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Abstract The work is devoted to improving the technology of obtaining organo-
mineral fertilizers by modifying the composition of the organic shell, which allows
the formation of its developed nanoporous structure. Perspective directions of the
“green” transition of agriculture in the concept of sustainable innovative outpacing
are substantiated. The relevance of using granular products with a porous structure in
chemical production and the agricultural industry is given. A review of methods for
obtaining granules with a nanoporous structure is also carried out. The necessity of
creating a new type of fertilizers, combining nutrients included in the composition of
mineral fertilizers and organic elements, has been substantiated. The technological
bases of encapsulation of mineral fertilizers with an organic shell are presented. A
new composition of the shell for encapsulation has been proposed, in which biochar
is used as an additional pore-forming agent. The results of studying the structure of
granules of organo-mineral fertilizers with biochar in the shell are presented.

Keywords Nanoporous structure - Organic-mineral fertilizers -+ Granulation *
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1 Introduction

Tackling climate risks, resulting from anthropogenic pressures on ecosystems,
involves global reductions in greenhouse gas emissions in all sectors of the economy
and a “green” transition of national economies to climate neutrality and sustain-
able development [1-3] in accordance with the documents “The European Green
Deal” [4] and “Fit for 55”: delivering the EU’s 2030 Climate Target on the way to
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Fig. 1 Dynamics of greenhouse gas emissions in the EU, thousand kt (developed by authors based
on data [7])

climate neutrality [5], adopted by the European Commission in response to climate
and environmental-related challenges [6].

According to the European Environment Agency [7], the largest polluter in terms
of anthropogenic N,O greenhouse gas emissions in the EU is the agricultural sector,
which accounted for 74.59% of nitrogen oxide emissions (or 174,965.9 kt CO, eq.)
in 2019. The overall dynamics of greenhouse gas formation in the EU countries is
shown in Fig. 1. In Ukraine, according to the annual inventory submissions 2021 [8,
9], the volume of nitrogen oxide emissions in the agricultural sector was 111.3 kt in
2019, 78% of which are direct and indirect emissions from agricultural land (as a
result of the use of organic and mineral fertilizers).

The dynamics of fertilizer use in the agricultural sector of Ukraine for the period
2000-2020 indicates an increase in consumption of mineral fertilizers by almost
886% (from 0.28 million tons in 2000 to 2.78 million tons in 2020) while reduc-
tion of organic fertilizers by 60.6% compared to 2000 (from 29 million tons to 11.4
million tons). Meanwhile, the share of agricultural lands treated with mineral fertil-
izers increased only by 252.7% and in 2020 amounted to 39.5%, and the share of
agricultural lands treated with organic fertilizers increased by 41.2% and in 2020
amounted to 2.4% [10]. These data indicate that while maintaining current trends,
the volume of greenhouse gases in agriculture will increase, and hence, the “green”
transition to organic production will take place at an extremely slow pace, even if it
is focused on achievement of the climate neutrality goals by 2060 or even by 2070,
as defined in [11, 12].

The need to accelerate the “green” transition of Ukraine to climate neutrality
through the introduction of environmental innovations is identified in the National
Economic Strategy for the period up to 2030 [11]. Moreover, the trigger for a “green”
transition in Europe is the ever-growing hybrid threats from the Russian Federation,
which intensify migration processes, including due to climate change, and affect
the food, energy, environmental, and national security of European countries. In this
regard, according to the concept of sustainable innovative outpacing, one of means of
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accelerating the “green” transition in agriculture is to use new generation fertilizers
that are environmentally safe at all stages of their ecological and economic cycle,
including the stages of life cycle and customization one [13—-15], and based on an
innovative approaches to the technologies of the fertilizer production and the use of
only clean energy sources in the production process [16—19].

Obtaining granules with a nanoporous structure is a prerequisite for the imple-
mentation of some processes in chemical technology and ensuring the necessary
characteristics of a granulated product at the stage of its economic use. For example,
for blasting operations in the mining industry using ANFO, a prerequisite is the use
of ammonium nitrate with a developed network of nanopores (porous ammonium
nitrate, PAN) [20-22] simultaneously with the development of the technological
foundations of the process [23, 24] and the determination of the laws of hydrody-
namics [25] and heat and mass transfer processes [26—-28]. The porosity of adsor-
bents and catalysts is also a prerequisite for successfully implementing processes in
chemical technology [29, 30].

