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ABSTRACT

The application of nitrogen fertilizers allows increasing crop yields and partially increase the natural soil fertility.
They have a negative influence on the environment due to the significant release of nitrogen. Hence, the technol-
ogy for decreasing the N-release is proposed in this work. Obtaining of complex organo-mineral NPK fertilizers
by encapsulating a carbamide granule with a phosphate-potassium shell with humates is the main aim of this work.
The main tasks of this shell is slow release of the nitrogen and phosphate nutrients from the granules into the soil
following the agrochemical needs of plants and prevention of soil pollution. The powdered components agglom-
eration of phosphate and potassium fertilizers with a small amount of liquid phase (plasticizer) allows forming
a phosphate-containing coating on a carbamide core by means of the semi-dry method. This innovation allows
organizing the production of such a product at the average enterprise with less capital investment. Carbamide
prills, phosphate-glauconite concentrate, calcium and potassium ballast humate, and “Avatar” trace-element che-
late complex were used in experimental studies. A preliminary assessment of the market prospects for such an in-
novation shows a high level of market attractiveness for all market participants: producers, consumers, and society.

Keywords: phosphates, carbamide, calcium and potassium humates, organo-mineral fertilizers, “Avatar” trace-
element complex.

INTRODUCTION

Contamination of soils and natural landscapes
by various wastes, including waste heaps and
sludge accumulators (Malovanyy et al., 2020a),
landfills (Popovych et al., 2018), and wastewater
from municipal and industrial wastewater treat-
ment (Malovanyy et al., 2016), creates signifi-
cant environmental problems, thereby violating
the environmental security in the country, guar-
anteed by the national and international legisla-
tion (Brauweiler et al., 2017). These problems
include the contamination of agricultural land

with unused plants and nutrients of mineral fer-
tilizers. After all, mineral fertilizers that are ap-
plied to the soil are not fully absorbed by plants,
some of them enter the environment, polluting the
groundwater and surface water.

The intensive agricultural production needs
fertilizers, which are one of the main sources
of environmental pollutants, soil acidity, and
the introduction of potentially dangerous heavy
metals into soils. High amounts of N-containing
fertilizers, which are necessary during the first
vegetation period, can have a negative influ-
ence on the environment due to the significant
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release of nitrogen: into the air as a gaseous N,
and groundwater and soils as nitrates (Assess-
ing, 2014; Voloshchuk, 2017).

Hence, they accumulated in agricultural prod-
ucts in excessive amounts. High doses of fertil-
izers also increase the soil acidity and are sources
of environmental pollution with heavy metals
(Baliuk, 2012). Due to the increasing of agrogenic
load on the environment, the agricultural produc-
tion needs environmentally friendly fertilizers. It
allows enhancing the agronomic and economic
efficiency of fertilizers while reducing the nega-
tive consequences of their use. A required condi-
tion for the agriculture greening is an evolution-
ary transition to a progressive system of biosphere
land use adapted to the environmental conditions.

Currently, the following types of mineral
fertilizers are present on the Ukrainian market:

nitrogen, phosphate, potassium and complex,
which have an advantage in application (Table 1).
It should be noted that the dynamics of the export-
import operations (Fig. 1 and Fig. 2) indicates a
significant reduction in exports of mineral fer-
tilizers while increasing the volume of their
imports.

The analysis of imports and exports in terms
of commodity positions shows a significant reduc-
tion in the demand for the nitrogen and phosphorus
fertilizers of Ukrainian manufacturers in foreign
markets while increasing the demand for them in
the domestic market. The demand for potassium
fertilizers in both foreign and domestic markets
had a negative trend. The greatest demand in the
domestic market is for complex mineral fertilizers,
the import of which has a steady upward trend,
whereas the volume of exports of such fertilizers

Table 1. The structure of production and consumption of mineral fertilizers in 2015
(According to the data of the “NIITEKHIM” Cherkasy State Enterprise)

