment and foliar feeding of plants
during the growing season. Potassium humate is an organo-
mineral fertilizer with a stimulating effect and fungicidal
activity, and is a product of high-tech processing of lowland
peat and coal. Humates are also formed naturally in the form
of a salt of humic acid (HA) [11-14].

Encapsulation of granular products is used to improve
their quality, improve presentation, and expand function-
ality. The authors studied the mechanical properties of
mineral fertilizers. Mechanical properties include the static
strength of mineral fertilizer granules. This article improves
the static strength of potassium humate granules in the
encapsulation process using esterified derivatives of hydro-
lyzed polyacrylonitrile (EPAN) [1,5,15].

As the effectiveness of the encapsulation may vary
depending on soil conditions and crop-specific nutrient
requirements, it is essential to consider these factors when
implementing this technology. By tailoring the encapsula-
tion system to the specific needs of different crops and soil
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environments, the potential benefits of EPAN/potassium
humate encapsulated fertilizers can be maximized [16,17].

The scientific novelty of the article lies in the synthesis
of EPAN from “Nitron” polymer waste using sodium hydro-
xide in the presence of ethylene glycol at a temperature of
370K for 4 h, followed by the use of 0.5% synthesized solu-
tion for encapsulating the granular potassium humate pro-
duced from HA to give a strength of up to 17.3kg and
prolonged action to the granules.

Of particular practical importance is the strength of
mineral fertilizer granules, which are able to withstand
numerous transshipments and long-term transportation
while maintaining the commercial and consumer proper-
ties of the product. Therefore, the production of durable
granules of mineral fertilizers is an urgent task.

2 Materials and methods

2.1 Organic polymer synthesis EPAN

PAN is a waste polymer fiber obtained from polyacrylo-
nitrile (PAN) “Nitron”. PAN was placed in a 1,000 ml three-
necked flask equipped with a stirrer, reflux condenser and
addition funnel, and 35 ml of 42% aqueous sodium hydroxide
solution was gradually added and heated to 223-228 K. During
this period, no change in color or release of ammonia was
observed. When the temperature increased to 333-343 K, it
was accompanied by the coloring of not the entire reaction
mass but only the polymer particles themselves in yellow.

In the course of the hydrolysis process, the release of
ammonia increased gradually, and no rapid release of
ammonia from the reaction mixture was observed. After
60 min, the dispersed polymer particles changed color
from yellow to red-orange and finally to red-brown, indi-
cating hydration, cyclization of nitrile groups and defunc-
tionalization to the amide group. Then, 10 g of ethylene
glycol was added to the reaction mixture [18,19].

The saponification process was carried out at a tem-
perature of 370 K for 4 h. The saponification process pro-
ceeded with a rapid release of ammonia and the formation
of amide groups due to the cyclization of nitrile groups,
while the formed amide and carboxyl groups interacted
with ethylene glycol according to the Mannich reaction:

-+~ CHy~CH -~ CHy~CH- -~ CH,~ CH— -
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2.2 Methods for determination and
encapsulation of potassium humate

A scanning electron microscope (SEM) (Jeol JSM-64901 V),
thermogravimetric analyzer TGA/DSC 1HT/319 (Mettler
Toledo), X-ray phase analysis using an incident beam
monochromator D878-PC75-17.0 (London, England) MicroXRF
Analysis Report and an IR Fourier spectrometer (Shimadzu
IR Prestige-21) were used to obtain encapsulated potassium
humate. The elemental composition and microstructure of
potassium humate were determined using an electron
scanning microscope JSM-6490LV (Jeol, Japan) by the energy-
dispersive method. The essence of the electron microscopy
method is that an electron beam of different energies is fed
through the sample under study. Under the influence of an
electromagnetic field, it is focused on the surface in the form
of a spot with a diameter not exceeding 5 nm. As a result, the
elemental composition and microstructure of the sample
under study are recorded. The sensitivity of the method for
an individual component is 0.1wt%, and the range of ele-
ments being determined is from beryllium (B) to uranium
(U). The spectra were obtained in the range 0-20 keV. The
voltage at the accelerating electrode was 15kV.

