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TESTING OF FINE CLASSIFICATION SIFTER
IN THE PROCESSING AND DISPOSAL OF MINING WASTE

Purpose. To study the efficiency of fine classification in the processes of enrichment and disposal of industrial
waste and to implement modern equipment for improving material separation efficiency in mining industry.

Methodology. Experimental research was conducted at industrial facilities in Ukraine, specifically at the laborato-
ries of Chervonohradska CEF (Lviv region), PISC “Rafalivskyi Quarry,” and LLC “KKNK TECHNOBUD” (Rivne
region). The experiments utilized a sieve with direct excitation operating in intensive vibration mode. The classification
efficiency of materials of different fractions was studied under dry, wet, and pulp conditions. The integration of fine
classification with auxiliary equipment, such as hydrocyclones and magnetic separators, was explored to simulate com-
plete industrial circuits, providing insights into the potential for scaling these technologies to industrial applications.

Findings. The research showed that fine classification using a sieve with direct excitation achieved a separation
efficiency of over 90 %. For particles larger than 100 um, an efficiency of 75—85 % was achieved, while particles in the
+40—100 pum range reached 65—70 %. The final moisture content of the materials amounted to 18 % on an absolute
scale. The developed technologies can be integrated into enrichment schemes for the second magnetic separation
stage and other processes.

Originality. For the first time, the efficiency of fine classification using a sieve with direct excitation in waste en-
richment processes of the mining industry has been theoretically substantiated and experimentally confirmed. Opti-
mal vibration mode parameters have been established to ensure high separation efficiency for particles up to 50 um.
The application of the technology in closed grinding circuits and before magnetic separation has been proposed.

Practical value. A fine classification technology using a direct excitation vibration mode has been developed and
tested, providing a high fine fraction material separation level. The proposed technology enhances the efficiency of
processing mining waste, ensuring more rational resource utilization by reducing waste volumes.

Keywords: fine classification, sieve with direct excitation, industrial waste, magnetic separation, vibration modes

Introduction. The development of industries such as
mining, chemical, metallurgical, and coal production
has significantly contributed to Ukraine’s economy while
simultaneously leading to vast amounts of waste accumu-
lation. These waste materials, often called artificial de-
posits, hold significant potential for secondary utilization
as they contain valuable minerals and other functional
components. However, the lack of proper waste manage-
ment and uncontrolled accumulation have resulted in
serious environmental risks, including soil, water, and air
pollution, as well as health hazards for populations in re-
gions with high concentrations of industrial waste.
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One of the key challenges for modern science is the
development of efficient methods for processing indus-
trial waste to minimize its harmful impact on the envi-
ronment while unlocking its economic potential [1].
Fine classification technologies play a critical role in
this context, enabling the precise separation of fine ma-
terial fractions with minimal losses. Integrating such
technologies into industrial operations has become an
essential part of innovation-driven industrial develop-
ment, enhancing environmental safety and improving
the efficiency of production processes.

The long-standing activities of mining, coal, metal-
lurgical, chemical, and other industries in Ukraine have
accumulated a significant amount of industrial waste
[2]. This waste pollutes the natural environment and
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contains valuable minerals [3]. As a result, proper waste
disposal and the integration of advanced technological
processes for mineral extraction and processing are nec-
essary [4, 5]. Introducing new equipment is crucial to
maximizing the extraction of valuable components from
industrial waste [6].

In several regions of the country, the sheer volume of
accumulated industrial waste has evolved from merely
an economic and environmental concern to a significant
socio-demographic issue. This is particularly relevant in
areas such as the Dnipro region, the Carpathian region,
the Lviv-Volyn region, and Ukrainian Polissia, where in
some settlements, artificial loads can exceed 2—10 mil-
lion tons per square kilometer. These industrial waste
accumulations are unprecedented globally. The waste is
often processed for recovery or used as fill material to
level uneven terrain or backfill abandoned mines. The
significant negative consequences of industrial waste ac-
cumulation include the following [7, 8]:

- pollution of land, subsoil, water basins, and at-
mospheric air in specific settlements with toxic, carci-
nogenic, radioactive, and other harmful substances;

- the accumulation of vast amounts of waste in rela-
tively small areas, contributing to neotectonic and seis-
mic activity, which can lead to the collapse of buildings
subsidence of land — especially in areas weakened by
underground mining;

- inhabitants living in environmentally hazardous
settlements, which negatively impacts their quality of
life, health, and productivity and may lead to adverse
demographic trends;

- the pressing need for waste disposal and the com-
prehensive utilization of artificial resources requires sig-
nificant financial, material, and labor investments.

