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The research is aimed at the process of granulation of mineral fertilizers by roller and
bulk methods, as well as in fluidized and suspension layers with active hydrodynamics of
flow. It is emphasized that the improvement of the primary technological stages of the
production of granulated fertilizers should be a priority task for optimizing the design of
granulator equipment and establishing the most effective working and technological
parameters for increasing productivity and reducing energy consumption. Key performance
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increase the productivity and quality of products.
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Introduction

Compound mixed fertilizers are comprehensive
fertilizers created through a single technological process
or by combining multiple existing technologies. These
fertilizers contain two or three primary plant nutrients
within a single granule, but in different chemical
forms. They are produced by chemically and physically
processing raw materials or combining various single
and double-component fertilizers [1,2]. During
production, chemical interactions between components
can lead to the formation of new compounds. These
compounds may be sparingly soluble and resistant to
degradation in the soil, making them difficult for
plants to absorb.

Ammonium nitrate and urea are commonly used
nitrogen fertilizers in all soil-climatic zones. These
fertilizers transform within the «soil—plant» system

and participate in the nitrogen cycle, meeting the
nitrogen needs of growing plants. However, they have
significant drawbacks, including high water solubility,
leaching from the arable layer, and contamination of
surface water and groundwater. Additionally, excessive
use of nitrogen fertilizers can lead to nitrate
accumulation in agricultural products and soil, causing
soil degradation and reduced product quality. Methods
for improving fertilizers’ quality are of great practical
interest that they do not significantly complicate the
technological production process and do not require
the use of scarce and expensive reagents and
conditioning additives. Hence, a particular type of
complex mixed fertilizers that do not have the
abovementioned disadvantages is encapsulated fertilizers
[2,3].
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Results and discussion

Innovative encapsulation (granulation)
technologies are used to produce encapsulated
fertilizers, resulting in a product with prolonged action
that ensures the gradual (controlled) release of the
target component (or several) from under the protective
shell, reducing their contact with one another prior
to entering the soil. The coating applied to the surface
of the particles creates additional resistance to mass
transfer during dissolution. As a result, the utilization
rate of these fertilizers increases, allowing for a
reduction in their quantitative application to the soil.

Various compositions can be used for coating
fertilizer granules. For example, Gupta et al. [4]
suggested coating urea with a sulfur shell. The coating
process is carried out in rotating drums, where molten
sulfur is sprayed over a layer of urea granules. After
this, a wax containing a small amount of antiseptic
resin is applied to the formed sulfur layer. Although
sulfur is a micronutrient, its excessive application to
the soil is toxic, adversely affecting soil microorganisms.
Furthermore, the use of such fertilizers will result in
secondary soil contamination with wax, which
additionally contains antiseptic resin.

For urea encapsulation, urea-formaldehyde resin
grade KFS-K is also used. This same substance is
proposed [5] to prevent hygroscopicity. This method
is exclusively applicable to substances with a relatively
low level of caking, such as urea, nitrophosphate, and
the like. Another drawback is the high content of a
highly toxic substance — formaldehyde.

Baird et al. [1] described wax coating on
potassium chloride fertilizer (MOP, 50% K). So,
beeswax with nutritional microelements reduces
moisture absorption by more than 65%, maintaining
an uninterrupted supply of nutrients. Thus, such a
hydrophobic coating can improve the physical
characteristics of the fertilizer without compromising
the nutrient release kinetics.

A known granular fertilizer [6] contains a mineral
core and is coated with an inorganic substance-based
shell — glauconite. The drawback of this invention is
that glauconite, being a mineral, along with the core,
which is also of mineral origin, enters the soil,
contributing to increased soil acidity and creating high
nutrient concentrations, which negatively affects plant
development.

A known method [7] for producing encapsulated
slow-release fertilizers involves applying a suspension
of phosphogypsum in a 20—50% solution of urea-
formaldehyde resin to the surface of granules at a
temperature of 70—90°C for 2—3 minutes. However,
this method does not prevent the granules from
clumping and caking, and the granules with a

phosphogypsum coating do not exhibit high
mechanical strength.

The formation of a continuous shell on the
surface of mineral granules can occur as a result of
the reaction of two or more substances. An example
of such technology is an encapsulated particle, which
consists of a core surrounded by a shell. The core
contains mineral fertilizer, and the shell is made of a
polyurethane layer, which is the product of the reaction
between an aromatic isocyanate component and a
polyol. The main disadvantage of such fertilizers is
the presence of polyurethane, a chemical that
decomposes very slowly in the soil, releasing toxic
substances, and the difficulty in achieving a continuous
polymer film on the surface of the granules.