To obtain encapsulated fertilizers, the obtained potas-
sium humate was soaked in a 0.25-0.75% solution of water-
soluble organic polymers, further dried at 25-100°C and
granulated in a plate granulator. The EPAN were used as
water-soluble polymers.

2.3 Determination of static strength and the
study of granule structures

The measurement of the static strength of sample granules
was carried out on an IPG-1M device (fracture force: up to
200 N, punch speed: 0.8-1.2 mm-s™). In addition, the static
strength of the granules was determined using a TAXTplus
texture analyzer (Stable Microsystems, UK). This device allows
one to vary the load feed rate from 0.01 to 40 mm-s™ and

Table 1: Spectral data of the organic polymer EPAN
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has a force resolution of 0.001 N. The static strength was
determined for 40 granules (according to the method, 20
granules are enough) of the 3.0-3.15 mm and 3.0-3.35 mm
fractions.

The structure of the granules was studied using an
SEM JSM-64901 V (Jeol, Japan). The distribution of chemical
elements over the surface of chipped granules was deter-
mined by X-ray fluorescence microanalysis using an EDS
attachment Quantax 70 (Bruker). Accumulation of spectra
was carried out in the range (0-20) keV. The voltage at the
accelerating electrode was 15kV. The sensitivity of the
method for an individual component is 0.1 wt%.

3 Results

The obtained esterified hydrolyzed polyacrylonitrile had

the following functional groups during research. The EPAN

was analyzed in an IR spectrometer (Shimadzu IR Prestige-

21), and the results of the studies are shown in Table 1 and

Figure 1.

Figure 1 shows the following IR absorption spectra:

— Intervals of 3,325.28 cm™! of intense absorption corre-
spond to compounds between carboxylic acids with
—OH-groups and methyl and methylene groups.

- Intense absorption of 1,643-1,558.48 em™? corresponds to
the compounds carbonyl and amide hydrocarbons.

— Non-intensive absorption values of 1,408.04cm™ are
typical of aromatic aldehydes in carboxyl hydrocarbon
compounds that form an oxygen bridge with potassium
metal C—O-Na.

- Intensive absorption of 1,091.71 em™! is characteristic of
compounds of aromatic aldehyde hydrocarbons forming
the C-0-C oxygen bridge.

— Values of intense spectral of 671.23 cm™ correspond to
organic thiophene compounds.

Potassium humate was obtained on the basis of HA
obtained according to GOST 9517-94, ISO 5073-85 from

No Peak Intensity Corr. intensity Base (H) Base (L) Area Corr. area
1 671.23 56.946 2.091 678.94 617.22 12.867 1.025
2 1,091.71 82.583 8.866 1,222.87 1,022.27 10.666 3.326
3 1,408.04 92.574 1177 1,423.47 1,373.32 1.494 0.121
4 1,558.48 87.894 1.208 1,573.91 1,477.47 3.956 0.133
5 1,643.35 77.612 13.664 1,824.66 1,577.77 11.761 5.127
6 3,325.28 69.651 0.255 3,336.85 3,309.85 4.214 0.021
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Figure 1: The IR spectrum of EPAN.

eoomam electronic image

Figure 2: Microscopic image of potassium humate before encapsulation.

Table 2: Elemental composition of potassium humate

Element Weight (%) Oxides In terms of oxides (%)
C 58.2 — —

0 22.4 — —

K 19.4 K,0 23.4

coal waste of the Lenger deposit, Kazakhstan. The ele-
mental composition and microscopic image of the resulting
potassium humate were determined using scanning micro-
scopy (JSM-64901V, Jeol. Tokyo, Japan). The results of the
experimental work are shown in Figure 2 and Table 2.
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Figure 2 shows that the microstructure of potassium
humate has a mainly amorphous structure with the addi-
tion of potassium since potassium combines with the func-
tional groups of HAs. The scale of this microstructure is x40
times the increase from the actual state (600 um, spectral
range: 0-20 keV).