Internal consumption,%

Production Export Import Local
Fertilizer name volume, thousand t’ons thousand ’Eons consumption, Local Imported
thousand tons thousand tons | products, % products, %
Nitrogen
(100 % N) 1638.6 879.4 317.7 1076.9 70.0 30.0
Phosphate
(100 % P,0,) 2.1 0.0 2.8 4.9 43.0 57.0
Potassium
(100 % K,0) 4.46 2.28 81.30 83.48 97.00 3.00
Complex and mixed 250.0 25.4 1200.9 1425.5 15.8 84.2
(physical quantity)
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Fig. 1. Import volume of mineral or chemical fertilizers in Ukraine from 2011 to 2019
[Based on (State, 2020a)]
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Fig. 2. Export volume of mineral or chemical fertilizers in Ukraine from 2011 to 2019
[Based on (State, 2020a)]

for the period 2011-2019 decreased by 98.5%. The
change in the market preferences is primarily due
to the non-price factors, the main of which is the
change in the consumer requirements.

The application of nitrogen fertilizers, which
takes an important place in the systems of agri-
cultural plant fertilization, allows increasing the
crop yields and partially decrease the natural soil
fertility. Effective use of nitrogen fertilizers is
possible only with the simultaneous introduction
of other nutrients (phosphorus, potassium, some
trace elements, and organic compounds) (Tripol-
skaja, et al, 2017; Cole, 2017), which can also
lead to the agrogenic soil contamination by heavy
metals (HM), arsenic, and radioactive elements.

The local companies use imported raw mate-
rials for the production of P, K, and complex fer-
tilizers. Among these materials are the phospho-
rites from the Middle East and North Africa and
potassium chloride from the Republic of Belarus
with a high content of heavy metals and radionu-
clides (Yastrub, et al., 2013).

Ukraine has its phosphate and potassium raw
materials, which are currently not developed due to
low nutrient content or significant investment. The

extraction of apatites from the apatite-ilmenite ore
deposits is reasonable only with their joint enrich-
ment. The phosphorite raw materials after enrich-
ment have a low content of P,O,. They cannot be
used for acid decomposition to obtain phosphorus
and complex fertilizers (Vakal S., 2018).

The development of complex NPK-fertilizers
from foreign phosphate raw materials has allowed
ensuring agricultural production with a full range
of primary nutrients and reducing the content of
P,O, and heavy metals. Simultaneously, with in-
creasing fertilizer application rates, the utilization
rate of nitrogen decreases, while both absolute
and relative loss increases (Table 2) (Malovanyy
and Tymchuk., 2012).

Numerous studies confirm that due to the
rapid transformation of nitrogen fertilizers in the
soil, the nitrogen loss in gaseous form can reach
25%, whereas the vertical and horizontal migra-
tion causes pollution of groundwater and surface
water with nitrate form. According to Table 2, the
soils also have a significant loss of calcium. The
following well-known scientists devoted their
works to the study of the problems of effective and
ecologically safe application of mineral fertilizers:

Table 2. Loss of nutrients from the soil to the environment, when applying high doses of fertilizers, kg/ha

Loamy soil Sandy soil
Application of nutrients
N K,0 Ca0 N K,0 Ca0
No fertilizers 4.8 4.0 35.8 8.1 2.7 61.2
N,40P3:0Ks00 27.8 23.2 180.0 72.3 29.4 24.7

223



Journal of Ecological Engineering Vol. 22(1), 2021

Table 3. Removal of nutrients by crops per 1 centner of product, kg

Yield Crop
Wheat Barley Corn Sunflower Rapeseed
N 2.89 2.47 2.41 4.28 6.50
Biological P 1.00 1.09 0.86 1.72 2.40
K 2.07 2.26 2.24 10.43 4.20
N 2.07 1.68 1.53 2.37 4.63
Main products P 0.74 0.74 0.59 1.04 1.73
K 0.49 0.49 0.42 0.84 1.26
N 0.51 0.54 0.69 0.87 0.70
By-products P 0.16 0.19 0.21 0.31 0.25
K 0.99 1.17 1.42 4.36 1.10

V.I. Gladushko, .M. Astrelin, M.S. Malovany,
L.D. Plyatsuk, B.S. Nosko, G.M. Gospoda-
renko, A. Razukas, J.-P. Malingreau, J.C. Cole,
M.E. Trenkel, C. Zhi-Feng, X. Zhi-pen and others.