Moreover, the rapid growth of industrial production
during the 20™ century and the insufficient attention to
waste management have exacerbated the issue of envi-
ronmental degradation. The lack of systematic ap-
proaches to waste processing, coupled with outdated
technologies at many enrichment plants, has resulted in
low recovery rates of valuable components and increased
environmental risks [9]. Addressing these challenges re-
quires not only the modernization of existing facilities
but also the adoption of innovative methods and equip-
ment designed to enhance the efficiency of waste pro-
cessing and minimize its environmental impact.

Efficient waste management strategies can also
have a significant economic impact. By extracting
valuable minerals and reducing the volume of waste
requiring disposal, industries can lower operational
costs while contributing to environmental sustainabil-
ity [10]. Integrating fine classification systems into ex-
isting processing technologies offers a promising solu-
tion to these challenges, enabling the separation of fine
fractions and improving the overall quality of enriched
products. These advancements can pave the way for
the sustainable development of industrial sectors while
addressing pressing environmental and socio-eco-
nomic issues.

The current study focuses on developing and testing
fine classification technologies for processing and dis-
posing of industrial waste. By investigating the efficiency
of advanced screening methods and their integration
into industrial operations, this research aims to provide

a comprehensive solution to one of the most critical
challenges facing modern industry.

Literature review. Fine classification and dewatering
of mining waste are critical components of modern re-
source conservation and environmental protection strat-
egies in the mining industry. Using vibrating screens
with multifrequency excitation has proven to be an ef-
fective solution for classifying and dehydrating fine min-
eral fractions. Research by Shevchenko, et al. [11] dem-
onstrated that multifrequency screens significantly im-
prove the efficiency of separating fine particles, allowing
for better resource recovery from waste. In addition,
mathematical models have been developed to predict
geomechanical processes within waste accumulations,
enabling the optimization of screening parameters to
enhance both classification accuracy and equipment
performance.

Various screen designs have been tested to address
the challenges of mineral waste segregation. These in-
clude flat screens, rectangular riddles, and innovative
sieve configurations. Studies [12] have shown that each
design offers unique advantages, depending on the type
of material and processing conditions. For example,
rectangular riddles are effective for large-scale industrial
applications, while flat screens are better suited for pre-
cise separation of finer fractions. The mining waste pro-
cessing not only aids in waste reduction but also yields
valuable secondary materials. According to [13], many
waste products retain their physical and chemical prop-
erties, making them suitable for reuse in construction,
metallurgy, and other industries. This presents a signifi-
cant opportunity for the mining industry to contribute
to a circular economy.

The implementation of acceptable classification
technologies in waste processing has far-reaching impli-
cations. It can enhance economic efficiency by reducing
the cost of waste storage, expanding sources of raw ma-
terials, and improving the overall sustainability of min-
ing operations [14]. Furthermore, these technologies
play a vital role in minimizing the environmental foot-
print of mining activities, helping to rehabilitate regions
affected by industrial waste accumulation. For example,
integrating delicate classification systems into existing
production cycles allows for the recovery of materials
that would otherwise be discarded, reducing the volume
of waste requiring disposal and alleviating the burden on
storage facilities.

However, despite these advancements, several chal-
lenges persist. The application of acceptable classifica-
tion technologies to mixed industrial waste streams re-
mains underexplored, particularly in Ukraine. Waste
streams generated in regions such as the Lviv-Volyn coal
basin and the Dnipro industrial area often comprise het-
erogeneous mixtures, complicating the classification pro-
cess. Existing studies predominantly focus on single-ma-
terial processing, which limits the applicability of current
methods to more complex waste compositions. Addi-
tionally, the durability and cost-efficiency of advanced
screening equipment continue to be areas of concern.
Frequent maintenance requirements, high energy con-
sumption, and limited service life of screening surfaces
are among the primary obstacles to widespread adoption.

Unsolved aspects of the problem. While significant
advancements have been made in acceptable classifica-
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tion technologies, several aspects remain unresolved,
particularly in the efficient processing and disposal of
industrial waste in Ukraine. One of the primary issues is
the lack of tailored solutions for mixed industrial waste
streams, which often consist of diverse components
such as fine coal particles, basalt, granite, and tuff. Ex-
isting research primarily focuses on processing single-
material waste, leaving multi-component systems un-
derexplored. This limitation restricts the applicability of
current methods to complex waste streams generated in
regions such as the Lviv-Volyn basin and the Dnipro in-
dustrial zone.

Another critical challenge lies in the optimization of
screening parameters for heterogeneous materials.
While previous studies have identified general operating
parameters for vibrating screens, there is insufficient
data on adjusting these parameters for mixed waste ma-
terials with varying physical and chemical properties
[15]. The absence of precise guidelines hinders classifi-
cation efficiency, particularly for materials with particle
sizes below 50 microns, which are critical for achieving
higher recovery rates of valuable components.