Figure 2 shows the results of microscopic studies of
potassium humate, carried out using an SEM JSM-64901
using the energy-dispersive method in the form of yellow
spectra. These yellow spectra respectively indicate the ele-
ments that are present in a given sample and their mass
fraction in ratio%. Based on these data, the elemental com-
position of the test sample is determined and converted to
the oxide form.
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Table 2 shows that the carbon content is 58.2% and the
potassium content is 19.4%. Such a content of useful com-
ponents of potassium humate is enough to use it as a
humate-containing fertilizer to increase crop yields [20,21].

The obtained potassium humate was analyzed using an
IR spectrometer (Shimadzu IRPrestige-21), and the results
are shown in Figure 3.

Figure 3 shows the following IR absorption spectra:

— Intervals of 3,400-3,200 cm™* of non-intense absorption
correspond to compounds between carboxylic acids
with —OH-groups and methyl and methylene groups.

— Values of intensive absorption of 1,800-1,600-cm™ corre-
spond to compounds of carbonyl aromatic hydrocarbons.

— Intensive absorption values of 1,257.91 cm ™" are typical
for aromatic aldehyde in carboxyl hydrocarbon
compounds that form an oxygen bridge with potassium
metal C-0-K.

— Values of intense spectral absorption of 800600 cm™
correspond to organic thiophene compounds.

— Values of intense spectral absorption of 600-550 cm™*
correspond to organic methylene compounds.

Based on the results of the studies, it was determined
that during encapsulation, an increase in the concentration
of the EPAN and the process temperature positively affect
the strength of the granules. This is evidenced by numerous
experimental works on the encapsulation of mineral fertili-
zers. In the encapsulation process, the concentration of the
organic polymer EPAN plays the main role in the strength of
granular potassium humate, and the temperature of the
process plays an auxiliary role. Therefore, the focus is on

Encapsulation of potassium humate with EPAN === 5

the concentration of organic polymer. The process of
encapsulation of potassium humate using the EPAN organic
polymer shows similar results as previously published
works.

In the process of encapsulation of potassium humate at
a temperature change from 25°C to 100°C, without EPAN,
the static strength of potassium humate granules reaches
from 0 to 1.81kg. An increase in the temperature in the
range of 75-100°C leads to the strengthening of the initial
structure of the granules.

Figure 4a shows the microstructure of encapsulated
granular potassium humate at 75°C in the presence of
0.25% EPAN. At this concentration, the structure formation
of the system — potassium humate — occurs; that is, it turns
into a fine-grained amorphous structure. The microstruc-
ture of the cut capsule is shown in Figure 4b, from which it
follows that the concentration of the organic polymer is
insufficient to form a protective layer of the capsule. The
static strength of the granules increases from 2.65 to 15.8 kg.
Furthermore, increase in the temperature to 100°C reduces
the strength of potassium humate granules. This is due to
the lack of concentration of the EPAN.

With a change in temperature from 25°C to 75°C, at a
0.5% concentration of organic polymer, the static strength
of potassium humate granules reaches 2.88 to 17.3kg.
Figure 5a shows the microstructure of encapsulated gran-
ular potassium humate at 75°C in the presence of 0.5%
EPAN. An increase in the concentration of organic polymer
in the system leads to a change in the structure of the
fertilizer; that is, net and uneven lattice-like shapes appear
in the structure of potassium humate.
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Figure 3: The IR spectrum of potassium humate.
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Figure 4: Microstructure (a) and a cut of sample (b) of the encapsulated and potassium humate at 75°C in the presence of 0.25% of EPAN water
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Figure 5: Microstructure (a) and a cut of sample (b) of the encapsulated and granulated potassium humate at 75°C in the presence of 0.5% EPAN

water solution.

The appearance of fragments in the structure of the
fertilizer is apparently associated with the aggregation of
fertilizer particles and the further formation of large, inter-
connected aggregates due to the adsorption properties and
functional groups of organic polymers, which are respon-
sible for the strength properties of the structure of the
entire system. All this leads to the formation of an amor-
phous structure with the appearance of a crystalline one.

