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Abstract
Creating “green” organo-mineral fertilizers with a porous structure requires a systematic approach to the development of 
granules composition, method of agglomeration and determination of the optimal technological parameters for implementing 
the process. The samples of encapsulated organo-mineral fertilizers were obtained in a laboratory setup based on a pan-
granulator. Six types of fertilizer samples based on urea in a phosphate shell with various types of plasticizers and additional 
components were proposed. The influence of the organic modifier and plasticizer composition on the nanopores characteristics 
of phosphate-containing shell was investigated. The study of the phosphate-containing shell structure showed that location 
and structure of the nanopores and micropores depends on the type of plasticizer and the addition of components such as 
"Avatar" and biochar. The obtained boundary layers also have nanopores to ensure gradual moisture penetration to the core 
during the prolonged diffusion of nutritional elements from the N-containing part of the core and slow dissolution of the 
organic shell. According to the results of the structural analysis of the coatings, it was determined that the most successful 
is the composition with the addition of biochar and the use of calcium humate as a plasticizer, which makes it possible 
to create a nanoporous organo-mineral shell. The results of such work will be the base for optimization of the apparatus 
construction calculation as a part of technological scheme based on pan-granulator. The novelty and effectiveness of this 
technical solution has been confirmed during vegetative agrochemical tests. The eco-constructive impact of new types of 
fertilizers on the environment was estimated. The proposed novel composition of fertilizers with biochar-phosphate shell 
in the series of agrochemical vegetative tests showed the largest increase in yield, improves their quality and increased the 
humus content in the soil. The necessity of technological transformational changes in the industry and agriculture, based on 
the concept of innovative green proactivity, has been substantiated to accelerate the green transition and achieve sustainable 
development goals. The compliance of new types of fertilizers with the stakeholders’ needs (producer, consumer, state and 
society) has been estimated, which showed the full relevance of the green innovation to all market actors, the high potential 
of the marketing need, and the high expected level of its acceptance by the market. Hence, it has been concluded, that given 
market feasibility, further implementation of an ecologically oriented innovative business project aimed at obtaining “green” 
encapsulated fertilizer with a nanoporous structure should be kept on carrying out.
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Graphical Abstract
Obtaining of “green” encapsulated fertilizers with nanoporous structure

Keywords  Organic-mineral fertilizers · Surface nanoporous structure · Superphosphate shell · Carbamide core · Pan-
granulator · Sustainable development goals · Concept of green innovative proactivity

Introduction

The nanoporous structure of a granule or its shell is a pre-
requisite for ensuring specific characteristics when applied 
to specific industries or when used in the national economy. 
The size, depth, number and shape of the pores affect the 
parameters of the absorption or retention capacity of gran-
ules of porous ammonium nitrate, the absorption capacity of 
adsorbents, catalyst activity, etc. (Artyukhov 2020b). At the 

same time, the current direction of research by scientists is 
to study the effect of additives on the creation of a specific 
developed nanoporous structure and assess the influence 
of various factors on the course of the granule formation 
process and the granules obtaining technology (Artyukhov 
2019). Previous research of this work authors team members 
allowed us to propose multiple ways to control the process 
of pore formation in the production of porous ammonium 
nitrate (Artyukhov 2020a; Obodiak 2020). In this work, the 

Fig. 1   Samples of granules 
shell: a porous ammonium 
nitrate (surface); b organic-
mineral fertilizer (surface)
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following research on obtaining a developed nanoporous 
structure of a granule (shell) of nitrogen-phosphate organo-
mineral fertilizers (Vakal 2021; Yanovska 2022) is proposed 
(Fig. 1).

Numerous studies have described in detail the 
physical–chemical properties of fertilizer granules obtained 
by different methods (Cole et al. 2016; Jasinskas et al. 2016; 
Qiao et al. 2016; Xiaoyu et al. 2013; Zinkevičienė et al. 
2021), as well as the environmental and economic effects 
of their utilization in agriculture (Gil-Ortiz 2020; Savci 
2012; Tomaszewska et al. 2002). Based on analysis of such 
indicators as efficiency, environmental pollution/protection, 
duration of nutrient release, and costs (including labor costs), 
controlled or slow-release fertilizers technology has been 
justified as economically preferable for agricultural industry 
(Irfan et al. 2018; Lawrencia et al. 2021; Tomaszewska et al. 
2002; Wang et al. 2012).