Additionally, the durability and economic viability
of delicate classification equipment remain problematic.
Issues such as rapid wear of sieving surfaces, high energy
consumption, and frequent maintenance requirements
reduce operational efficiency and increase costs. These
challenges are particularly relevant in industrial facilities
with continuous high-volume operations, where equip-
ment reliability is critical.

The purpose of this research is to investigate the ef-
fectiveness of acceptable classification methods in pro-
cessing and disposing industrial waste from various sec-
tors, including mining, coal, metallurgical, and chemi-
cal industries in Ukraine. This study aims to evaluate
the performance of a sieve with direct excitation in
achieving separation efficiencies for different grain sizes,
specifically focusing on those more prominent than 100
microns and between 40— 100 microns. Additionally, the
paper seeks to analyze fine classification’s impact on re-
ducing processed materials’ final moisture content. Ex-
perimental tests will be conducted on materials such as
coal, basalt, lava breccia, tuffs, and granite to provide a
comprehensive qualitative and quantitative assessment
and a preliminary water-sludge test scheme. The find-
ings are intended to offer recommendations for integrat-
ing acceptable classification technologies into existing
waste processing systems to enhance efficiency and sus-
tainability.

Materials and methods. The expediency of processing
and utilization of mining waste. The lack of scientifically
grounded methods for efficiently processing fine-sized
mining mass, along with large reserves of beneficiation
waste containing high levels of valuable components
stored in factory warehouses (essentially artificial de-
posits), and increasing environmental safety require-
ments, underscore the importance of research and prac-
tical analysis in processing such waste [16].

Enriching mining mass from current production
within the technological schemes of operating factories
and processing shops, potentially with additional tech-
nological operations, appears to be a more promising
and efficient approach [17, 18]. The research confirms
that resources exist in gravity-enriched and fine waste,

particularly when ash content remains relatively low due
to inefficient enrichment processes and increased losses
during key operations [19, 20]. Incomplete capture of
fine-grained beneficiation products necessitates the dis-
posal of the finest portion of sludge into external sludge
ponds [21, 22].

In Ukraine’s Western region, most artificial coal de-
posits are concentrated in the Lviv-Volyn coal basin.
Thisbasin islocated in the southwestern part of Ukraine,
along the middle course of the Western Bug River, span-
ning the northeastern part of Lviv Oblast and the south-
west part of Volyn Oblast. The key cities in this region
include Novovolynsk, Chervonohrad, Sokal, and Belz.
Given its unique geographical and economic situation,
the basin is the primary energy base for Ukraine’s west-
ern regions.

The industrial coal extraction activities in the Lviv-
Volyn Basin also necessitate the production of substan-
tial quantities of sapropelic coal, as indicated by the
quality control data of incoming raw coal at the Chervo-
nohradska Coal Enrichment Factory (CEF), operated
by PJSC “Lviv Coal Company”.

Chervonohradska CEF is responsible for beneficiat-
ing low-grade coal from all mines in the basin. Solid
waste rock, produced as a byproduct of coal enrichment,
is accumulated in slag heaps. The rock dump at the
Chervonohradska CEF reaches a height of 68 meters
and covers an area of approximately 0.85 km2. The
dump comprises five terraces with a flat surface in its
central section. A drainage ditch surrounds the dump,

Lo Lo e J[ e |
I R
N

] g, Cobe

classification

= |

Water
Flue gases
10

Water

Enriched
concentrate

Fig. 1. Technological scheme of the factory:

la, 1b, Ic, 1d — coal hoppers with feeders; 2 — crushing and
sorting section (equipped with electromagnetic crushers);
3 — rock selection; 3a — rock storage hopper; 3b — tailings
storage facility;, 4 — dosing and storage hopper; 5 — main
production building; 6 — dry classification; 6a — sieves
7 — wet classification; 8 — separator; 9 — beger eleva-
tor; 10 — drying; 10a — unloading chambers of drying drums
for coarse grain recovery; 10b — dry dust collectors; 10c — wet
dust collectors; 11 — concentrate storage hopper; 12 — con-
centrate shipment feeders; 13 — sludge hopper
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channeling liquid runoffinto a nearby pond. The miner-
alogical composition of the dump includes argillites
(70-97 %), siltstones (8—28 %), sandstones (1-20 %),
coal (1-7 %), and pyrite (1 %). This waste rock, accu-
mulated in slag heaps, forms a complex geochemical
system influenced by natural, artificial, and technical
factors.

The technological scheme of the factory (Fig. 1) in-
cludes both primary and auxiliary processes. The main
processes involve the preparation of machine classes for
the beneficiation of coarse and fine coal, the treatment
and regeneration of sludge water, and the drying of fine
concentrate. The auxiliary processes include the un-
loading and storing raw coal, storage of concentrate and
its transportation to consumers, and the storage of
coarse and fine waste.