Figure 5b shows a section of the upper part of the
encapsulated granule, from which it is clear that the poly-
electrolyte not only has the binding and structural proper-
ties of the internal part of the granule structure but also
the encapsulating effect of the upper layer. In this case,
there is an accumulation of binding components in the
upper part of the granules (Figure 5b), apparently an
increase in the concentration of the structural polymer,
which leads to the initial formation of a thin film on the
surface of the granules.

With a change in temperature from 25°C to 75°C, at
0.75% concentration of the organic polymer, the static
strength of potassium humate granules reaches 5.36 to
12.4 kg (Figure 6a and b).

For reliability of the obtained results on the mechanism
of capsulation and comparative analysis, a microstructure
of a sample of complex polymer containing fertilizer—potas-
sium humate based on the encapsulated 0.5% EPAN solution
at 75°C is shown in Figure 7.

Figure 7 shows that the complex polymer containing the
fertilizer potassium humate also strengthens the structure
of the fertilizer. Apparently, aggregation of small particles
occurs due to the interaction of functional groups with the
active centers of the mineral fertilizer. In addition, they
form a thin film on the surface of the particles of fertilizers.

At this stage, due to the increase in the concentration, a
protective film is formed around the granules, and a strong
capsule layer appears due to the organic functional groups
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Figure 6: Microstructure (a) and a cut of the sample (b) of the encapsulated and granulated potassium humate at 75°C in the presence of 0.75% EPAN

water solution.
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Figure 7: Microstructure of the sample of a complex polymer containing fertilizer of potassium humate, which is dried at 75°C: (a) superficial and (b) a

reverse side.

of the EPAN. This layer has a stable shape and provides
strength to the granules. The resulting capsule layer has a
positive effect on potassium humate granules and increases
the static strength of the granules but does not exceed the
strength of the previous experiments. With an increase in
the concentration, the viscosity of the organic polymer
increases, and further increase is not profitable; that is,
the consumption of the polymer increases, while the strength
of the granules does not increase.

The results of research on the influence of EPAN con-
centration and temperature on the strength of potassium
humate in the process of capsulation by EPAN are pre-
sented in Table 3.

As shown in Table 3, it is evident that with an increase
in the concentration of EPAN from 0% to 0.5%, the static
strength of encapsulated granular potassium humate increases
from 1.0 to 17.3kg at a temperature of 75°C. The table data
were processed and are shown in Figure 8.

From Figure 8, it can be seen that the maximum static
strength (17.3kg) is achieved at a concentration of 0.5%
EPAN at a temperature of 75°C. Based on the results of

Table 3: Influence of organic polymer concentration and temperature
on the strength of granules

Capsulation mode Temperature (°C)

25 50 75 100

Before capsulation
Static strength of granules (kg) 0 0 1.0 1.81
Capsulation with 0.25% EPAN solution

Static strength of granules (kg) 2.65 5.54 15.3 2.96
Capsulation with 0.5% EPAN solution

Static strength of granules (kg) 2.88 7.86 17.3 2.44
Capsulation with 0.75% EPAN solution

Static strength of granules (kg) 5.36 7.42 124 3.23
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Figure 8: Dependence of static strength of granules on the concentration EPAN and temperature.
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numerous experimental works, it was determined that the
optimal process temperature is 75°C.

The influence of technological parameters during the
encapsulation of potassium humate using the EPAN was
processed using the Statistica-10 complex programs, and
a 3D (three-dimensional) simulation is shown in Figure 9.

From Figure 9, it follows that the increase in the
strength of potassium humate granules under the influ-
ence of concentration and temperature during the encap-
sulation process using the EPAN is characterized by a
change in the square shape of the plane from green to

saturated red.