Obtaining organic-mineral fertilizers with a nanoporous 
shell structure, in addition to solving the main task—ensur-
ing controlled solubility of fertilizers in the soil, also allows 
solving the problems of accelerating the green transition of 
Europe (European Commission 2019) and achieving sustain-
able development goals based on the concept of innovative 
advance. To replace MDG 7 "Environmental Sustainability" 
and MDG 8 "Global Partnership for Development," defined 
in the Millennium Development Goals in 2015, came to SDG 
12 "Responsible Consumption and Production," SDG 13 
"Climate Mitigation," SDG 15 "Protecting and restoring the 
terrestrial ecosystem," SDG 17 "Partnership for Sustainable 
Development," defined in the 2030 Agenda for Sustainable 
Development (Brown & Hinsley, 2019; Crisp 2016; Friedrich 
2016; Reinert 2020; Sachs 2012). Expanding and detailing 
the goals of sustainable development indicates the emergence 
of new global problems and the fact that some tasks of the 
Millennium Development Goals have not been solved, which 
requires the formation of environmental management system 
on a fundamentally new basis (Prokopenko et al. 2021). In 
addition, the 2030 Agenda for Sustainable Development SDG 
9 "Industry, Innovation and Infrastructure" defines the rela-
tionship between measures and tools to ensure the achieve-
ment of the above SDGs (Grieco & Palou-Rivera 2020). Such 
an integrated approach to the creation of the landscape and 
favorable conditions for solving the problem of reducing 
man-made load can be very effective in agricultural produc-
tion and related industries that provide this direction.

The functional diversity of microorganisms is 3.8% 
greater in organic fertilizers that in NPK fertilizers (Beb-
ber and Richards 2022). It is generally known that organic 
matter is a key component of the soil, affecting its physi-
cal, chemical, and biological properties, contributing to 
its normal functioning, on which the survival of mankind 
depends. Benefits from higher soil organic matter con-
tent include improved soil quality by increasing water and 

nutrient retention, resulting in higher crop productivity 
in vivo. Thus, the carbon accumulation processes in the 
soil are a vital ecosystem function arising from the inter-
action of ecological processes. In this regard, the lack of 
an organic component in plant fertilization must be com-
pensated for with additional high-carbon resources. One 
of the options for such resources is biochar (Green Car-
bon), which is primarily an effective soil substrate that 
increases soil fertility, reducing its hardness and density. 
At the same time, the roots penetrate the soil more easily 
and grow better. In addition, a special habitat is created for 
soil microorganisms and fungi, which ensures plant health.

Biochar provides environmental and economic benefits 
by increasing soil fertility up to 30% while reducing water 
consumption. Biochar is the highest quality fertilizer that 
exists today, as it stops the process of soil degradation, 
preventing many global environmental and economic 
problems. Thanks to the active ions contained in biochar 
fertilizer, carbon does not evaporate into the external 
environment but remains in the soil for a long time, easily 
absorbed by plant roots. Thus, the amount of greenhouse 
gases in the atmosphere decreases, and at the same time, 
the threat of the greenhouse effect and global warming 
decreases (Marrero 2020).

The soil properties and cowpea yield responses to 
biochars (BCs), applied in combination with nitrogen-
phosphorus-potassium (NPK) fertilizers, were investigated 
(Rafael 2019). All biochars were applied at a rate of 
0.9% (weight/weight), and biochar was combined with 
half and full doses of NPK fertilizers. The introduction 
of biochar as an organic amendment in these soils help 
to increase fertilizer efficiency and crop productivity. 
Biochar is considered a valuable resource for problematic 
soils to retain nutrients increase soil pH. By increasing 
soil pH, biochar improves nutrient availability to plants. 
Application of biochars increased N, P, and K use 
efficiency by cowpea. A combination of biochar and 
fertilizer is a sustainable approach to optimize fertilizer 
efficiency. Farmers can reduce fertilizer application and 
consequently the cost of food production, by increasing 
biochar application in the acid soil studied (Rafael 2019).

A field experiment on sandy clay loam soil with biochar 
combined with NPK showed the increase of soil pH, total 
nitrogen, available phosphorus, total organic carbon, and 
effective cation exchangeable capacity compared with the 
NPK fertilizer and the farmyard manure (Apori et al. 2021).

A resource for obtaining biochar can be wood, products 
of its processing, crop residues, and other organic waste 
(branches, leaves, straw, peat, etc.). At the same time, a 
significant environmental problem of the disposal of organic 
production and consumption waste can be solved (Mihalcova 
et al. 2021).
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The creation of a new method for obtaining organic-min-
eral fertilizers will allow:

- To ensure the efficient use of biochar as one of the 
products of biomass utilization;
- To combine the targeted and directed impact on the soil 
of mineral and organic components;
- The use of biochar slows down soil degradation, 
eliminates excess substances from the soil that slow down 
the development of the root system of plants, stabilizes 
the soil, ensures the retention of nutrients and moisture in 
the soil, and transport routes for mycorrhiza;
- To create conditions for the dosed release of nutrients 
into the soil due to the developed porous structure of the 
organic shell;
- To ensure the penetration of moisture to the core of the 
granule (mineral fertilizer), due to the developed porous 
structure of the organic shell.

The originality of this work is the creation of a new 
method for the production of “green” encapsulated fertilizers 
with nanoporous structure based on biochar properties 
by encapsulating the urea prill into the organo-mineral 
phosphate-containing shell.