The removal of nutrients from the soil with
the crop yield reaches significant values (Table 3)
(Vakal V., 2019). Thus, the critical requirement
for developing new forms of fertilizers should
be their minimal impact on the environment with
maximum effectiveness for plants.

The aim of the work is the development and
implementation of ecologically friendly organo-
mineral fertilizers to improve the environmental
safety.

MATERIALS AND RESULTS

An ecological innovation is to reduce the de-
structive impact of mineral fertilizers on the en-
vironment and increase the effectiveness of their
use. As a basis for such innovation, the technol-
ogy of obtaining complex organo-mineral NPK
fertilizers by encapsulating a urea granule with
a phosphate-potassium shell with the addition
of trace elements and humates was proposed.
The main tasks of this shell are the nitrogen
and phosphate nutrients release from the gran-
ules into the soil following the agrochemical
needs of plants and the prevention of soil pollu-
tion (Hai-yan, et al., 2018; Trenkel, 2010; Pan,
etal., 2016). Applying a fertilizer shell (capsule)
to the surface of the granules slows down the
transition of nutrients in the terrestrial environ-
ment, which increases the rate of assimilation by
plants (Malovanyy et al., 2020b).
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It should be noted that a significant advantage
of this technology is the ability to produce the fer-
tilizers of new generation. Changing the composi-
tion of the granule shell, it is capable of providing
a high level of customization of fertilizers while
reducing the logistics costs that significantly in-
crease the level of their competitiveness in both
domestic and foreign markets.

The use of slow-release fertilizers (SRFs)
in crop production is considered beneficial due
to the reduced risk of environmental nutrient
loss. Currently, intensive research is directed
towards formulating low-cost, eco-friend-
ly SRFs and evaluating their efficacy on the
growth and yield of crops. Due to the high cost
of fertilizers, the amounts supplied to the crops
should be sufficient and efficient to increase the
yields and returns without environmental deg-
radation. This can be achieved by establishing
an optimal fertilizer application rate, as defined
in both agronomic and economic perspective
(Rop, et al.,2019).

Our research has shown that it is unneces-
sary to use rather expensive powdered ammo-
phos and other phosphates obtained by acid
decomposition of apatites or phosphorites as
a phosphate component. In our case, both the
phosphorite and phosphate-glauconite natural
domestic concentrates with the general content
of P,O, of not more than 15% are quite effective.
The main technological and agrochemical limi-
tation of their application is assimilable P,0
not less than 80%. Another important condition
is the need to include alkali metal humates as an
element that compensates for the partial reduc-
tion in soil fertility when growing crops.
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Table 4. Chemical composition of the phosphate-glauconite concentrate

Name of indicator and measurement unit

The result of the analysis

Mass fraction of total phosphates in terms of onsggn_, % 15.00
Mass fraction of assimilable phosphates in terms of P,O, . . . % 13.10
Mass fraction of water, % 1.27

Thus, it becomes possible to develop a tech-
nology for obtaining organo-mineral complex
NPK fertilizer for a basic application. The pow-
dered components agglomeration of phosphate
and potassium fertilizers with a small amount of
liquid phase (plasticizer) allows forming a phos-
phate-containing coating with the semi-dry meth-
od. This innovation allows organizing the produc-
tion of such a product at the average enterprise
with less capital investment.