A unique feature of the Rafaliv Basalt Quarry, lo-
cated in Sarnensky District, Rivne Oblast, is that tuff
and lava breccia are not found separately in the dumps
but are mixed. This is because lava breccia penetrates
the basalt massif in layers, while tuff forms the underly-
ing layer of this massif. During blasting operations at the
quarry, the tuff and lava breccia are combined as they
break away from the basalt and form a mixed rock mass
known as tuff breccia. Since neither tuff nor lava breccia
are commercially valuable products, they are sent to-
gether to the waste dump. As a result of the quarry’s
long-term operation, a large artificial deposit has
formed. No efforts have been made to separate these two
rock types during ore preparation. Therefore, develop-
ing a technology to separate them requires further re-
search, focusing on the physical and mechanical prop-
erties of the waste rocks and their potentially high con-
tent of valuable metals.

LLC “KQNM TECHNOBUD” operates three
crushed stone enterprises located in Rivne, Kyiv, and
Chernivtsi regions. These enterprises are engaged in
extracting and processing granite and sand-gravel de-
posits, producing crushed stones of various fractions,
road mixtures, and construction sand. Collectively,
the factories produce over 5 million tons of products
annually.

Selection of equipment for fine classification of dry ma-
terials and pulps. Increasing attention is being directed
toward classifying mineral raw materials with grain sizes
below 1 mm. The most pressing challenges in this field
involve improving raw material enrichment technolo-
gies, concentrate refining, and sludge processing [23,
24]. All these operations require fine and ultrafine
screening with separation sizes between 0.5 and 0.05 mm
[25]. Vibrating screens are the most promising machines
for classification at these fine levels. These screens re-
quire unique high-frequency modes of operation to im-
pact the raw materials effectively while also ensuring the
durability of the sieving surfaces [26].

Several companies and organizations have re-
searched to develop such screens, including: “Revum”,
“Ude”, “Haver & Becker”, “Zibtechnik”, “Jost”,
“VMF”, “AEF Aktingeselshaft” (Germany), “National
Engineering”, “Binder”, “Dorr Oliver”, “Wallis”,
“Colby Manufacturing” (USA), “Magco”, “Locker In-
dustry”, “Sharples”, “Bartles” (UK), “Mitsuboshi”
(Japan), “Dith State Mines” (Australia), “Derrick”
(USA), “BRZHM” (France), “Locker” (Belgium),

“Hukki” (Finland), IGTM of NASU, “Ana-Thames”
(Ukraine), and others.

Based on this review, it can be concluded that the
existing designs of sieves have several limitations: the
sieving surfaces used for fine classification tend to clog
and have a limited service life, making them short-lived.
Additionally, the high-efficiency screens offered by for-
eign manufacturers require considerable resources for
their maintenance [27]. Therefore, the development of
equipment for the fine classification of dry materials and
pulps necessitates a comprehensive approach that in-
cludes designing effective sieving surfaces and machines.
In particular, ensuring the appropriate level of vibration
excitation is crucial to intensifying classification and de-
watering processes.

Basic research on coal fine classification was con-
ducted in collaboration with scientists from the Insti-
tute of Geotechnical Mechanics (IGM) of the Nation-
al Academy of Sciences of Ukraine (NASU, Dnipro)
and the National University of Water and Environ-
mental Engineering (NUWEE, Rivne). These studies
were carried out in the laboratory of the IGM under
the supervision of Doctor of Science V. P. Nadutyy, us-
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Fig. 2. Schematic of a screen with direct sieve excitation:

a — cross-section of the screen; b — model with concen-
trated parameters and nonlinear stiffness; 1 — sideboard;
2 — sieve; 3 — tape-strings, 4 — elastic ligaments; 5 — raw
material for screening; 6, 7 — concentrated masses;
8 — moving frame; 9, 10, 11 — springs
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ing a screen with direct excitation of the sieve, devel-
oped explicitly by the IGM of the NAS of Ukraine
(Fig. 2).

Fig. 2, a provides a cross-sectional schematic of the
sieve with direct excitation used in the experiments. It
highlights the internal structure and arrangement of
components, including the sieve surface, sideboards,
elastic ligaments, and the frame supporting the dy-
namic movements. The design ensures the uniform
distribution of vibration energy across the sieve sur-
face, enabling efficient separation of fine particles. The
positioning of elastic ligaments and springs is particu-
larly crucial, as it reduces energy losses and enhances
the system’s durability during high-frequency opera-
tions. Fig. 2, b presents a model with concentrated pa-
rameters and nonlinear stiffness, providing a simpli-
fied but accurate representation of the mechanical be-
havior of the sieve under operating conditions. This
model illustrates the interaction between focused
masses and the moving frame, which is essential for
understanding the system’s dynamic characteristics.
The nonlinear stiffness ensures the sieve can handle
materials with varying physical properties, such as
density and particle size distribution.