The novelty of this work is the application of a complex 
approach to the formation and investigation of the quality of 
organo-mineral fertilizers that were modified by biochar. It was 
investigated as an element of developed nanoporous shell struc-
ture formation, which is important for soil moisture penetra-
tion for the following dissolution of granule core and prolonged 
release of nutrition components. Biochar was also investigated 
as an element that has a positive impact on plant growth.

Vegetation studies carried out by the authors on the cul-
tivation of spring barley on typical chernozem using nitro-
gen and phosphorus-potassium fertilizers modified with 
biochar confirmed the data of foreign scientists (Marrero 
2020; Rafael 2019) and showed that the presence of biochar 
in the granule increases the use of nutrients by plants. The 
results of these experiments made it possible to develop a 
phosphate-containing coating composition for nitrogen fer-
tilizer prills with the introduction of 10% biochar into the 

formulation. The presented results of studies of the obtained 
organo-mineral structure of the phosphorus-containing shell 
are a continuation of the authors’ work on the development 
of environmentally friendly fertilizers.

Experimental

The experimental research methodology was developed in 
(Yanovska 2022), and this work is modified considering the 
peculiarities of the organo-mineral fertilizer composition.

Materials

We used a commercial fraction of prilled urea with a size 
of 2–3 mm, containing 46.2% nitrogen, as the core of the 
granule. To form a phosphate-containing shell, a powder 
of phosphate-glauconite concentrate of the Novo-Amv-
rosiivsky deposit, with a fraction of less than 0.2 mm, was 
used. Chemical composition of the phosphate-glauconite 
concentrate: mass fraction of total phosphates in terms of 
P2O5 gen.—15.0%, mass fraction of assimilable phosphates 
in terms of P2O5 assim.—13.1%, mass fraction of K2O—1.5%, 
mass fraction of water—1.27%. The coating composition of 
the fertilizer samples was additionally made with the micro-
element complex "Avatar" and Biochar. Ballast potassium 
and calcium humates obtained on a model homogenizer, and 
potassium-magnesium (Kalimag) solution (K2SO4 Mg2SO4) 

Table 1   Chemical analysis of 
plasticizers

Indicator name and measurement unit Potassium 
humate

Calcium humate Kalimag solution

Mass fraction of K2O, % – 0.05 17.36
Mass fraction of total Calcium, % – 6.0 2.55
Mass fraction of magnesium, % – 0.8 0.96
1 Mass fraction of water, % 83.8 89.5 60
2 Mass fraction of humates in terms of dry 

matter, %
18.18 16.9 –

3 Suspension pH 9.63 9.0 –

Table 2   Characteristics of biochar

Indicator name and measurement unit Result of 
measurement

Mass fraction of ash, % 4.46
Mass fraction of volatile substances, % 4.53
Mass fraction of non-volatile carbon, % 91.01
Static strength, kgf/granule 1
Mass fraction of nitrogen, % 25.62
Mass fraction of phosphorus, % 8.9
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were used as plasticizers. The solutions of potassium and 
calcium humates were filtered through a 0.125-mm sieve. 
The chemical composition of potassium and calcium huma-
tes and Kalimag solution is presented in Table 1.

Biochar characteristics are shown in Table 2.

Methods

The samples of encapsulated organo-mineral fertilizers were 
obtained in a laboratory setup based on a disk granulator 
(Fig. 2).

The installation consists of phosphate bunker 1, bunker of 
microelement complex “Avatar” or Biochar 2, mixer 3, dis-
penser 4, potassium-magnesium solution tank 5, potassium 
or calcium humate solution tank 6, potassium-magnesium 
mixing tank with humate 7, urea granules feed unit 8, noz-
zle 9, pan-granulator 10 and tray for granulated product 11. 
The consumption of urea, phosphate-glauconite concentrate, 
and potassium humate was determined by the gravimetric 

method using a VLKT-500 balance. Screening of the encap-
sulated product was carried out on an RKF-2U device with 
the release of a commercial fraction (2–5) mm. The resulting 
product samples were dried in a SNOL-3.5.3.5.3.5 / 3.5-
I1 drying oven. The strength of the obtained encapsulated 
samples was determined on an IPG-1 M device according to 
standard methods. Physicochemical studies of the resulting 
product were carried out.

Study of the surface morphology and internal structure of 
the granule (linear size and shape of pores, surface micro-
relief of various objects) was carried out using a scanning 
electron microscope SEO-SEM Inspect S50-B.

Characterization

Experimental studies on the production of biochar from oak 
and ash waste were carried out in laboratory conditions by 
pyrolysis in the absence of oxygen in a muffle furnace at a 
temperature of 600 °C for 48 h. Analytical studies of the 

Fig. 2   Schematic of a model 
plant based on a disk granulator

Fig. 3   Electronic photograph 
of the biochar microstructure 
at a magnification of × 1600 
(a); × 10,000 (b)
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obtained product showed the content of non-volatile carbon 
91.01%, volatile matter 4.53%, ash 4.46%, and pH 10.1.