Carbamide prills, phosphate-glauconite
concentrate, calcium and potassium ballast hu-
mates, as well as “Avatar” trace-element chelate
complex were used in experimental studies. The
indicators of the phosphate-glauconite concen-
trate of the Novo-Amvrosiivskyi deposit are
shown in Table 4.

The dispersed composition of the phosphate-
glauconite concentrate of the Novo-Amvrosi-
ivskyi deposit is shown in Table 5.

Calcium and potassium ballast humates and ka-
limag (K-Mg) solutions were used as plasticizers.
The use of kalimag as a plasticizer was previously
processed by us in the production of phosphorus-
potassium fertilizers. Potassium humate is currently
widely produced in Ukraine. The choice of calcium
humate is justified by the need to introduce an or-
ganic component into the composition of the gran-
ule, which — in addition to astringent properties — has
a positive effect on the content of humus in the soil.
Kalimag (46% K,0) was used to enrich the encap-
sulated fertilizer with nutrient potassium and mag-
nesium. Calcium ballast humate was obtained from

the lowland peat of the Glukhiv deposit in the Sumy
region on a model homogenizer. The chemical com-
position of calcium humate is shown in Table 6.

The methods for obtaining granular products
are divided by way of implementation (Muralid-
har, et. al., 2016; Stahl, 2010; Parikh, 2009), or-
ganization of flow (Artyukhov and Sklabinskyi,
2017), instrumentation (Solanki, 2010; Srini-
vasan, 2010; Saikh, 2013), the use of additional
stages (Artyukhova, 2019; Artyukhova, 2020)
with different hydrodynamic and thermodynamic
conditions but differ in their advantages, disad-
vantages, and scope (Patel, et. al., 2011; Shanmu-
gam, 2015; Artyukhov and Artyukhova, 2018).

The disc granulators used in this work have
found wide application in the granules coating tech-
nology (Hoeung, et. al., 2011). The application stud-
ies of the phosphate-containing shell on carbamide
prills were performed on a laboratory plate granula-
tor with a plate diameter of 0.5 meters. Calcium and
potassium humates and previously tested aqueous
solution of Kali-mag were used as a plasticizer. The
samples of fertilizers were obtained as follows. The
powdered phosphate-glauconite concentrate was fed
to a plate granulator on carbamide granules with a
size of 2-3 mm and the addition of plasticizer. The
encapsulation process took place by the mechanism
of agglomeration for 5 minutes. Then the resulting
product was sent for drying for 2 hours at a tempera-
ture of 65°C. The composition of the plasticizer and
its effect on the properties of the fertilizer shell were

Table 6. Chemical composition of calcium humates

Name of indicator and The result of
. .. measurement unit the analysis
Table 5. Dispersed composition of the phosphate- - Y
. pH (10 % water solution) 9.0
glauconite concentrate
Mass fracti f water, % 89.5
The fraction of particle size Mass fraction, % ass frac !on ot water, %
Mass fraction of humates 16.9
> 0.4 mm 0.85 (in terms of dry matter), % ‘
>0.315 mm 1.27 Mass fraction of total calcium 6.0
. o .
> 028 mm 254 (in terms of dry matter), % :
Mass fraction of water-soluble calcium 03
>0.2mm 0.56 (in terms of dry matter), % )
> 0.1 mm 37.88 Mass fraction of magnesium 08
) o .
> 0.063 mm 2183 (in terms c>.f dry matter), % :
Mass fraction of total potassium K,O, 0.05
< 0.063 mm 35.07 (in terms of dry matter) % ’
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Table 7. Composition of produced samples of fertilizers based on carbamide in phosphate shell

No. of sample Composition, % Plasticizer Density of granules,
P,O., % N, % K,0, % MPa
Sample 1 7.2 23.8 0.31 Calcium humate 2.10
Sample 2 7.13 23.6 0.21 Potassium humate 2.07
Sample 3 7.84 21.8 0.42 Potassium-magnesium 2.09
Sample 4 with “Avatar” 7.4 22.8 0.21 Calcium humate 1.71

varied and studied. In order to improve the nitrogen-
phosphorus nutrition, increase stress resistance, and
productivity of plants, the “Avatar” multicompo-
nent microelement complex in the chelated form
was added to the shell composition of the fourth test
sample. The physical and chemical studies of the fin-
ished product were performed according to the stan-
dard methods for mineral fertilizers. The chemical
composition of the obtained samples of encapsulated
carbamide is presented in Table 7.