Results and discussion. At Chervonohradska CEF,
a test was conducted on screening coal piles after fine
sedimentation to separate the fine coal fraction of
+1—5 mm as a marketable product. In comparison, the
—1 mm fraction was directed to flotation. The pulp
density during this process was maintained at S : L =
=1 : 2 (solid to liquid). Screening efficiency for the
1 mm class reached 70 %, meeting the required tech-
nological standards.

To ensure optimal screening efficiency, it is neces-
sary to adjust the screening parameters based on the op-
erational conditions and the material being processed
[28]. The methodology defines the following key design
parameters for the screen used in fine classification and
dewatering of the rock mass: the angle of inclination of
the screen box, the mesh size of the auxiliary screen, the
degree of wetting, and the stiffness of the shock absorb-
ers. Among the mode parameters, the amplitude and
frequency of the sieve excitation and the dynamically
active sieve, which realizes the vibration-impact mode,
are also determined [29, 30]. The experimental tests

Table 1
Experimental studies of screening with direct sieve
excitation
= =)
. S 8
Location of = = o
No | industrial test and =g & S5z
7] |17) A7 8
approval Ei 2 EN 2 £z
O & Oc |=€E8
1 | Chervonohradska | coal pile —-2.0mm | pulp
CEF
2 | LLC “KQNM granite -2.0mm |dry
TEHNOBUD”
3 | PJSC “Rafalivskyi | basalt; —2.0 mm; | dry
Karier” lava breccia; | —2.0 mm;
tuff —100 um

Concentrate

Waste

Fig. 3. Circuit diagram of the continuously operating in-
stallation

were performed using a prototype installation in actual
working conditions at Chervonohradska CEF, LLC
“KQNM TEHNOBUD?”, and PJSC “Rafalivskyi Kari-
er” (Table 1).

The apparatus circuit diagram of the continuously
operating installation is presented in Fig. 3. The system
includes several components: a 6 m® mixer /, a pulp
separator with a capacity of 0.06 to 3 m3/h 3, a 50 mm
hydrocyclone 5, a sieve for fine classification with direct
excitation 6, a MShC 400 x 800 mill 4, a 2 m?> RMT-16
mixer 7, a RBM 80/15 RR separator with a magnetic
field induction of 0.16 T & a RBM 80/15 RR separator
with a magnetic field induction of 0.09 T 9, and sand
pumps 2 with capacities ranging from 0.07 to 3 m3/h.
This circuit illustrates the recommended enrichment
technology using fine screening, with a sieve featuring
direct excitation that feeds the magnetic product after
the demagnetization of the electric coil. The apparatus
circuit diagram of the continuously operating installa-
tion is presented in Fig. 3. The system includes several
components: a 6 m® mixer 7, a pulp separator with a ca-
pacity of 0.06 to 3 m’/h 3, a 50 mm hydrocyclone 3, a
sieve for fine classification with direct excitation 6, a
MShC 400 x 800 mill 4, a2 m®> RMT-16 mixer 7,a RBM
80/15 RR separator with a magnetic field induction of
0.16 T & a RBM 80/15 RR separator with a magnetic
field induction of 0.09 T 9, and sand pumps 2 with ca-
pacities ranging from 0.07 to 3 m*/h. This circuit illus-
trates the recommended enrichment technology using
fine screening, with a sieve featuring direct excitation
that feeds the magnetic product after the demagnetiza-
tion of the electric coil.

The technical characteristics of the screen are as fol-
lows: the screening area is 0.75 m?; the vibrator shaft ro-
tates at a frequency of 24.33 s7'; the oscillation ampli-
tude reaches up to 5 mm; the screen’s tilt angle is 12.5°;
and the sieving surface uses a mesh with a cell size of
0.07 mm. Rubber-ribbon string sieve elements were
used as the undersieve. The effective sieving area was re-
duced to 0.11 m? During testing, the installation’s
throughput ranged between 65—70 kg/h, with an aver-
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Fig. 4. Circuit diagram of the continuously operating installation

age output of 67.3 kg/h. The qualitative-quantitative
and water-sludge scheme is depicted in Fig. 4.

Fig. 4 illustrates the circuit diagram of the continu-
ously operating installation for the processing and en-
riching of mining materials. This system integrates
multiple classification, separation, and delicate screen-
ing stages, providing a comprehensive process flow for
efficiently managing input materials and producing
high-quality concentrates. The circuit begins with the
source feed, introducing water and raw materials into
the system. The process incorporates third-stage crush-
ing, ensuring that larger particles are reduced in size
before further classification. This step is critical for pre-
paring the material for effective separation in the sub-
sequent stages.