An electron micrograph of biochar is shown in Fig. 3.
The study of the biochar composition showed its 

developed porous structure and the presence of a large 
number of nano-sized micropores, which is of great 
importance for sorption processes. The porous structure and 
high pH content of biochar can reduce soil acidity, nutrient 
leaching, and the need for fertilizers and irrigation when 
used as a fertilizer component. In terms of its indicators, 
biochar is close to the indicators of charcoal according 
to that it can be considered as a sorption additive in the 
fertilizer composition.

A cycle of studies on the development of a phosphate-
containing coating composition with the introduction of a 
sorption additive in the form of biochar revealed the need 
for its grinding to 200 microns and determined that the 
maximum amount that can be introduced into the coating 
without significant loss of granule strength is 10%. Test 
vegetation experiments to determine the agrochemical 
effectiveness of encapsulated organo-mineral fertilizer 
of prolonged action based on carbamide and phosphate-
containing coating with different biochar content showed 
that the agrochemical effect from the use of biochar in the 
coating composition is already noticeable when it is applied 
at 1%.

Considering the components of the phosphate-containing 
coating from the point of view of their granulation 
(agglomeration), it should be noted that its main component 
is a powdered phosphate-glauconite concentrate of fine 
grinding. After its preliminary grinding, it is advisable to 
modify the coating composition with biochar. In this case, 
the grinding size should be no more than 300 microns, as 
for a phosphate concentrate, or less than this particle size. 
The introduction of calcium humate into the composition 
of the coating in the form of a plasticizer in the process 
of agglomeration of the powder coating is effectively 
implemented on the rolling surface, for example, of a plate 
granulator. In comparison with a drum granulator, the use 
of a disk granulator allows you to visually observe the 
agglomeration process and the hydrodynamics of such an 
apparatus. The granules, having reached a certain size of 
the coating thickness, roll out through the side of the disk. 
The advantage of the disk granulator, compared to the drum 
granulator, is the technological ability to regulate the coating 
thickness and the residence time of the granules in the 
apparatus and the lower metal consumption of the structure.

The process of encapsulating urea granules was carried 
out as follows. Powder of phosphate-glauconite concentrate 
was fed onto carbamide granules pre-moistened with a 
plasticizer (potassium, calcium humate, or Kalimag) in a 
granulator tray. The coating was applied by the mechanism 
of powder agglomeration with parallel moistening with a 

plasticizer. The microelement complex "Avatar" or biochar 
in an amount of 5% and 10% by weight of the powder was 
added to the phosphate powder. The ratio of the coating 
weight to the carbamide weight was maintained at 1.2. The 
pelletizing process on the plates was monitored visually. The 
moisture content of the encapsulated urea at the outlet of the 
pelletizer tray was 6.42%. The wet granules were dried for 
3 h at 65 °C. The product was dispersed with the release of 
a commercial fraction of 2–5 mm.

Due to the additional introduction of liquid potassium 
and calcium humate, potassium-magnesium solution, and 
more uniform wetting of the granule surface during its 
encapsulation, the surface of the phosphate-containing 
coating had a denser structure and visually differed from 
the samples of previous batches.

The chemical composition of fertilizers is presented in 
Table 1. As can be seen from this table, all samples differed 
in the amount of P2O5, N, K2O and the type of plasticizer. 
Due to this, the strength of the granules varies from 1 to 
2.1 MPa.

As it could be seen from this table, all samples varied by 
amount of P2O5, N, K2O and type of plasticizer. Due to this, 
density of the granules varies from 1 to 2.1 MPa.

Authors can confirm that all relevant data are included 
in the article and its supplementary information files. 
Additional data are available on request to corresponding 
author.

Results and discussion

Achieving the sustainable development goals of Ukraine 
requires an integrated approach to the implementation of 
environmentally sound technologies in all industries and 
agriculture (Kotenko et al. 2019; Kurbatova 2018; Kurba-
tova et al. 2020; Trypolska et al. 2021). For many years, 
powerful factors of environmental pollution and irrational 
use of natural resources have been operating on the territory 
of the country, which is due to many reasons. First of all, the 
fact that Ukraine, whose area is 14.5% of the land area of 
the country ЄC (Fig. 4) and whose population is only 1% of 
the world's population, accounts for about 5% of the world's 
production and processing of mineral resources. The low 
level of environmental friendliness and perfection of tech-
nologies for processing mineral raw materials, in particular, 
the production of fertilizers, and their ineffective use leads to 
a rapid increase in the technogenic load on the environment, 
which is characterized, first of all, by the pollution of natural 
components of the environment and the intensification of 
soil degradation processes, 71.3% of which in the structure 
of the land fund of Ukraine are agricultural lands (Fig. 5) 
(Land Directory 2020; Prokopenko 2020; Shkola et  al. 
2016). All this increases the formation of greenhouse gases 
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in the atmospheric air and is accompanied by the release of 
a significant amount of hazardous chemical compounds and 
complexes into the environment (Fig. 6).