In the United States, a patented process [8]
involves coating granulated fertilizers with a layer of
liquid sulfur and dissolved bitumen, followed by
additional treatment with mineral powder to prevent
sticking. The suggested mineral powders include
limestone, chalk, talc, and silica. Other materials used
for the shell include paraffin wax, synthetic and natural
rubbers, polyolefins, solutions of sodium silicate, and
calcium chloride. Most encapsulating materials do
not dissolve under moisture, leading to increased soil
contamination with each application of such fertilizers,
thereby worsening the environmental condition. This
trend has been observed to increase year by year.

This review consolidates recent progress in
encapsulated fertilizer production. A key drawback of
such formulations, compared to non-encapsulated ones,
is the higher energy and material cost. To enhance
competitiveness, it is necessary to use low-cost, natural-
based materials that are safe for soil microbiota, create
a porous coating for controlled nutrient release, and
ensure sufficient mechanical strength to withstand
transport and application.

A realistic strategy to reduce the dependency on
conventional mineral fertilizers is the utilization of
agricultural waste. In particular, organic waste from
poultry farms in Ukraine and globally exceeds
municipal waste volumes and presents serious storage
and environmental challenges. Involving livestock
waste in fertilizer production not only supports waste
recycling but also broadens the raw material base for
sustainable agriculture [2].

Animal manure, a traditional organic fertilizer,
is rich in carbon, nitrogen, and phosphorus [9].
However, its direct application carries risks—odor
nuisance, environmental contamination with trace
elements, and food safety concerns related to
microbiological agents and residues of antibiotics or
hormones [9,10].

It should be noted that the practice of direct
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utilization of chicken manure as an organic fertilizer
for soil conditioning puts the environment at jeopardy
due to over-fertilization [11], but litter-free chicken
manure meets all the above-mentioned requirements
and can be used as a protective coating for nitrogen
fertilizers. The resulting encapsulated product has
prolonged action and nourishes plants more effectively
over a long period, and due to the organic origin of
the coating material, it does not contaminate the soil
and environment [12].

A specialized installation for encapsulation of
mineral fertilizers has been developed based on
theoretical and experimental studies. Such parameters
as humidity, temperature, particle size and chemical
composition of the starting materials, as well as specific
properties of the used organics, have been taken into
account under installation development, which allows
the uniformity of the granules and the stability of
their properties [13].

Thus, the technology for producing compound
mixed (combined) fertilizers in granulated form
involves the following main technological stages:

1. Raw material preparation (crushing,
classification, melt preparation, etc.).

2. Granulation.

3. Stabilization of the granule structure through
convective cooling.

4. Separation of the commercial fraction (size
classification, crushing of large fractions).

5. Coating the granule surface (encapsulation)
of mineral fertilizers with organic matter.

It should be noted that enterprises already engaged
in the production of granulated mineral fertilizers
will not face significant challenges in redirecting their
production to obtain complex mixed (combined)
extended-release fertilizers. This requires
supplementing their existing technological production
scheme with an additional unit equipped with a fluidized
bed apparatus.

The critical technological operation in obtaining
monodisperse granules is the second stage, granulation.
A well-organized process that yields a product with
the most uniform size (mono-fraction) allows for the
minimization or complete elimination of the fourth
stage, enabling the immediate direction of cooled
mineral fertilizer granules to encapsulation.

Granulated materials are produced using a variety
of methods [14]. These include rolling, which involves
agglomerating and layering particles to form granules.
Liquids can also be dispersed into the free volume of
the apparatus, where droplets crystallize as they cool.
Another method is spraying liquid onto granules in a
fluidized bed, followed by drying or cooling to solidify
the surface layer. Granules may also form through

chemical reactions in an active medium. Additional
techniques include flaking (cooling the liquid on a
surface and shredding the film), pressing powders into
briquettes or tablets and crushing them, extrusion of
pasty masses through dies, and sintering by heating,
then crushing and sieving the agglomerates.

The comparative assessment of granulation
technologies (Table) indicates that the most commonly
applied approaches include melt dispersion with
subsequent cooling in prilling towers, rolling combined
with surface coating by dispersed liquids, and spraying
of pulp or suspension into a fluidized or suspended
layer.

To support the selection of optimal process
conditions, an exergy-based evaluation methodology
was developed. It enables estimation of energy
consumption and thermal efficiency during granulation
and convective cooling stages, accounting for process
energetics and equipment performance.