The classification stage employs a 50 um hydrocy-
clone, separating materials based on particle size. The
diagram highlights the effective routing of separated
fractions, directing coarse materials back for reprocess-
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ing while finer particles proceed to the wet separation
stages. Including wet magnetic separation (WMS) stages
ensures the recovery of valuable magnetic components,
with progressive refinement through three separation
stages. These steps are optimized for different particle
size ranges and magnetic properties, ensuring minimal
losses. The delicate screening stage is pivotal in achiev-
ing a final grinding size of —0.05 mm. This step leverages
advanced sieve technologies with precise operating pa-
rameters, enabling the separation of ultra-fine fractions
and ensuring high classification efficiency. The screened
undersize fraction is directed toward further refinement,
while the oversize is recirculated for additional grinding,
ensuring maximal recovery.

Finally, the system outputs two streams: concen-
trates and waste. The concentrate stream represents a
high-value product with minimal impurities, while the
waste stream contains non-usable material for disposal
or further evaluation.
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Table 2
Experimental studies of screening with direct sieve

excitation
Output Content of the | Extraction of the
Product DUt —0.05 mm —0.05 mm fraction,
% .
fraction %
Feeding 100.0 90.2 100.0
Undersize 82.9 98.0 90.0
Oversize 7.2 51.5 10.0

After demagnetization, the wet magnetic separa-
tion product from the third stage was sent to the
screen. The oversize material was returned to the mill
for further grinding, while the undersized material was
subjected to additional magnetic separation. As a re-
sult of fine screening, a final grinding size of 98 % for
the —0.05 mm fraction was achieved. The classifica-
tion efficiency for the —0.05 mm fraction reached 90 %
(Table 2).

Table 2 demonstrates the high efficiency of fine
screening with direct sieve excitation, achieving a clas-
sification efficiency of 90 % for the —0.05 mm fraction.
This indicates that most fine particles were successfully
separated into the undersize product, with minimal
losses in the oversize fraction, showcasing the precision
and effectiveness of the technology.

The iron content in the concentrate was 69.6 %, with
68.2 % under industrial conditions. These results en-
abled the recommendation of fine screening for use in
the development of coal beneficiation schemes at the
Chervonohradska CEF and for the processing of gran-
ite, basalt screenings, and sands.

Fine classification is employed to enrich various ma-
terials, with final products having specific grain size and
moisture content requirements depending on the min-
ing mass processing technology (Table 3).

Table 3 illustrates the efficiency of fine classification
for various types of mining mass at a screening size of 50
um under different process conditions, highlighting the
impact of operating parameters such as amplitude, fre-
quency, and material moisture content. For coal sludge
from Chervonohradska CEF, the screening efficiency in
pulp conditions reached 65 %, demonstrating the effec-
tiveness of fine classification at a solid-to-liquid ratio
(S: L) of 1: 3. Similarly, sand from LLC “KQNM
TECHNOBUD?” achieved a high efficiency of 75 % in
dry conditions and 70 % in pulp with 4 % humidity,

showcasing the adaptability of the process to varying
moisture levels.

Granite screenings from LLC “KQNM TECH-
NOBUD?” exhibited moderate efficiency, with 55 %
under dry conditions and 60 % in pulp (S: L=1:4),
reflecting the challenges of processing denser materi-
als. Basalt screenings from PJSC “Rafalivskyi Karier”
showed slightly lower efficiency at 54 % under dry
conditions and 50 % in pulp, indicating that addition-
al optimization of screening parameters, such as fre-
quency and amplitude, may be necessary for this ma-
terial type. Tuff from the same facility achieved a no-
tably high efficiency of 71 % under dry conditions and
65 % inpulp (5: L =1:5), emphasizing its suitability
for fine classification due to its unique physical prop-
erties.

The table demonstrates that acceptable classification
technologies are adaptable to different materials and
process conditions. However, the efficiency varies de-
pending on the physical characteristics of the material,
moisture content, and operating parameters, under-
scoring the need for tailored approaches to maximize
resource recovery for each specific material type.

Application of fine classification in coal enrichment.
There are two primary approaches to improving coal en-
richment technology:

- enhancing the complete enrichment cycle scheme.
Recently, a significant focus has been on developing new
coal processing technologies to minimize waste. In this
context, a screen is installed within a closed grinding
cycle to prepare raw materials for flotation;

- improving coal sludge enrichment methods. Due
to the accumulation of large amounts of waste, there is a
growing need for effective strategies to enrich coal
sludge.