According to the head of the state environmental 
inspectorate Andriy Malovanyi, referring to the calcu-
lations of researchers of the international organization 
Global Footprint Network, Ukraine, has been living in 
ecological debt since August 8, 2021 (Malovanyi 2021). 

It means the use of more domestic resources than the 
Ukrainian environment can restore in a year. At the same 
time, changes in climatic conditions for growing crops, a 
significant decrease in the application of doses of organic 
fertilizers negatively affect the processes of maintaining 
the necessary fertility of domestic soils and lead to their 
gradual degradation. Consequently, increasing the level 
of ecological and food safety, which are components of 

Fig. 4   The area of the country to the total area of the EU (developed by authors based on data Land Directory 2020; Shkola et al. 2016; the 
World Bank 2018a, 2018b, 2018c)

Fig. 5   The structure of the land fund of Ukraine (developed by authors based on data (Prokopenko 2020))
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national security, requires the introduction of innovative 
methods, as defined in (Domashenko et al. 2017), and the 
transformation of existing approaches to the production 
and application of mineral and organic fertilizers.

The surface morphology and cross section of the gran-
ules are shown in Fig. 7. SEM morphology of mineral 
fertilizer samples, consisting of a carbamide core and a 
phosphate shell with different chemical composition and 
types of plasticizers are presented in Table 1.

Carbamide core does not include pores. Micropores and 
nanopores are included in phosphate-containing shell in 
all types of carbamide-phosphate samples. Nanopores in 
samples 5 and 6 are placed parallel to the granule core. As 
it can be seen at Fig. 1 (samples 5 and 6). At the samples, 
1, 3, 4 pores are perpendicular to the carbamide core. The 
nanopores structure could be connected with the type of 
plasticizer and addition of such components like “Avatar” 
(sample 4) and biochar (samples 5 and 6). (Yanovska 
2022, Yanovska 2021a, Yanovska 2021b).

As it was concluded from structure analysis, the most 
successful composition is with addition of biochar (sam-
ples 5 and 6). The composition of the samples 5 and 6 
include biochar addition to the shell with potassium 
humate as plasticizer and 10% of biochar with calcium 
humate as plasticizer, respectively. Their microstructure 

is compared at Fig. 8. The composition with 10% biochar 
addition into phosphate shell with calcium humate as a 
plasticizer (sample 6) was more successful for obtaining of 
nanoporous shell. The addition of biochar into phosphate 
coating of the granule increases the attachment between 
granule of carbamide and phosphate shell and makes struc-
ture of interface more uniform.

The obtained results are completely agreed with the 
literature (Apori et al. 2021). The combined application of 
biochar with organic resources decreases the decomposition 
and mineralization of the organic resources, causing the 
slow release of nutrients to the soil environment. Biochar 
addition to the NPK fertilizer and manure decreased the 
apparent ammonification and ammonium loss because of 
the temporary adsorption of NH4

+ onto the biochar surface. 
The Co-application of biochar with NPK increased available 
soil phosphorus, nitrogen (Apori et al. 2021).

As we can see from the results presented in Table 1, the 
density of samples 5 and 6 is decreased slightly compared 
with samples without biochar but it does not influence on 
the agricultural application.

Nanoporous structure of biochar is presented in Fig. 7 
(sample 6). Micrographs of the elemental distribution in 
samples 5 and 6 are also presented in Fig. 8.

Fig. 6   Sectoral shares of net emissions in EU-27 in 2014–2019, % of kt from the 'Total net emissions with international transport (EEA) along 
Sectors (developed by authors based on data (European Environment Agency 2021)
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The elemental composition: Ca, P, Si, O, C is existed for 
both samples. Additional elements are following: N, S, Al, 
Fe, K, Mg, Na. The distribution of elements in the granule 
volume proved absence of mutual penetration between core 
and shell. Such structure is successful for step-by-step dis-
solution of the granule and release of the components into 
the soil.

The results of the investigation (Fig. 8) are completely 
agreed with the literature (Agbede 2021) where biochar 
and poultry manure increased soil total N, available P, and 
exchangeable K, Ca, and Mg concentrations compared with 
the control. Application of biochar alone improved soil pH, 
K, Ca, and Mg better than the NPK fertilizer. Combined 
application of NPK fertilizer, biochar and poultry manure 
at sub-optimal rates gave higher soil N, P, K, Ca, and Mg 
concentrations, higher plant, number of leaves, root length, 
root diameter, and fresh carrot root yield compared with 
NPK fertilizer or biochar or poultry manure alone (Agbede 
2021).

Vegetation test results

The formulation of encapsulated organo-mineral fertilizer 
with the prolonged release with the addition of biochar to the 
phosphate-containing shell was developed and tested during 
vegetation studies. The introduction of ingredients with a 
low carbonic trace potentially improves ecological safety, as 
it allows to have a higher coefficient of exploitation.

