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ABSTRACT

In the context of the increasing volume of industrial waste and stricter environmental
requirements, the urgent task is to efficiently process them to produce products with high added
value. In this work, the composition of industrial products of vanadium production formed during
the hydrometallurgical processing of rare metals is investigated, and the possibility of their use for
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including X-ray, X-ray fluorescence, and scanning electron microscopic methods, revealed a high
content of silica, aluminum oxides, and refractory minerals that determine the heat resistance of
the material. Optimal compositions of building mixes based on Portland cement, liquid glass, and
chamotte have been developed, providing compressive strength up to 45 MPa and resistance to
thermal cycling at temperatures up to 1800 ° C. The design of a device for forming building blocks
based on industrial waste from metallurgical production by vibration pressing is proposed,
designed to ensure high density and geometric stability of products. The results obtained confirm
the possibility of complex industrial waste disposal with the simultaneous creation of
environmentally safe, durable, and heat-resistant building materials used in energy, metallurgy,
the chemical industry, and civil engineering.
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processing of technogenic waste, and the
implementation of closed-loop (circular economy)

Introduction

The current stage of industrial development is
characterized by the growth of production volumes,
urbanization, and an increase in population, which
leads to higher resource consumption and increased
anthropogenic pressure on the environment [[1],
[2]]. One of the priorities of sustainable development
is the rational use of raw materials, comprehensive

technologies that allow solving both environmental
and economic challenges [[3], [4], [5]].
An important component of this strategy is the

utilization of large-scale waste from metallurgy and
the chemical industry, such as slags, sludges, tailings,
and by-products of ore processing [[6], [7], [8]].
Every year, hundreds of millions of tons of such
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waste are generated worldwide, of which less than
20% is recycled, while the remaining volume is
stockpiled, occupying land and creating long-term
threats to ecosystems [[9], [10], [11]].

A promising direction is the use of vanadium
production by-products—multicomponent materials
containing silica, oxides of aluminum, iron, calcium,
magnesium, and other elements [[12], [13], [14]].
The high content of refractory phases (corundum,
spinel, quartz) and dispersed structure ensures their
thermal stability, which opens up opportunities for
their application as secondary mineral raw materials
in the production of heat-resistant construction
materials [[15], [16]].

The demand for such mixtures is associated with
the operation of facilities under conditions of high
temperatures, aggressive environments, and sharp
fluctuations, which are typical for energy,
metallurgy, chemical industries, as well as for certain
civil and special structures [[17], [18]]. To achieve the
required properties, refractory fillers (chamotte,
alumina, basalt, perlite) and heat-resistant binders—
Portland cement, liquid glass, and silicate binders—
are used [[19], [20], [21]].

Comprehensive  processing of vanadium
production by-products makes it possible to
simultaneously reduce waste volumes and produce
competitive next-generation materials. For the
effective implementation of this approach, it is
necessary to study the physicochemical properties of
raw  materials, develop optimal mixture
formulations, and design equipment that ensures
the molding of products with high density and stable
geometry.

The aim of the research is the development of
heat-resistant construction mixtures based on
metallurgical by-products and the design of an
advanced vibro-pressing device that ensures the
production of construction blocks with high strength,
thermal stability, and geometric stability.

The research hypothesis is that metallurgical by-
products, due to their high content of silica,
aluminum oxides, and refractory minerals, can be
effectively used as secondary mineral raw materials
for producing heat-resistant construction mixtures.
The application of optimized formulations in
combination with an advanced vibro-pressing device
will allow the formation of construction blocks with
improved  performance  characteristics and
environmental safety.

Materials and Methods

Raw Materials. Vanadium production by-
products generated during the hydrometallurgical
processing of rare metals were used as the mineral
raw materials. Two batches of material were studied:
Sample 1 — cake obtained after autoclave sulfuric
acid leaching, and Sample 2 — residue after alkaline
leaching of calcined concentrate.

According to X-ray phase analysis, the samples
contain high concentrations of silica (up to 43.7%)
and aluminum oxides (up to 44.3%), as well as
refractory phases — quartz, corundum, and spinel,
which determine their thermal resistance [[1], [2],
(311

As binders, Portland cement of grades M-400
and M-450 according to GOST 10178-85, and liquid
glass according to GOST 13078-81, were used. The
refractory filler was secondary chamotte powder
obtained by grinding used chamotte bricks that had
been operated under high-temperature conditions.