Various beneficiation schemes can be employed
when processing iron-bearing ores. The development of
these schemes is driven by the need to increase the gra-
dation of grinding and ore beneficiation, which ensures
optimal liberation of valuable minerals, minimizes over-
grinding, and improves both metal recovery and con-
centrate quality. A crucial factor is the classification of
the mining mass by size at different stages of beneficia-
tion. Fine and ultrafine sieves play a significant role,
providing precise separation by size and enhancing the
efficiency of the process. This ultimately improves the
qualitative and quantitative indicators of grinding cycles.
The most effective stages for installing fine classification
sieves are as follows:

Table 3
Effectiveness of screening rock mass at 50 wum under different process conditions
Mode indicators Efficiency, %
Type of mining mass amplitude, | frequency, dry wet pulp Note
mm Hz
Coal Sludge of Chervonohradska CEF 1.5-2.0 25 75 — 65 S:L=1:3
Sand LLC “KQNM TECHNOBUD” 2.5-3.0 20 75 40 70 Humidity 4 %
Granite Screening LLC “KQNM TECHNOBUD” | 1.5-2.0 25 55 - 60 S:L=1:4
Basalt Screening PJSC “Rafalivskyi Karier” L.5 19.7 54 - 50 S:L=1:3
Tuff PJSC “Rafalivskyi Karier” 2.0 20 71 — 65 S:L=1:5
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- in closed grinding circuits, the grain size of raw
mineral materials is controlled, and the circulating load
is reduced.;

- before magnetic separation, for size classes rang-
ing from 2 mm to 50 um, to alleviate the load on the
separator caused by under-crushed ore;

- before flotation, for size classes up to 44 um, to
prevent excess reagent consumption on material that
cannot be efficiently floated.

Building on the findings of this study, future research
should focus on several key directions aligned with glob-
al trends in resource efficiency, environmental sustain-
ability, and advanced technological integration. The
continuous development of acceptable classification
technologies can contribute to addressing the pressing
challenges faced by the mining and processing indus-
tries, particularly in the context of coal enrichment and
waste management.

One promising avenue is the exploration of hybrid
classification systems that combine fine classification
with other enrichment techniques, such as advanced
magnetic separation, flotation, or chemical leaching.
These integrated approaches can further enhance the
recovery of valuable components from complex and het-
erogeneous waste streams, especially for materials with
fine particle sizes below 50 um. Incorporating artificial
intelligence (Al) and machine learning (ML) algorithms
to optimize the operational parameters of classification
equipment is another area of interest, as it aligns with
the global shift toward automation and precision in in-
dustrial processes.

From an environmental perspective, future research
should prioritize the development of low-energy and
eco-friendly classification technologies. Reducing the
energy consumption of vibrating screens and auxiliary
equipment is critical to improving the sustainability of
fine classification processes. Investigating alternative
materials for sieve surfaces and other components could
also enhance equipment durability and minimize main-
tenance requirements. Additionally, the potential appli-
cation of fine classification in circular economy models
warrants further exploration. Fine classification can play
a pivotal role in reducing waste accumulation and pre-
serving natural resources by transforming mining waste
into secondary raw materials for construction, metal-
lurgy, and other industries.

Lastly, expanding fine classification technologies
to other sectors beyond coal enrichment, such as rare
earth element recovery and electronic waste recycling,
aligns with global trends in critical material conserva-
tion. Developing methodologies to tailor classifica-
tion systems for these emerging areas will position
technology as a cornerstone of future resource recov-
ery efforts.

These directions highlight the potential for ac-
ceptable classification technologies to evolve into
more versatile, sustainable, and impactful solutions,
addressing future industrial and environmental chal-
lenges.

Conclusions. The existence of substantial artificial
deposits from the mining and chemical industries ne-
cessitates the development of advanced processing
technologies and the integration of modern equipment
into existing production systems. The recovery of valu-

able trace elements is only feasible by implementing
fine screening stages that utilize intensive vibration
modes.

Experimental studies on screening with direct sieve
excitation were conducted at the laboratories of Chervo-
nohradska CEF (Lviv region), PJSC “Rafalivskyi Kari-
er”, and LLC “KQNM “TEHNOBUD” (Rivne region)
as part of the development of enrichment technologies
for the second stage of magnetic separation. These stud-
ies demonstrated the effectiveness of fine screening,
achieving a separation efficiency of over 90 %

Tests at Ukrainian industrial sites confirmed the
high efficiency of screening with direct sieve excitation,
with material over 100 um achieving 75—85 % efficiency
and material within the +40—100 um range reaching
65—70 %. Additionally, the final moisture content was
reduced to 18 %.
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Merta. HocaimkeHHs eheKTUBHOCTI TOHKOI KJlacu-
(ikanii y mpoliiecax 30araueHHs Ta yTUIi3allii MpoMuc-
JIOBUX BiIXOMiB, a TaKOX YMPOBAIKEHHS Cy4aCHOTO
obnamHaHHS AJs TiABUILEHHST e(eKTUBHOCTI PO3MIi-
JIEHHSI MaTepiajliB y TipHUYiil TPOMUCIOBOCTI.