The elemental, mineralogical composition and micro-
graph of encapsulated potassium humate were determined
using a Microsoft Analysis Report (Figure 10, Table 4).
According to the results of the studies, it was determined
that an increase in the concentration of EPAN leads to the
formation of a gel-like structure (in the form of an encap-
sulating layer) in the upper part of the granules and to the

1.00 2.00 3.00 4.00 5.00

600 700 800  9.00
Energy - keV

Figure 10: The micrograph of encapsulated potassium humate.
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Table 4: Elemental composition of encapsulated potassium humate

Encapsulation of potassium humate with EPAN == 9

From Table 4, it follows that the concentrations of

humate-containing components in the encapsulated ferti-
lizer’s composition are C — 56.4% and O — 21.1%, and con-

centrations of macro elements are K —19.2% and N -2 .10%.
Such a content of useful components is sufficient to use as
an encapsulated organomineral fertilizer to increase the

Element Weight (%) Oxides In terms of oxides (%)

C 56.4 — —

0] 211 — —

K 19.2 K;0 20.4

Na 120 Na,0 1.61 yield of agricultural crops.
N 2.10 — —

formation of thin films, which ensures the strength proper-
ties of the granules.

Figure 10 shows that the microstructure of encapsu-
lated potassium humate occurs through the aggregation of
small particles due to the interaction of functional groups
with the active centers of the fertilizer. In addition, they
form a thin film on the surface of fertilizer particles.

It was also found that the strength of mineral fertili-
zers depends not only on the concentration of the EPAN
but also on the chemical composition of mineral fertilizers
and the parameters of the mineral fertilizer granulation
process before encapsulation. When encapsulated with
EPAN under optimal conditions, each mineral fertilizer

To study the change in the encapsulated potassium
humate depending on time and temperature, a thermogra-
vimetric analysis of the dust was carried out using a TGA/
DSC 1HT/319 analyzer. The results of the analysis are shown
in Figure 11.

As shown in Figure 11, the mass of the cottrel dust
depends on time and temperature. This is evidenced by the
changes in its mass at different temperatures: (1) 220.32°C —
86.6429 mg; (2) 673.22°C — 42.9686 mg; (3) 991.22°C — 31.4012 mg.
According to the thermogravimetric analysis results, it was
found that the encapsulated potassium humate mass loss in
the temperature interval of 31.4012-991.22°C within 72 min is
68.9308 mg.

The loss of a large mass (68.7%) of the encapsulated
potassium humate is explained by the fact that the compo-

has different hardness values and always differs from sition contains hydrocarbon and polymer-containing com-
other types of fertilizers. pounds. With increasing temperature, hydrocarbon
Encap. potassium humate Module: TGA, HT/3 Method: 25 1000 10 150ul
mw ) odule: TGA/DSC 1 HT/319 dt1,00s mg -
|  Sample Weight  100,3320 mg 25,0-1000,0°C 10,00°C/min .
i Signal Value 298,88 mw Synchronization enabled 100:
) 1 Step -13,6439 % 4 at 479,30 °C ]
300 -13,6892 mg
1 1 Residue 86,3562 % Signal Value 216,11 mW Signal Value 188,49 TW i
4 86,6429 mg at 714,00 °C at 750,59 °C ]
o Left Limit 26,96 °C 90 -
] Right Limit 220,32 °C ]
200 2 T
i Step -43,5298 % 4 &
] -43,6743 mg Step -68,7029 % i
Residue 42,8264 % -68,9310 mg 80
) 42,9686 mg Residue 31,2973 % i
1 Left Limit 220,32 °C 31,4012 mg g
100 Right Limit 673,22 °C Left Limit 26,96 °C .
o Right Limit 991,22 °C g
g 70
0 ]
1 60 |
B gnal Value -0,75 mgmin/-1 1 1
- at 299,42 °C mgmin~-1 B
-1007 Signal Value -1,00 mgmin/~-1 8 50:
g at 710,89 °C Step -11,5292 % ]
4 d -11,5675 mg i
i Residue 31,2973 % i
31,4012 mg i
b Signal Value -1,42 mgmin~-1 3 Left Limit 673,22 °C
-200 at  10872°C Right Limit 991,22 °C o7
: Signal Value -1,46 mgmin/-1 E
at 409,43 °C 1
T E
i Signal Value -1,58 mgmin~-1 304
-300 | at  453,33°C ]
100 200 300 400 500 600 700 800 900 °g
Va L 1 1 1 L L 1 1 1 1 1 L 1 1 L 1 1 1 1 1 L L 1 L 1 L 1 1 L 1 L 1 1 1 1 1 | 1 1 1 1 1 1 L L
e A A e e e s E L e L Ty .
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Figure 11: Thermogravimetric analysis of encapsulated potassium humate.
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compounds are burnt, and polymer-containing compounds
are restructured.