It is necessary to highlight the direction of obtaining granules with a porous
structure for further use as fertilizers. This is especially important when it is required
to ensure a time-controlled dissolution of granules in the soil. Moreover, in the case
of using multilayer fertilizers, the structure of each layer should ensure the release
of components (nutrients) according to a given law.

Obtaining a porous structure of granules is possible both with special processing
and simultaneously with the formation of granules:

1. Introduction of pore-forming and modifying additives in the process of granule
formation.

2. Introduction of pore-forming and modifying additives in the process of additional
processing of already formed granules.

3. Moistening and heat treatment of the formed granules with pore formation due
to moisture removal, incl. with components to the humidifier (except for pore-
forming and modifying), which can be further used as nutrients.

Research into the needs of the fertilizer market has shown that the most promising
direction for increasing the efficiency of nitrogen granules is their encapsulation
with phosphate-containing shells. Considering the highest nitrogen losses from urea
granules in the soil, it is adopted as the core of the encapsulated granule. The well-
known property of phosphates to dissolve more slowly in comparison with nitrogen
fertilizers predetermined to take them as the basis of the shell. At the same time,
changes in climatic conditions for growing agricultural plants and a decrease in
the humus content in the soil require different solutions to increase it. One of the
alternatives to compensate for the lack of organic matter is the use of sodium and
potassium humates. Considering the removal of significant amounts of nutrients
with the harvest, including calcium, we have developed a technical solution for
the production and use of calcium humate, which was tested in the conditions of
vegetation and small-scale experiments and confirmed its effectiveness.

The basic scheme for obtaining organo-mineral fertilizers can be presented as
shown in Fig. 2.
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Fig. 2 Model installation for encapsulating fertilizers [13]: 1—phosphorite bunker; 2—microele-
ments bunker; 3—mixer; 4—dispenser; 5—potassium-magnesium solution tank; 6—humate solu-
tion tank; 7—potassium-magnesium and humate mixing tank; 8—urea granule feed unit; 9—nozzle;
10—disc granulator; 11—tray for granulated product

Obtaining a nanoporous structure of the granule shell is one of the ways to ensure
a given rate of dissolution of fertilizer with soil moisture. The amount of moisture
that can penetrate into the membrane and stay there to ensure the transfer of nutrients
to the kidney depends on the pores’ structure, size, and volume. Thus, in this work,
two problems are simultaneously solved: the proposal of a new shell composition for
encapsulation and the study of the properties of the nanoporous structure of granules
of organic-mineral fertilizers.

2 Technological, Constructive, and Optimization
Calculation

The developed technical solution for obtaining encapsulated organo-mineral fertil-
izers consists of forming a phosphate-containing shell on a granule (prill) of
carbamide in a pelletizing granulator. The process is carried out by the method of
agglomeration of fine powders by wetting them with a plasticizer, which is used as
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one of the types of mineral or organic fertilizers. Common shells for encapsulation of
nitrogen fertilizers are sulfur, polymer, and suspension coatings. The main substance
of the shell is sulfur and polymeric materials applied to the granules in the form
of solutions or suspensions. The introduction of polymer components into the shell
composition reduces the overall nutritional value of the fertilizer. It requires special
conditions to apply a uniform thickness of a thin solid coating, which significantly
increases the cost of fertilizers.

To increase the nutritional value of the encapsulated fertilizer, shells based on
suspensions of ammophos or powdered ammoniated superphosphate and phosphorite
concentrates have recently been used. Aqueous solutions of other fertilizers are used
as a plasticizer to form the shell based on powdered phosphates. However, the use of
solutions of inorganic fertilizers in the composition of such a shell does not allow to
create its stable porous structure, which when dissolving the shell increases its pore
size and increases the rate of dissolution of the nitrogen core of the granule.

The shells of encapsulated fertilizers formed on the core of nitrogen, phosphorus,
or potassium fertilizers are known. They include an inorganic substance in the form
of a natural phosphorus-glauconite concentrate as the base of the shell, and a binder
in the form of aqueous solutions of potassium or nitrogen fertilizers, or combinations
thereof. The disadvantage of such granule structure forming is the use of aqueous
solutions of nitrogen and potassium fertilizers as a plasticizer, which leads to the
rapid dissolution of these fertilizers in the soil and does not allow the creation of a
porous shell structure for the entire period of dissolution of the granule core.