In ref. [3], the results of exergy analysis of
granulation processes under different operating
conditions are presented. The study proposes
technological solutions aimed at improving energy
efficiency and systematically evaluates the performance
of various cooler designs in terms of exergy losses.
Based on this analysis, practical recommendations
are provided for the use of granular fertilizer coolers
across different industrial sectors. These measures can
optimize cooling processes, reduce electricity
consumption, and enhance overall production
efficiency.

Research has established that for fertilizers, the
melt for the production of which has a sufficiently
low viscosity and the stages of crystallization occur in
the granule, the pouring method is the most
operationally reliable and cheap. This is also relevant
in the production of food products. In addition, the
claimed technology makes it possible to obtain a
monodisperse product with a maximally spherical
shape.

Another advantage of the sprinkling method is
such a characteristic as the average irrigation density
of the cross-section of the tower (Fig. 1).

Initially, this parameter was in the range of
100—200 kg/m?-h. It has become possible to increase
the irrigation density to 500—1000 kg/m?-h with the
use of static and vibrating float sprinklers in granulation
towers in combination with a fluidized bed cooler
located in the lower part of the tower. This, in turn,
allows one to increase the productivity of the unit
volume of the granulation tower by 4—5 times [15].

Vibrating granulators have gained popularity for
processing mineral fertilizer melts. By mechanically
disrupting high-temperature liquid jets, these granulators
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produce finer, more uniform droplets, leading to a
narrower particle size distribution and increased
monodispersity.

The disintegration of jets into drops under the
influence of forced mechanical oscillations is a rather
complex process. As the pressure increases and a certain
flow rate is reached, the liquid begins to form a
continuous cylindrical stream. This jet remains
continuous in the initial part of its movement, but at
some distance from the opening, it begins to break up
into drops. The process of such jet fragmentation is
caused by instabilities arising from the interaction of
inertial forces, surface tension forces, and gravity. As
the flow rate increases, these instabilities intensify,
leading to the disintegration of the continuous jet into
individual droplets. The distance from the orifice to
the point where the jet begins to break up depends on
many factors, including pressure, orifice diameter,
viscosity, and surface tension of the fluid.

As long as the speed is relatively low, the outflow
has a laminar character, and the jet retains an
axisymmetric shape until its disintegration (Fig. 2,a).
However, with a further increase in speed, the
aerodynamic effect of the external environment on
the jet increases, and its axisymmetric shape turns

o air

t:::} outiet

air >

outlet t.‘- -.}

fusion
rotative
priller -1
air £
inlet -
cootant air
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1

Fig. 1. Flow diagram of air and granules in the granulation
tower

into a wave shape (Fig. 2,b), which is characterized
by crushing into drops of different sizes.

To mitigate agglomeration and promote uniform
ingredient distribution within granulated products, it
is essential to produce granules with a narrow size
distribution. Monodisperse jet disintegration, induced
by artificial regular disturbances, offers the potential
to generate droplets spanning a wide size range, from
20—50 um to 100—2000 pm. By carefully designing
vibrating granulators, it is possible to further enhance
product stability and physical properties.

An excessive increase in the oscillation frequency
leads to a decrease in the length of the continuous jet.
The increase in the amplitude of the oscillations first
contributes to the increase in the size of the droplets,
then causes the jet to split into two separate streams
of droplets, and finally leads to the formation of droplets
of irregular size.

At specific power W=360 W/m?, as can be seen
from Fig. 3, and, at the moment of jet disintegration,
the drops have a pear-shaped shape. The pointed end
of the drop is drawn into its main volume in 1/500 s,
and the drop acquires a spherical shape (Fig. 3,b). At
the same time, <«satellites» are not formed. The
production of pear-shaped drops is explained by a
regular change in the speed of the liquid first in the
jet, and then inside the drop, which occurs as a result
of a periodic change in the speed of outflow from the
canal under the influence of pressure pulses.

The uniformity of artificial jet disintegration is
significantly influenced by the quality of the outflow
orifice processing, the implementation of jet
laminarization techniques, and the minimization of
extraneous external disturbances that may induce
turbulence. Proper shaping and polishing of the nozzle
ensure a stable and symmetrical jet, which is crucial
for achieving a controlled breakup into uniform
droplets. In selecting the target granule size, one must
consider the inherent hydrodynamic instability of
molten droplets emerging from the jet. Under the
influence of aerodynamic forces during flight, especially
at high velocities or in the presence of uneven
surrounding flow fields, larger droplets tend to deform
due to surface tension gradients and internal pressure
fluctuations. This deformation can lead to the formation
of hollow, thin-walled shells that are particularly
unstable. These shells ultimately disintegrate into a
spectrum of smaller fragments, which reduces size
uniformity and complicates downstream granule
classification. A visual representation of this process
is provided in Fig. 4, illustrating the stages of droplet
deformation and breakup.