Analytical Methods. The determination of the
chemical and mineralogical composition was carried
out using a set of instrumental techniques, including
X-ray diffraction (XRD, Shimadzu XRD-7000) for the
identification  of  crystalline  phases, X-ray
fluorescence analysis (XRF, PANalytical Axios) for
determining the mass fractions of oxides, atomic
absorption spectroscopy (AAS, PerkinElmer Analyst
400) for the quantitative analysis of metal content, as
well as scanning electron microscopy (SEM, JEOL
JSM-6490LV) combined with energy-dispersive
spectroscopy (EDS) for studying the morphology and
elemental distribution.

This comprehensive approach made it possible
to thoroughly characterize the mineral composition
and structural features of the raw materials [[4], [5],

6], [71].

Preparation of Construction Mixtures. The
components were mixed in different proportions
(Table 1) to evaluate the effect of composition on
heat resistance, strength, and water absorption. The
proportion of liquid glass in all formulations was 15%.

Table 1 presents the composition of the
investigated heat-resistant construction mixtures,
obtained using two types of vanadium production
by-products (Sample 1 and Sample 2), liquid glass,
and Portland cement. The proportion of liquid glass
was constant at 15% in all formulations, ensuring
structural stability and enhanced thermal resistance
of the material. The content of Samples 1 and 2
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varied within the range of 30—40%, while the amount
of Portland cement ranged from 10 to 20%,
depending on the required strength characteristics.
Such a selection of compositions made it possible to
evaluate the effect of the ratio of mineral
components on the mechanical strength, heat
resistance, and water absorption of the resulting
specimens.

Table 1 - Composition of the studied mixtures

Compo | Sample | Sample | Liquid ::rr:::td
sition: 1, % 2,% glass, % % ’
1 30 35 15 20
2 35 35 15 15
3 40 35 15 10
4 35 30 15 20
5 35 35 15 15
6 3 40 15 10

Shaping and Heat Treatment of Samples. The
preparation of samples included sequential mixing of
dry components in a laboratory mixer until a
homogeneous mass was obtained, followed by the
addition of liquid glass, primary drying at a
temperature of 100 + 5 °C for 24 hours, high-
temperature calcination at 1000 °C with a holding
time of 10 hours, and final quenching by rapid
cooling of the samples in running water to 25 °C.

This treatment regime ensured the formation of
a strong ceramic-like structure with low water
absorption [[8], [9], [10]].

Testing Methods. The testing of specimens
included determining compressive strength on a
Torin hydraulic press in the range of 32-45 MPa
according to GOST 10180-2012, evaluation of heat
resistance by heating within the range of 800-1800
°C with a holding time of 30 minutes followed by
rapid cooling, as well as determination of water
absorption by the gravimetric method according to
GOST 12730.3-2020 after 48 hours of specimen
immersion in water.

Design and Calculation of the Vibro-Pressing
Device. For block molding, the design of a vibro-
pressing device was developed in CAD environments
(SolidWorks and AutoCAD). The design calculations
took into account a pressing force of 5 MPa for a
block area of 0.08 m? (400 kN), vibration parameters
with a frequency of 50 Hz, amplitude of 1 mm, and
vibration force of about 3 kN, the strength and

stiffness of the main components calculated using
the finite element method in SolidWorks Simulation,
fatigue durability of the structure under loads
exceeding 10° cycles, as well as thermal
deformations at a temperature difference of AT =40
°C not exceeding an elongation of 0.4 mm.

The device’s performance capacity reached at
least 300 blocks per hour for a product size of
400x200x200 mm [[11], [12], [13], [14]].

Research Workflow Diagram. The presented
diagram illustrates the research workflow, showing
the sequence of the main stages of the study (Figure
1).

. An.alytlcal Selection of
Sampling studies of the X
. recipes
composition
Equipment Testing of Molding and
design properties firing
Parameter
analysis and
optimization

Figure 1 — The scheme of the study

The presented diagram illustrates the research
workflow, reflecting the sequence of the main stages
of the study. The scheme is designed as a chain of
seven blocks connected by guiding arrows, which
clearly demonstrates the logic of the process from
raw material preparation to data analysis.