The prototype is the shells of nitrogen fertilizers, which include powdered ammo-
niated superphosphate moistened with calcium humate as a plasticizer, which is
formed by agglomeration, followed by rolling and drying of the encapsulated product.
Shell formation is carried out at a ratio of inorganic coating substance and calcium
humate 1 (0.0012 + 0.01).

The disadvantage of these shells of nitrogen fertilizer granules is the use of
powdered ammoniated superphosphate, which requires pre-acid decomposition of
phosphorite and low pH of the fertilizer as a whole, which affects the degree of crop
yield.

The new model is based on the task of creating a microporous coating of nitrogen
fertilizer granules, which effectively acts to increase crop yields on all types of soils.

The problem is solved by using phosphate-glauconite concentrate with the
addition of biochar in the amount of 5-10% by weight of phosphate-glauconite
concentrate and an aqueous solution of calcium humate. The ratio of a mixture of
phosphate-glauconite concentrate with biochar and calcium humate is 1: (0.09-0.11).

The physical model of encapsulation can be represented as follows. A fraction
(2—4) mm of carbamide granules, powdered phosphate-glauconite concentrate with
a particle size of fewer than 200 microns, and an aqueous solution of calcium humate
containing up to 85% water are preliminarily prepared by sieving. Urea granules are
encapsulated in a disc granulator (Fig. 3) on the pellet surface while simultaneously
dosing urea granules, powdered phosphate-glauconite concentrate into the granu-
lator, and wetting the surface of the granules, and powder with a plasticizer in the
form of an aqueous calcium humate solution.
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Fig. 3 Design scheme of the PAN GRANULATOR
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When the granulator plate rotates, the moistened carbamide granules move (roll)
along the trajectory of an irregular spiral, and as they increase in size, approach the
plate side, and are discharged from it. The process of granule growth occurs due to the
adhesion of moist small particles of phosphate-glauconite concentrate. In the process
of pellet rolling, these particles are compacted on the surface of the granule, then after
the next cycle of irrigation and rolling of the granule, additional adhesion occurs,
followed by compaction of other particles, and so on until the required thickness of
the granule shell is reached. At a certain, given diameter, it rolls over the side of the
plate. Further, the encapsulated granule is sent for drying, followed by the separation
of the commercial fraction.

Implementing the encapsulation process on a pan granulator has its advantages.
After reaching the required size, the granules are removed from the apparatus, and
visual control of the granule growth process allows you to quickly track changes in
the technological parameters of encapsulation.
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To obtain encapsulated organo-mineral fertilizers when conducting laboratory
studies, carbamide granules of fraction 2—4 mm were used, with 46.1% nitrogen,
phosphate-glauconite concentrate with a total content of P,Os 14%, and a particle
size of no more than 200 microns, potassium and calcium humates with a mass
moisture content of 85 and 87%, and the mass fraction of potassium and calcium
humates (in terms of dry matter) 18 and 16%, respectively. At the same time, the
humate solution has a pH = 10.8, which allows us to consider it as a blocker of heavy
elements in the soil. Biochar powder was prepared by sieving to a fraction of fewer
than 200 microns, with a carbon content of 93%. The production of potassium and
calcium humates was carried out on a model homogenizer.

The general technique of the experiment is described in [15].

The choice of a plasticizer in the form of potassium and calcium humates is due
to the positive results of agrochemical tests, which showed an additional increase in
yield compared to a plasticizer based on potassium (an aqueous solution of potassium
mag). In the first series of experiments, the dependence of the strength of the applied
coating on the amount of plasticizer-calcium humate was determined (Table 1).

As follows from the experimental data obtained, the dependence of the strength of
the granules on the moisture content of the granulated phosphate-containing mixture
is extreme depends on the rheological properties of the phosphate-containing addi-
tive, and the optimal amount of moisture is 12.5%, which correlates with the data of
other researchers—8-15%. When the moisture content of the phosphate-containing
charge is less than 10%, not all of the charge is uniformly moistened and cannot be
involved in the agglomeration process. In this case, the rolling process is disrupted,
and the strength of the phosphate-containing shell is low, with low adhesion of the
shell to the carbamide granule. When the moisture content of the charge is more
than 15%, the phosphate-containing charge is granulated to a moisture content of
12.5%. Then, the over moistening of the charge follows with the formation of stuck
together granules and ultimately, the disruption of the agglomeration process. Addi-
tional studies on introducing a carbon-containing nanoporous additive—biochar into
the shell composition—showed an insignificant change in the moisture content of the
charge while maintaining the trend of optimal moisture content. It was interesting to
determine the maximum amount of biochar that can be introduced into the composi-
tion of the phosphate-containing shell. In experiment 1, biochar was not introduced
into the composition of the shell (comparison experiment). In experiments 2-5, it