Metomuka. ExcriepyMeHTalnbHi JOCTIIKEHHS ITPO-
BOJIMJIMCS Ha TIPOMUCIIOBUX 00’ €KTax YKpaiHu, 30Kpe-
Ma B sabopatopisix YepBoHorpancekoi LI3® (JIbBiB-
cbka obmacth), [IpAT «PadamiBchkuii kap’ep» i TOB
«KKHK «TEXHOBY/l» (PiBHeHCcbKa 061acTh). Y xoni
€KCIEepUMEHTIB BUKOPUCTOBYBAJIOCS CUTO i3 MPSIMUM
30YIKEHHSIM, 1110 MPaLIoE B PeXXUMi iHTEHCUBHUX Bi-
Opauiii. BuBuanacs epeKTUBHICTb Kiaacu@ikallii maTe-
pianiB pi3HUX (bpakiiii 32 yMOB CyXOro, BOJIOTOTro I
MMyJBIIOBOTO cepeaoBuIla. IHTerpalisi TOHKOI Kjacu-
¢ikaiii 3 TONOMiXKHUM O0JIaIHAHHSM, TAKUM SIK Tifl-
POLIMKJIOHU Ta MarHiTHi cerapaTopu, OyJa 10ciiakKeHa
TSI MOIEIOBAaHHSI TTOBHUX IIPOMUCIOBUX CXEM, IO
HaJaJjo ysBJIEHHS PO MOTeHIliaJl MacIITaOyBaHHS LIMX
TEXHOJIOTi# 0 piBHS IIPOMMCIOBOTO 3aCTOCYBaHHSI.

Pesyabratu. JlocimigkeHHs1 mokaszaiu, IO TOHKa
kiacuikallisi 3a IOMOMOTOK CUTa i3 MpsSMUM 30y-
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JDKEHHSM 3a0e3rneuye eeKTUBHICTh PO3IiIeHHS TO-
Hax 90 %. dist MaTepiatiB i3 po3MipoM YacTOK TTOHAI
100 MM gocsirHyTa ebeKTUBHICTh 75—85 %, a miist yac-
TOK y miama3oHi +40—100 mxm — 65—70 %. Kinuesa
BOJIOTiCTh MatepiaiiB ckiaia 18 % 3a abCONIOTHOIO
mKanow. Po3pobneHi TexHoaorii MOXyTb OyTH iHTe-
rpoBaHi y cxemMu 30aradyeHHsl JJisl APYroro CTYMEeHs
MarHiTHOI cenapallii Ta iHIIMX IPOLIECiB.

HaykoBa HOBH3HA. YTIepIlie TEOPETUIHO OOTPYHTO-
BaHa Ta eKCIIEPMMEHTAIbHO MinTBepIKeHa e(heKTUB-
HICTh TOHKOI KJlacudiKallii i3 3aCTOCYyBaHHSIM CUTA i3
npsiMUM 30yKEeHHSIM Yy mpoliecax 30arayeHHs BiIxo-
IIiB TipHUYOTrO BUPOOHUIITBA. BCcTaHOBJIEHI onTUMAab-
Hi MapamMeTpu BiOpalLiliHOrO pexXuMy, 110 3a0e3reuy-
I0Th BUCOKY €(heKTUBHICTh PO3IIJIEHHS YaCTOK PO3Mi-
pom 10 50 MKM. 3anpornoHOBaHe BUKOPUCTAHHS TEX-

HOJIOTil y 3aKpUTHX UMKJIAaX MOAPIOHEHHS U Tepen
MarHiTHOIO cenapatii€elo.

IIpakTiyna 3HauumicTb. Po3pobiieHa Ta mpoTecTo-
BaHa TEXHOJIOTisl TOHKOI KJjlacudikallii i3 3acTocyBaH-
HSIM BiOpalliiiHOro pexXuMy MPSIMOro 30yIKeHHS, 1110
3a0e31euye BUCOKHWI piBeHb PO3MIJICHHS ApiOHUX
dpakuiii MaTepianiB. 3anmporroHOBaHA TEXHOJIOTIS 10-
3BOJISIE TABUIINTY €(DEKTUBHICTD TTepepOOKHU BiIXOiB
TipHUYOI IPOMUCIIOBOCTI, 3a0e3euyo4yn OLIbII palli-
OHAJIbHE BUKOPHUCTAHHS PECYPCiB, 3a paxXyHOK 3HU-
JKEeHHsI OOCSITiB BiIXOIiB.

KmouoBi cioBa: mounka xkaacughikauyis, cumo 3 nps-
MUM 30Y0XUCEHHAM, NPOMUCA08] 8i0X00U, MACHIMHA cena-
pauis, 8ibpauitini pexcumu
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