Vegetation research on barley cultivation with the use 
of encapsulated organo-mineral fertilizers was carried out 
according to the standard method, in comparison with the 
application of traditional fertilizers, which showed the pros-
pects of this direction of work. The following samples were 
taken for research: 1—control without fertilizers; 2—urea; 
3—encapsulated with phosphate-containing shell urea with 
a plasticizer of potassium humate (recipe 2, Table 3); 4—
encapsulated with phosphate-containing shell urea with a 
plasticizer of calcium humate (recipe 1, Table 3); 5—urea 
encapsulated with a phosphate-containing shell of 10% 
biochar, with a plasticizer of calcium humate (recipe 6, 
Table 3).

Fig. 7   SEM morphology of mineral fertilizers samples made of carbamide core and phosphate shell with various chemical composition and 
types of plasticizers
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According to the results of the experiment, a preliminary 
conclusion can be made that when fertilizers are applied, 
the transformation of carbon into organic matter increases 
the quality and fertility of the soil due to water and nutrient 
retention, which leads to greater agricultural productivity. 
Processing of the experimental results showed an increase 
in green mass of barley samples compared to the control for 
urea sample—44%, in encapsulated fertilizer sample 3 by 
42%, in sample 4 by 32%, and in sample 5 by 80%, and the 
best property of sample 5 to tolerate dry growing season.

The comparative studies of different compositions of the 
phosphate-containing shell of encapsulated organo-mineral 

fertilizers of prolonged action confirmed their agrochemical 
efficiency and prospects for further use in view of environ-
mental safety. The introduction of the following components 
into fertilizers: phosphorite flour, potassium, and calcium 
humates, and biochar, allows you to get a total fertilizer with 
a low carbon footprint.

The content of nitrogen, phosphorus, and potassium in 
the samples of barley plants was determined by the method 
of atomic emission spectrometry. The results of the analysis 
are shown in Fig. 9.

Based on the analysis of graphs, there is a certain cor-
relation between the increase in yield of the developed 

Fig. 8   Nanoporous structure of biochar containing samples 5 and 6 with elemental analysis

Table 3   The composition of the manufactured fertilizer samples based on urea in a phosphate shell (Vakal S. et al., 2021, Yanovska A. 2022, 
Yanovska A. 2021 a)

Sample characterization Sample numbers

Sample 1 Sample 2 Sample 3 Sample 4 with 
“Avatar”

Sample 5 with addi-
tion of biochar to the 
shell

Sample 6 with 
10% of biochar

Composition, % P2O5, % 7.20 7.13 7.84 7.4 8.90 8.10
N, % 23.80 23.60 21.80 22.80 25.60 25.90
K2O, % 0.31 0.21 0.42 0.21 2.20 0.39

Plasticizer Calcium 
humate

Potassium 
humate

Potassium-
magnesium

Calcium humate Potassium humate Calcium humate

Density of granules, MPa 2.10 2.07 2.09 1.71 1.06 1.00
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composition of fertilizer with biochar and a small amount 
of nitrogen accumulated in plants, which may indicate a 
decrease in nitrate content in barley. The prolonged action 
of fertilizers has increased the period of supply of nutrients 
to plants and their gradual release. Thus, nitrogen and phos-
phorus fertilizers were used to increase green mass and its 
quality. Accumulation and retention of potassium in barley 
samples are necessary for the further development of veg-
etative organs.

The influence of pure biochar and urea encapsulated with 
a phosphate-containing shell of 10% biochar, with a plas-
ticizer of calcium humate (Sample 6) in the soil composi-
tion, were also investigated. As a soil, the typical chernozem 

Fig. 9   Nitrogen, phosphorus, and potassium content in fertilizers samples measured by atomic emission spectroscopy

Table 4   Agrochemical 
measures of the soil before 
investigation

Soil pH Humus, % N, mg/kg P2O5, mg/kg K2O, mg/kg

NO3
− NH4

+ NO3
−

, NH4
+

Typical chernozem 7.12 6.98 19.36 5.45 24.81 112.45 75.1

Table 5   The scheme of the introduction of N, P, and K with fertiliz-
ers and their components

Samples Introduced 
amount, mg/kg 
of the soil

N P2O5 K2O

Control without fertilizers – – –
Biochar, 25 mg/kg – – –
Sample 6 (urea encapsulated with a phosphate-

containing shell of 10% biochar, with a plasticizer 
of calcium humate)

68 21.3 1.01
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from Sumy (Ukraine) region with following composition 
(Table 4) was used for agricultural experiments.

The soil used in the study contained nitrogen in the 
optimal amount, an increased level of phosphorus, and an 
average level of potassium. Therefore, the soil sample can 
be classified as almost optimal in terms of agrochemical 
parameters.