Table 1 Results of the study of the consumption of the plasticizer on the properties of the granule

Indicator Experience number

1 2 3 4 5
Plasticizer consumption, % 8 10 12.5 15 20
Granule strength, kgf/granule 0.7 1.32 1.5 1.05 0.95
Moisture content of finished granules 0.1 0.25 0.7 0.65 0.53
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Table 2 Results of experimental studies

Indicator Experience number

1 2 3 4 5
Biochar content in the shell, % - 5 10 10 15
Plasticizer consumption, % 25 25 25 30 25
Strength of granules, kgf/granule 1.5 1.26 1.085 1.035 0.97
Moisture content of finished granules 0.12 0.19 0.15 0.095 0.32

was introduced in various quantities with its preliminary mixing with phosphate-
glauconite concentrate. The results of experimental studies are presented in Table
2.

As follows from the presented experimental results, for a given phosphate-
containing mixture, the maximum content of biochar based on the strength char-
acteristics of the shell is not more than 10%. At the same time, according to other
researchers’ data, its effect on increasing fertilizer efficiency begins to show itself
even when it is present in 1%. Thus, an increase in the content of biochar with nano-
sized pores will make it possible to more efficiently use the nutrient elements of
the granule and accordingly, increase the yield of agricultural crops. This statement
was confirmed during test vegetation experiments and showed an increase in yield
compared to the sample without nanoporous additives by 23%.

3 Phase Composition and Crystal Structure of Granules
of Organic-Mineral Fertilizers

The main characteristics of samples of organic-mineral fertilizers are presented in
Table 3.

Samples 5 and 6 contained biochar in various compositions. According to the
results of the experiments, a composition with 10% biochar addition into a phosphate
shell with calcium humate as a plastiziser was more successful for obtaining the
nanoporous shell. The cross-section analysis of obtained samples showed that with
the addition of biochar into phosphate coating of the granule, the attachment between
granule of carbamide and phosphate shell increased, and the interface between layers
became more uniform structure (Fig. 4). The addition of biochar slightly decreases
the density of the granules but makes such fertilizers more appropriate for agricultural
application.

The nanoporous structure of biochar is presented in the Fig. 5a. A micrograph of
biochar microstructure is shown in the Fig. 5b, c.
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Table 3 Composition of produced samples of fertilizers based on carbamide in phosphate shell
[15]

No. of sample Composition, % Plasticizer The density of
P2057 % N, % KZO, % granules, MPa

Sample 1 7.20 23.80 |0.31 Calcium humate 2.10

Sample 2 7.13 23.60 |0.21 Potassium humate 2.07

Sample 3 7.84 21.80 |0.42 Potassium-magnesium | 2.09

Sample 4 with | 7.40 22.80 |0.21 Calcium humate 1.71

“Avatar”

Sample 5 with | 8.90 25.60 |2.20 Potassium humate 1.06

the addition of

biochar to the

shell

Sample 6 with | 8.10 2590 |0.39 Calcium humate 1.00

10% of biochar

Fig. 4 SEM images of granules cross section containing carbamide in phosphate shell with various
plastizisers 1—calcium humate, 2—potassium humate, 3—potassium-magnesium, 4—calcium
humate with complex Avatar, 5—potassium humate with biochar addition to the shell, 6—calcium
humate with addition of 10% biochar into phosphate shell

4 Conclusions

The research results have shown that the improvement of the composition of the
organic shell in the process of encapsulating the mineral fertilizer makes it possible to
create a developed nanoporous structure of this shell. The introduction of biochar into
the shell leads to the formation of an ordered structure of organic-mineral fertilizer
and the creation of conditions for a controlled process of its solubility in soil.
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Fig. 5 SEM image of biochar morphology (a) and biochar microstructure (b) with elemental
analysis (c¢) with an increase in x5000

The introduction of a new type of fertilizer will increase the security of producers
and consumers, improve national security, global competitiveness, inclusive, and
“green” economic growth, and accelerate the achievement of the Sustainable
Development Goals and climate neutrality.

The research results obtained allow in future to assess the competitiveness of a new
type of fertilizer in the context of the concept of sustainable innovative outpacing.
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