To determine the structural state and chemical phase
composition of encapsulated potassium humate, an X-ray
phase analysis was carried out using an incident beam
monochromator D878-PC75-17.0 (London, England). The
results are shown in Figure 12.

As shown in Figure 12, the analysis of the X-ray pattern
shows that the structure of the test sample is amorphous.
Diffraction peaks with values of interplanar distances A° =
7.82-3.38-2.12-2.02-1.68 indicate the presence of carbon C

DE GRUYTER

in the crystal structure of the sample, which is the main
component. The composition of the test sample contains
insignificant quantities: potassium oxide (K,0), with dif-
fraction maxima A° = 6.32-3.77-2.56-2.21-2.08-1.66—1.48,
and sodium oxide (Na,0), for which the diffraction maxima
A°® = 3.34-3.02-2.70-2.12-1.61, are characteristic. The pre-
sence of nitrogen is evidenced by diffraction peaks with
low intensity: A° = 2.08-1.63-1.48.

The infrared spectral analysis of encapsulated potas-
sium humate (Table 5 and Figure 12) was carried out using
an IR Fourier spectrometer (Shimadzu IR Prestige-21) with
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Figure 12: X-ray images of encapsulated potassium humate.
Table 5: Spectral data of encapsulated potassium humate
No Peak Intensity Corr. intensity Base (H) Base (L) Area Corr. area
1 462.92 92.782 10.742 470.63 455.20 0.163 0.389
2 555.50 76.504 6.170 567.07 513.07 3.978 1.086
3 597.93 67.153 7.991 617.22 570.93 6.612 1.064
4 667.37 58.651 15.294 964.41 621.08 49.086 16.203
5 991.41 89.280 0.728 1,006.84 968.27 1.820 0.066
6 1,041.56 87.049 0.792 1,049.28 1,010.70 2.079 0.074
7 1,095.57 84.785 4.625 1,176.58 1,064.71 5.709 1.118
8 1,284.59 94.345 0.067 1,288.45 1,226.73 1.444 0.004
9 1,354.03 92.359 0.118 1,357.89 1,292.31 1.959 0.022
10 1,404.18 90.552 2.094 1,435.04 1,377.17 2.188 0.268
" 1,446.61 93.037 0.262 1,438.90 1,438.90 1.155 0.030
12 1,558.48 87.809 1.934 1,577.77 1,481.33 3.841 0.238
13 1,643.35 79.006 13.184 1,782.23 1,581.63 9.823 4.626
14 3,278.99 69.264 0.553 3,286.70 2,885.51 31.402 1.195
15 3,317.56 68.673 0.221 3,325.28 3,298.28 4.372 0.022
16 3,352.28 68.324 1.315 3,753.48 3,340.71 34.944 3.823
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Figure 13: The IR spectrum of encapsulated potassium humate.

a frustrated total internal reflection device, Miracle (Pike

Technologies Kyoto, Japan). The IR Prestige-21 uses a bright

ceramic light source, a high-sensitivity DLATGS detector,

and high-throughput optical elements. Optimization of
optical/electronics/signal systems minimizes noise and
maximizes the S/N ratio (40,000:1 and better).

Figure 13 shows the following IR absorption spectra:

— Intervals of 3,400-3,200 cm™" (3,352.28, 3,317.56, 3,278.99)
of intense absorption correspond to compounds between
carboxylic acids with —OH-groups and methyl, methylene
groups.

— Intense absorption values of 1,643-1,558.48 cm™ correspond
to the compounds of carbonyl and amide hydrocarbons.