The process begins with sample collection, the
initial stage where materials are prepared for
examination, and continues with analytical studies of
the composition, including a comprehensive
chemical and mineralogical analysis of the raw
materials. This is followed by formulation selection,
aimed at determining the optimal ratio of
components to achieve the desired properties, after
which shaping and firing are carried out — the
production of test specimens and their high-
temperature treatment.

The next step is testing of properties, including
the determination of strength, heat resistance, and
water absorption of the materials. This is followed by
equipment design, in particular the development of
a vibro-pressing unit intended for industrial
application. The process concludes with analysis and
optimization of parameters, which involves
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processing the obtained data, adjusting
technological parameters, and developing
recommendations for the implementation of the
proposed technology.

Furthermore, Figure 2 presents the schematic
diagram of the production process of construction
blocks on the designed installation.

Sample 1 Technical
water

Portland
cement

Liquid glass

Figure 2 — Schematic diagram of the production of
building blocks at the installation

The diagram illustrates the process of
manufacturing construction blocks, which includes
consecutive stages of raw material preparation and
processing. The initial components consist of Sample
1 and Sample 2, representing industrial waste from
metallurgical production, cement, process water, and
liquid glass. All materials are fed into a mixer, where
they are thoroughly blended to form a homogeneous
mass. The resulting mixture is then loaded into a
press mold, where it is compacted and shaped into
the required geometry. At the final stage, the
finished construction block is removed from the
mold, possessing the necessary strength
characteristics and parameters.

Results and Discussion

Chemical and Mineralogical Composition of the
Studied Samples. The chemical composition of the
residue after leaching, based on the performed X-ray
fluorescence analysis, is presented in Table 2.

Chemical analysis showed a high content of silica
(Si0z) in Sample 1 (43.71%) and aluminum oxide
(Al;03) in Sample 2 (44.34%), which indicates their

potential as components for heat-resistant
construction mixtures.

The results of the X-ray phase analysis of the
composition of the two samples are presented in

Table 3.

Table 2 — Chemical composition of the residue after
leaching

Name Content, %
\i P Mo Ca Fe Al Si K
Sample 1 0.04 0.012 0.003 1.2 0.21 0.05 43.71 0.03
Sample 2 0.29 0.25 0.01 0.20 0.24 44.34 0.87 0.01

Table 3 — Phase composition of the two samples

Sample 1 Sample 2
Name of the Formula Content, Name of Formula Content,
mineral % the mineral %
Quartz, syn SiO2 72.1 Corundum, Al,03 37.2
syn
Albite Na(AlSiz0s) 22.3 Spinel MgAl,04 21.7
Barium Iron BaFeOqs 2.8 Aluminum Al,03 33,5
Oxide Oxide
Iron Oxide Fe2.80204 1.3 Nickel Ni2(SiOa) 1.3
Silicate
Hematite, Fe,03 0.9 Iron Oxide Fe,03 6.3
syn

X-ray phase analysis of Sample 1 revealed the
predominance of inert siliceous phases—quartz
(72.1%) and albite (22.3%)—which indicates its
potential as a mineral filler for silicate and ceramic
materials. Minor amounts of iron-containing phases
(BaFeQg,, Fe;.80204, Fe203) and ferrites (NiFe,04) may
enhance the mechanical strength and thermal
resistance during firing.

Sample 2, in contrast, is characterized by a high
content of refractory and heat-resistant phases:
corundum (Al,0; — 37.2%), spinel (MgAl,0, —
21.7%), and additional aluminum oxide (33.5%).
These compounds provide high thermal and
chemical stability, making the sample particularly
promising for use in refractory mixtures, lining
materials, and heat-resistant concrete. The presence
of nickel silicate (Ni,SiO4) and hematite further
improves thermal stability and resistance to
aggressive media.

Thus, the physico-chemical studies provided
objective data on the composition of the vanadium
production by-product and its potential application
in the manufacture of heat-resistant construction
materials and refractory blocks.