Causal analysis is a systematic methodology that
facilitates the identification of potential root causes of
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undesirable events or problems. By categorizing
potential conditioning factors — typically into areas
such as materials, methods, equipment, environment,
measurement, and personnel — this approach ensures
a structured and comprehensive examination of all
plausible hypotheses that may affect the outcome of a
process or product quality parameter. This
methodological rigor is particularly essential in high-
precision industries, including fertilizer granulation,
where product uniformity, mechanical strength, and
nutrient encapsulation efficiency are sensitive to a
multitude of interacting variables.

However, causal analysis alone does not confirm
causation; it primarily serves as a hypothesis-generating
framework. Empirical validation — through
experimental trials, process monitoring, and statistical
correlation — is required to verify which among the
identified factors exert a dominant or synergistic
influence on the observed anomalies.

To visualize and systematically assess the network
of potential causes affecting the quality indicators of
monodisperse compound fertilizer granules, an
Ishikawa (fishbone) diagram was constructed (Fig. 5).
This diagram enables the decomposition of complex

process interdependencies and highlights key domains
of concern. For instance, it maps how inconsistencies
in melt temperature, deviations in nozzle geometry,
insufficient jet laminarization, or external vibrations
in the granulation zone can lead to deviations in
granule sphericity, size distribution, and coating
uniformity. Furthermore, factors related to material
feedstock, such as the presence of fines or impurities,
are also traced to their downstream effects on granule
integrity and surface morphology.

By leveraging this visual tool in conjunction
with process data, researchers and engineers can
prioritize critical control points and implement targeted
interventions, ultimately enhancing the reproducibility,
sustainability, and performance of the fertilizer
granulation process. The use of such a diagnostic
framework aligns with contemporary principles of
quality-by-design and supports continuous
improvement in advanced manufacturing systems.

Bow-tie analysis is a structured qualitative method
used to visualize and evaluate the pathways from
initiating causes to final consequences of a hazardous
event. It combines the logic of fault tree analysis (on
the left side of the diagram, identifying potential root

A

d casial

Fig. 2. Profile of jets before their breakup: a — axisymmetric jet with capillary waves; b — wave jet

b

Fig. 3. Formation of uniform droplets without «companions» during the application of regular pressure pulses from an oscillating

membrane to the jet (specific power 360 W/m?, =584 Hz, d_,,=1.2 mm, pressure 0.54 m in water column meters, A=6 mm):

a — the first stage, formation of pear-shaped drops; b — the second stage, formation of spherical drops without «companions»
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causes) and event tree analysis (on the right side,
representing consequences), with a central event or
critical failure mode at the core — the so-called “knot”
of the bow tie. This approach is particularly valuable
for illustrating the effectiveness of preventive and
mitigative barriers across different stages of risk
propagation.

O
C»

s

Fig. 4. Disintegration of a liquid drop falling in the air

Unlike complex fault or event tree modeling,
bow-tie diagrams are especially effective in cases where
risks can be attributed to a limited number of distinct
causal chains and where it is crucial to verify the
presence and reliability of control measures. Typically
developed through expert brainstorming, this method
facilitates communication of risk logic and control
strategies across interdisciplinary teams.

A practical implementation of this approach is
demonstrated in Fig. 6, which presents a bow-tie
diagram developed to assess the risk structure and
control points in the granulation process of
monodisperse compound fertilizers. The diagram
illustrates the causal relationships between initiating
factors and undesirable outcomes, while also
highlighting the preventive and mitigating barriers
intended to maintain process stability and product
quality.

Building upon the structure presented in Fig. 6,
the analysis demonstrates that the production of
monodisperse compound fertilizers is subject to a
complex set of interacting factors. These include
internal causes such as equipment malfunction,
insufficient staff qualification, and poor compliance
with sanitary protocols, as well as external influences
like unstable raw material supply, environmental
fluctuations, and power interruptions. Each of these
factors has the potential to disrupt process stability
and compromise product quality.

The diagram highlights the importance of a
comprehensive control strategy that integrates both
preventive and corrective measures. Preventive actions
such as raw material quality control, routine equipment
inspection, and adherence to technological standards
can reduce the likelihood of critical failures. Corrective
and mitigating steps, including continuous monitoring,
flexible production scheduling, and the implementation
of circular economy principles, help to limit the
severity of negative consequences when issues arise.