- Non-intensive absorption values of 1,446-1,404.18 cm !
are typical for aromatic aldehyde in carboxyl hydro-
carbon compounds that form an oxygen bridge with
sodium metal C—-O-Na.

- Non-intensive absorption values of 1,354-1,284.59 em™t
are typical for aromatic aldehyde in carboxyl hydro-
carbon compounds that form an oxygen bridge with
potassium metal C-0-K.

— Values of intense spectral absorption of 1,095.57-
1,041.56 cm™, characteristic of compounds of aromatic
aldehyde hydrocarbons, forming the C-0-C oxygen
bridge.

- Intensive absorption of 991.56 em™., characteristic of
compounds of polyacrylamide —CONH, functional groups.

— Values of intense spectral absorption of 700-600 cm™*
correspond to organic thiophene compounds.

— Values of intense spectral absorption of 600-450 cm™*
correspond to organic methylene compounds.

2200 2000 1800 1600 1400 1200 1000 800 600

1/cm

4 Discussion

The work focuses on the evaluation of a new slow-release
fertilizer encapsulated by a combination of carboxymethyl-
cellulose (CMC) and HA. The purpose of this study was to
study the release of essential plant nutrients: phosphorus,
nitrogen, and potassium. This study investigated the material
composition and nutrient release properties of a novel pro-
longed-action fertilizer encapsulated by CMC and HA [22].

The strength of conventional mineral fertilizers ranges
from 2.0 to 3.5 kg-(MPa-(kgf-cm ™). The resulting encapsu-
lated potassium humate differs from modern analogues in
that it has high strength characteristics and durability. The
encapsulated potassium humate’s strength is 17.3 kg. High
strength has a positive effect on maintaining its granulo-
metric composition and prolonged action [23].

Encapsulated durable potassium humate granules pro-
vide longer-term nutrition, that is, a slow, gradual release
of plant nutrients into the soil. Also, the improved mechan-
ical properties of potassium humate have a positive effect
on the efficiency of fertilizing. Thus, due to its greater
strength, there is no dusting effect during use; it is better
stored and is suitable for long-term storage. Due to the fact
that the granules are more durable, they are less suscep-
tible to caking and crumbling.

5 Conclusions

EPAN was synthesized based on the polymer waste Nitron
in the process of saponification using sodium hydroxide
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with the addition of ethylene glycol for use as an encapsu-
lating reagent. A method has been developed for encapsu-
lating granular organomineral fertilizer potassium humate
using the synthesized EPAN. The elemental and structural
composition of potassium humate, organic polymer EPAN,
and encapsulated potassium humate were determined using
modern instrumental equipment. The effect of EPAN con-
centration on the encapsulation process of granular potas-
sium humates was investigated and studied. The mechanism
for the formation of a protective layer of granular potassium
humates in the form of a transparent film has been estab-
lished. The results of the experimental work were processed
using the integrated program Statistica-10, which showed a
3D simulation of the process.

The thermogravimetric analysis was carried out using
a TGA/DSC 1HT/319 analyzer, and the process of changing
the encapsulated potassium humate’s mass with time and
temperature was studied. It was found that the encapsu-
lated potassium humate at high temperatures loses most of
its mass (68.7%) because the composition includes hydro-
carbon and polymer-containing compounds.

The strength of the resulting encapsulated potassium
humate was studied using an IPG-1M device and a TAXTplus
texture analyzer. It was found that the highest strength of
the granules is 17.3 kg in the case of using 0.5% EPAN and at
a temperature of 75°C.

The elemental analysis was implemented using a
Microsoft Analysis Report, and the elemental composition
of the encapsulated potassium humate was determined. It
was found that the encapsulated potassium humate con-
tains a sufficient amount of useful components (C — 56.4%,
K - 19.2%, N - 2.10%) for its use as an organomineral
fertilizer.

The X-ray phase analysis was carried out using an
incident radiation monochromator D878-PC75-17.0 to deter-
mine the structural state and chemical phase composition
of encapsulated potassium humate. The developed encap-
sulated potassium humates with high-strength character-
istics restore soil fertility and increase the yield of agricul-
tural plants [23].
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