On the basis of the requirements for this class
of fertilizers, the research was conducted to devel-
op the coating composition, and some plasticizers
were selected for further research. The criteria for
selecting the plasticizer were its binding proper-
ties for agglomeration of the phosphate-glauconite
concentrate particles and certain water solubility,
which allows forming the membrane structure of
the granule coating. The proposed method of the
urea granules encapsulation process in a plate
granulator allowed us to obtain four samples of

complex organo-mineral NPK-fertilizers with
plasticizers. The liquid calcium and potassium
humates and potassium-magnesium solution were
used as plasticizers. The physicochemical stud-
ies of the morphology and elemental composition
of fertilizer samples were performed by scanning
electron microscopy with EDX analysis to assess
the quality of the phosphate-containing shell. The
elemental composition of granule 1 with a calcium
humate as a plasticizer is presented in Figure 3.

The structure of the shell and core were stud-
ied to determine the optimal components of the
plasticizer (Table 7) and the technological param-
eters of the granules shell formation.

The analysis of the spectra in Figure 3 shows
that the penetration of nitrogen from the granule
core into the structure of the phosphate-contain-
ing shell is minimal. The spectrum 15 of gran-
ule’s core is the characteristic of the chemical
composition of carbamide. Thus, it is possible
to conclude the physicochemical nature of the

M Crexip 13

M Crexip 15

Fig. 3. Distribution of elements in granule 1 cross-section: a) Spectrum 13 shows element
composition in granule’s shell, b) general view of granule cross-section with places
of analysis, ¢) Spectrum 15 shows element composition in granule’s core.
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fixation of the phosphate-containing shell on the
carbamide granules.

The phosphate-potassium shell itself acts as a
membrane that retards the rate of carbamide disso-
lution, and as a nutrient with a slower solubility. On
the basis of the performed studies, the most tech-
nologically advanced plasticizer — calcium humate,
which increases the strength of the capsulated gran-
ules and improves soil fertility, has been determined.

A preliminary assessment of the market pros-
pects for such an innovation shows a high level of
market attractiveness for all market participants:
producers, consumers, and society.

Given that in the general structure of the land
fund of Ukraine the area of agricultural lands is
41.5 million hectares (Shkola, et. al., 2016) and
only about 40% of these areas are treated annu-
ally with mineral fertilizers, as well as the ever-
growing demand for mineral fertilizers (Fig. 4),
which has almost doubled (excluding the occu-
pied territories) compared to 2011, the market po-
tential for the new generation mineral fertilizers
is 90%. This indicates a high probability that the
innovation will succeed in the market.

Moreover, it should be noted that this mea-
sure tends to be higher, given that the statistical
data are provided on the enterprises that own and
use 200 hectares of agricultural land and/or more
than 5 hectares of planted areas for open-field
vegetables and/or for greenhouse vegetables and/
or for melons (State, 2020b).

2019*
2018*
2017*
2016*
2015*
2014*

2013

2012

2011

o
o

500,0 1000,0

In addition, the complete replacement of the
existing non-organic fertilizers with the environ-
mentally friendly innovative fertilizers will increase
the level of environmental safety of the country or
region, thereby approaching to its equilibrium or
natural level (Prokopenko and Shkola, 2012).