By identifying these key risk points and associated
barriers, the bow-tie model provides a clear visual
tool for managing process safety and performance. It
also supports decision-making by revealing system
vulnerabilities and offering a structured approach for
improving resilience. In this context, the method serves
not only as a diagnostic tool but also as a foundation
for developing more robust, adaptive, and sustainable
production systems.

Conclusions

The caking and agglomeration of fertilizers during
transportation and storage remain a global challenge,
leading to irreversible degradation of product quality,
increased dust formation, operational blockages, and
inconsistent application in the field. These issues
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highlight the urgent need to improve both the physical risks associated with the entire life cycle of
integrity and functional performance of compound technological equipment used in the production of
fertilizers. monodisperse compound fertilizers. The proposed

This study introduces a comprehensive approach integrates energy consumption analysis,
methodological framework for assessing environmental environmental protection costs, and end-of-life
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management — including dismantling and disposal.

By systematically evaluating both ecological
impact and economic efficiency, this methodology
enables a holistic optimization of granulation processes
and equipment configurations. The findings contribute
to advancing sustainable fertilizer technologies and
align with the goals of circular economy and responsible
resource use.
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MOHOAUCIIEPCHI CUCTEMHA Y BUPOBHUIITBI
CKIIAIJHUX (KOMBIHOBAHUX) JOBPUB

P. Ocmpoea, M. Ckudanenxo, O. leuenxo, JI. 2Kueuaiii,

JI. ITonomapwoea, H. Bouxo

JlocnmipKeHHST CIIPSIMOBaHi Ha TMpoLeC TpaHyIIOBaHHS
MiHepaJIbHUX HOOpPMB BaJIKOBMM i HACHUIIHUM CIIOcOOaMu, a
TAKOX y TICEBIO3PIIKEHUX 1 CYCIIEH3IMHMX 1IapaxX 3 aKTUBHOIO
rizpoaguHaMikolo Tedii. Harosomryetbesi, 110 yIOCKOHAJICHHS
MEPBUHHUX TEXHOJIOTIYHUX CTaliii BUPOOHUIITBA I'paHYIbOBa-
HUX JOOpPUB Ma€ OyTW MPIOPUTETHUM 3aBHAHHSIM ONTHUMIi3allii
KOHCTPYKIIii IpaHyJISITOPHOTO OOJIaqHAHHS Ta BCTAHOBJICHHS
HaAMOLIbII e(DEeKTUBHUX POOOYMX i TEXHOJOTIYHMX ITapaMeTpiB
NI THABUILNEHHS MPOIYKTUBHOCTI Ta 3HUXKEHHSI €HEepro-
eMHOCTi. Kii0uoBi moka3sHMKU €(PEKTUBHOCTI TEIUIOYyTHUJIi3a-
LIMHUX TPaHYJSIIIMHUX YCTAHOBOK BKIIIOYAIOTH €KOHOMIiUHi
BUTpaTH, BTPATH €KCEPTii Ta MiHiMi30BaHi BUTpaTH. 3aCTOCY-
BaHHS PE3yJbTAaTiB HOCTIMIKEHb TO3BOJMUTH MMigiOpaTh OiIbIx
eexTUBHI MapaMeTpu IS BUPOOHUITBA T'PAHYJ KOMILICK-
CHUX N0OpUB, IO B KiHIEBOMY PE3YyJbTaTi MiABUIIUTH TPO-
IYKTUBHICTh 1 AKIiCTh MPOMYKIIii.

KatouoBi ciaoBa: rpaHynisiis MiHepalbHUX IOOPUB,
3acuUNKa, BaJbl[lOBaHHS, aKTHWBHaA TigApoavHaMika,
KaTCYJIIOBaHHsI, TpaHy/TIOBaHHS.

MONODISPERSE SYSTEMS IN THE PRODUCTION
OF COMPOUND (COMBINED) FERTILIZERS
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The research is aimed at the process of granulation of
mineral fertilizers by roller and bulk methods, as well as in fluidized
and suspension layers with active hydrodynamics of flow. It is
emphasized that the improvement of the primary technological
stages of the production of granulated fertilizers should be a
priority task for optimizing the design of granulator equipment
and establishing the most effective working and technological
parameters for increasing productivity and reducing energy
consumption. Key performance indicators of heat utilization
granulation plants include economic costs, exergy losses, and
minimized costs. The application of research results will allow
choosing more effective parameters for the production of granules
of complex fertilizers, which will ultimately increase the
productivity and quality of products.

Keywords: granulation of mineral fertilizers; filling; rolling;
active hydrodynamics; encapsulation; granulation.
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