To identify the biological effectiveness of promising 
granular fertilizers and their components, agricultural 
tests were conducted, during which the nitrogen content in 
the soil was increased almost 2–4 times, phosphorus and 
potassium—1.5–7 and 3.25 times, respectively (Table 5).

After applying fertilizers, the soil was moistened to reach 
70% humidity from the lowest moisture content, 25 spring 
barley seeds were sown in quadruplicate. Germination and 
maintenance of the growth of barley plants were carried out 
at a temperature of 20 °C and on a 12-h light day. Plant 
measurements were taken on the 30th day of vegetation, and 
an agrochemical analysis of the soil was carried out after 
growing barley plants. The results of the agrochemical soil 
analysis are shown in Table 6.

Plants grown by the addition of various fertilizers were 
collected, and biometric measurements (length of sprouts 
and roots, leaf surface area) were carried out with them. 
After that, samples were dried and weighed. Statistical 
processing of the obtained parameters from the examined 
plants showed significant differences in plants from different 
variants of applying fertilizers and their components by dry 
weight.

In the application of biochar (25 mg/kg of soil) and 
Sample 6, a tendency to increase the weight of spring barley 
seedlings was revealed. Due to the prolonged effect of these 
granular fertilizers, it is advisable to study their effectiveness 
at the later stages of spring barley plants' development under 
field research conditions.

To determine the role of the main components on the 
accumulation of dry weight in barley seedlings, a correlative 
analysis was conducted between the amounts of individual 
components of granulated fertilizers applied to the soil and 
the dry weight of barley seedlings.

The closest relationships were between the accumulation 
of dry weight and the introduction of biochar, phosphorus, 
and potassium. Under these conditions of the experiment, 
nitrogen played a less significant role in the accumulation of 
seedling weight at the initial stage of barley growth.

So, at the juvenile stages of growth and development, 
biochar, phosphorus, and potassium had a more significant 
influence on the accumulation of barley biomass. Thus, the 
result of these fertilizer components on plant formation was 
31.6%, 20.7%, and 21.3%, respectively.

The foliar diagnosis was carried out for the content of 
nitrogen, phosphorus, potassium, calcium, magnesium, and 
trace elements for more detailed identification of the role and 
mechanism of action of the studied granular fertilizers and 
their components on the accumulation of the dry weight of 
plants and nutrients in spring barley seedlings. According 
to the results of foliar diagnostics, it was found that the most 
amount of nitrogen was accumulated in the biomass of plants 
under the condition of applying fertilizers with biochar with 
a plasticizer based on calcium humate (Sample 6).

Assessment of compliance of novel 
“green” encapsulated fertilizers 
with the stakeholder’s needs, 
given the achievement of sustainable 
development goals

Searching for new sustainable markets is a crucial issue 
for innovative enterprises, given that all economic actors’ 
competition becomes more intensive (Kovtunenko et al. 
2019a, b). To reduce various risks impact, assessment of 
market prospects of innovative products at the business 
analysis stage of the innovation life cycle is an essential 
criterion for making management decisions on the 
feasibility of further project implementation. To estimate 
the compliance of new types of fertilizers with all 
stakeholders needs (producer, consumer, state, and society), 
the methodology explored in the work (Prokopenko et al. 
2012) has been used. According to the aforesaid mode, 
three groups of experts representing each category of 
stakeholders, namely producer, consumer, state, and society, 
have been formed. Using the expert method, the evaluation 
characteristics of novel fertilizer corresponding to the needs 
of the relevant stakeholders groups have been identified.

To assess compliance with the needs of consumers, the 
following groups of indicators have been analyzed:

X11—Value / expected value of a new type of fertilizer;
X12—Savings when using;

Table 6   Agrochemical 
measurements of the soil after 
investigations

Samples pH Humus, % N, mg/kg P2O5, mg/kg K2O, mg/kg

NO3
− NH4 +  NO3

− + NH4
+

Control without fertilizers 7.14 6.93 20.30 5.50 25.80 114.15 74.8
Biochar, 25 mg/kg 7.11 6.93 19.80 5.70 25.50 115.98 75.1
Sample 6 7.16 6.72 30.30 64.65 94.95 146.30 75.9
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X13—Complex composition of fertilizer;
X14—Environmental friendliness (level of threat of exces-

sive accumulation of nitrates in plants and crops);
X15—Suitability for use in specific conditions;
X16—Frequency of application;
X17—The level of moisture content of granules in the 

soil;
X18—Convenience, ease of use (for continuous 

application, to a given depth and distance from the row when 
sowing different crops);

X19—No need for additional costs (for the purchase of 
appropriate equipment for fertilizers implementation);

X20—Efficiency (increasing the quantity and quality of 
the crop).

The following weights were determined for aforesaid 
groups of indicators: X11—0.17; X12—0.09; X13—0.1; 
X14—0.05; X15—0.09; X16—0.07; X17—0.11; X18—0.06; 
X19—0.12; X20—0.14.