According to preliminary estimates, the so-
cio-ecological and economic efficiency of new
fertilizers is also high. The expected socio-eco-
logical and economic effect from production and
consumption for all stakeholders is about 6 bil-
lion USD a year. Compared to the method of
obtaining granules from solutions, the semi-dry
method shows 70% less energy consumption and
thermal pollution of the environment according
to an approximate calculation of the ecological
and economic efficiency of the production and
use of fertilizers. Simultaneously, the consump-
tion of natural gas and, accordingly, the dust and
gas emissions during the production of fertilizers
with the semi-dry method (applying a phosphate-
containing coating) can be reduced by three times.
The reduction of the dust and gas emissions, esti-
mated through the emissions of CO, greenhouse
gases with this acid-free method, is 67 USD per 1
ton of fertilizer (Vakal S., 2018).

The decrease in the nitrous oxide emissions
from soils in terms of CO, is 1.24 tons CO,
from 1 hectare of arable land or in monetary
terms is about 35 USD per 1 ha is possible due
to the decrease in the gaseous nitrogen losses in

1500,0 2000,0 2500,0

m Mineral or chemical fertilizers, nitrogen 1000 tons N

® Mineral or chemical fertilizers, phosphorus 1000 tons P205

= Mineral or chemical fertilizers, potassium 1000 tons K20

* Data exclude the temporarily occupied territory of the Autonomous Republic of Crimea, the city of
Sevastopol and temporarily occupied territories in the Donetsk and Luhansk regions.

Fig. 4. Use of inorganic fertilizers for the harvest of agricultural crops in Ukraine
[Based on (State, 2020b)]
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agriculture from the carbamide capsulated with

an organic-mineral phosphate-containing shell

(Vakal V., 2019). These calculations will be nec-

essary for the near future due to the requirements

of environmental services to reduce the green-
house gas emissions from arable land.

The efficiency of encapsulated organic-min-
eral fertilizer production (K ) can be assessed in
general by the environmental factor (Vakal S.,
2018), which is defined as the difference be-
tween the cost of raw materials, which can be
taken as 1, and the cost of waste generated dur-
ing the processing of raw materials (B). Fluc-
tuations in the value of K in the range from
0.9 to 1 indicate high production efficiency and
low levels of environmental pollution. A semi-
quantitative comparative analysis of the acid
methods of complex mineral fertilizers obtain-
ing with the release of a significant amount of
phosphogypsum as production waste and the
production of such fertilizers by the acid-free
process with a loss of dust of not more than 10%,
allows minimizing “B” indicator and increasing
environmental friendliness. Therefore, in terms
of environmental safety, such fertilizers can be
classified as environmentally safe.

Slow-controlled-release (CRFs) fertilizers
obtained by means of the granule-shell technol-
ogy could be ideal and popular fertilizers to im-
prove the nitrogen use efficiency and reduce the
environmental hazards owing to their following
characteristics: a) one single application sup-
plies the necessary amount of nutrients for plant
growth; b) higher crop output can be achieved
with lower fertilizer input; c) they cause mini-
mum adverse effects on the soil, water, and at-
mosphere. Due to the advantages of CRFs, they
have been recognized as one of the most promis-
ing fertilizers that can be applied to agricultural
systems. The main ideas that should be includ-
ed in the proposal for the development of new
brands of fertilizers:

e More complete use of the fertilizer nutrients
while reducing its unproductive losses;

e Complex composition of fertilizer, consist-
ing of essential nutrients and nutrients for the
plant for the entire growing season;

e Necessary condition — the creation of an orga-
no-mineral complex;

e Minimal impact on the environment during
the production and application of fertilizers;

e Minimization of the production costs in the
production and use of fertilizers.
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CONCLUSIONS

Thus, based on the requirements for per-
spective types of fertilizers, and following the
performed studies, it can be concluded that the
development of complex-mixed organic-mineral
encapsulated forms of carbamide for the main
application is promising. This technical solu-
tion is justified by the possibility of obtaining
not only encapsulated carbamide granules with
the introduction of various modifiers into the
shell but also, in general, the NPK fertilizers by
means of the semi-dry method, which is eco-
nomically and environmentally effective in their
production and use.
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