To assess compliance with manufacturers’ needs, the 
following groups of indicators have been analyzed. The 
weights of indicators are indicated in parentheses:

X21—Reduction of environmental taxes and fines (0.08);
X22—Ability to expand existing markets and enter new 

markets (0.18);
X23—Ensuring the health of employees (0.08);
X24—Increase in profits (0.15);
X25—Reduction of production costs (0.15);
X26—Production safety (including environmental 

protection) (0.09);
X27—Improving the status of the enterprise (through 

the introduction of environmentally friendly production 
technologies and the transition to clean energy) (0.08);

X28—Energy independence of production (providing 
the introduction of its own energy generating capacity on 
renewable energy sources) (0.09);

X29—the possibility of attracting foreign investment for 
business development (0,1).

To assess compliance with the needs of the state and 
society, the following groups of indicators, the weights of 
which are indicated in parentheses, have been analyzed:

X31—Increasing the level of security (including 
environmental, food, energy, and national) (0.15);

X32—Growth of the national economy (0.12);
X33—Growth of global competitiveness of the country 

(0,12);
X34—Ensuring the health of the nation (0.11);
X35—Filling the state budget and increasing revenues to 

the state budget (0.1);
X36—Increasing the number of jobs (0.1);
X37—Increasing the level of social responsibility of 

business (0,1);
X38—Accelerating the achievement of sustainable 

development goals (0,1);

X39—Accelerating the "green" transition of the national 
economy (0,1).

The assessment of the degree of compliance of the novel 
fertilizer characteristics with the stakeholders’ needs has 
been based on the analysis of compliance with these needs 
of certain characteristics on a scale from 0 to 4, where 0—it 
does not comply, 4—it fully complies.

Based on the evaluation above indicators obtained, 
estimates of compliance of the novel “green” fertilizer with 
the needs of consumers (O1), producers (O2), and public 
and state institutions (O3) have been calculated, namely 
O1 = 3.84; O2 = 3.9; O3 = 3.91. The reliability of obtained 
estimates of compliance of a new type of fertilizer with the 
needs of stakeholders—producer (δ1), the consumer (δ2), 
state, and society (δ3), calculated by the standard deviation 
formula, is, respectively, δ1 = 0.072; δ2 = 0.17; δ3 = 0.103.

Given the reliability of estimates, the calculated integrated 
index of compliance of novel “green” fertilizers with all 
stakeholders’ needs is Oint = 3.88 ± 0.115, which corresponds 
to a high level of stakeholders’ satisfaction and indicates the 
acceptability of production and launch of new fertilizers.

Conclusions

The results of studies of the nanoporous structure of the shell 
of organic-mineral fertilizers show that due to the selection 
of the granulation method, the optimal encapsulation 
parameters, and the composition of the shell, the formation 
of a developed network of nanopores is a process that can 
be controlled. The novelty of this research is that a highly 
effective organo-mineral fertilizer with a prolonged action 
was produced by encapsulating the urea prill into the organo-
mineral phosphate-containing shell.

Thus, biochar as a component of the organo-mineral fer-
tilizer shell makes it possible to create a porous structure 
for efficiently assimilating nutrients and the chronologically 
necessary introduction of organic and mineral elements into 
the soil. The technological parameters of the formation of 
the fertilizer shell obtained in this work make it possible to 
ensure its sufficient strength and reliable attachment to the 
granule core. At the same time, the results of studying the 
morphology of each fertilizer zone (shell, boundary layer, 
and core) allow us to state that due to the optimal selection 
of the fertilizer production technology, the porous structure 
of the shell and boundary layer is uniform. This fact, along 
with data on the porosity of the shell and boundary layer, 
makes it possible to predict the release rate of nutrients into 
the soil. The properties of the porous shell are a "marker" 
of the kinetics of dissolution of nutrients in the soil since 
the efficiency of soil moisture retention in the shell and the 
amount of soil moisture that enters the granule depend on 
the volume of pores and their size.
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Studies of the phase and chemical composition and crys-
tal structure of complex fertilizers were performed using 
spectrometry and electron microscopy of various types, 
which allowed to determine the quality of contact of the 
shell with the granule core and its properties.

The results of agrochemical vegetation studies showed 
that the green mass of barley samples was higher than 
the control in the sample with encapsulated phosphate-
containing coating with calcium humate and biochar of more 
than 80%, and the best property of the sample to tolerate 
dry growing season. The limitation could be connected 
with an application to other plant species, so additional 
recommendations should be given depending on the type of 
soil and requirements according to nutritional components.

The contribution of this study is the production of a new 
type of fertilizer that has an eco-constructive impact on 
the environment, and fully complies with the stakeholders’ 
demand, which indicates the feasibility of bringing it to 
market. Launching a novel “green” fertilizer will enable to 
increase the national security and global competitiveness of 
Ukraine, and accelerate the achievement of the Sustainable 
Development Goals and Climate Neutrality.
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