According to the results of X-ray phase analysis
(Table 3), Sample 1 is characterized by a high content
of quartz (72.1%), albite (22.3%), and minor amounts
of barium and iron oxides. Sample 2 contains mainly
corundum (37.2%), spinel (21.7%), and aluminum
oxide (33.5%), as well as small amounts of nickel-
containing compounds. The phase composition pie
charts (Fig. 2) clearly demonstrate the mineralogical
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differences between the investigated samples. The
presence of refractory phases such as corundum and
spinel ensures high heat resistance, which is
consistent with literature data [[4], [7], [12]].

Influence of Component Composition on
Strength Characteristics. Compressive strength tests
showed that increasing the proportion of Sample 1
up to 40% in the mixture (Composition 3) led to a
strength increase to 45 MPa. This effect is associated
with a higher degree of quartz phase crystallization
and improved intergranular bonding after heat
treatment. A reduction in Portland cement content
to 10% resulted in decreased strength, confirming
the significant role of the binder component in the
formation of a dense structure [[8], [15]].

Heat Resistance and Thermal Stability of
Materials. The results of heat resistance tests
showed that when samples were heated up to 1800
°C followed by rapid cooling, strength retention
exceeded 85%, which is higher than that of
conventional chamotte products (70-75%) [[3], [11]].
The dependence of strength retention on
temperature (Fig. 5) confirms the high stability of the
developed materials. The superior thermal
resistance is explained by the low thermal expansion
coefficients of corundum and spinel, as well as the
uniform distribution of refractory phases within the
sample structure [9, 10].

Water Absorption and Microstructure of
Samples. The water absorption of the investigated
materials ranged from 6% to 8%, which complies
with the requirements of GOST 530-2012 for heat-
resistant construction products. The minimum value
(6%) was recorded for Composition 3.

Equipment Design for Molding. From the
prepared materials — Compositions 1-6 (Section
2.3) — heat-resistant construction blocks were
manufactured using a specially designed installation.

For vibro-compaction, a standard frequency of
50 Hz and an amplitude of 1 mm were applied. The
resulting vibration acceleration provides a vibratory
force of about 3 kN, which is sufficient for
compacting the mixture.

Table 4 presents the strength calculation of the
frame.

The stresses were calculated using the finite
element method in SolidWorks Simulation. All
structural elements meet the strength criterion
(safety factor > 2).

Table 5 presents the deformation calculation.

Table 4 — Strength Calculation of the Frame

Cross Max. Yield Safety
Structural . Length strength A
element section (mm) stressOmax ot margin
yileds
(mm) MPa MNa kk
tongitudinal | 50,5065 | 1000 155 345 22
beam
Transverse | goxq0x4 600 142 345 24
frame
Base plate 200x20 800 110 345 3.1
Table 5 — Deformation Calculation
Max. Permissible
Length . . . . .
Element deflection deflectiondaddit, Estimation
(mm)
8, mm mm
Longitudinal
1000 0.42 1.0 Acceptable
beam
Base plate 800 0.35 1.0 Acceptable
Upper 600 0.28 038 Acceptable
frame

According to the obtained data, it can be
concluded that the deflections do not exceed the
permissible values, which ensures the stability of the
structure and the accuracy of the molded blocks. At
the same time, the pressing force and vibrational
load provide sufficient density and strength of the
building blocks. Moreover, the device design
demonstrates satisfactory strength and stiffness
characteristics. The safety factor ranges from 2.2 to
3.1, confirming the reliability of the structure.

During the operation of the device, local
temperature rises may occur due to friction in the
vibration mechanism and the contact of metallic
parts. These temperature increases can cause
thermal deformations, especially in the areas of the
vibrating plate and guides.

Table 6 presents the evaluation of the thermal
expansion of the structural elements.

Table 6 — Evaluation of the Thermal Expansion of
Structural Elements

Length | Expansion .
Element LL coefficient Temperature | Expansion
mr;1 a, 1/°C change AT, °C AL, mm
Vibratin
&1 600 | 12x10° 40 0.29
plate
Guides 800 12x107® 40 0.38

Even with a temperature difference of 40 °C, the
elongation does not exceed 0.4 mm, which falls
within the permissible tolerances.

However, in high-precision molding,
compensation for these deformations is required.

Table 7 shows the dynamic loads caused by
vibration.
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Table 7 — Dynamic Loads from Vibration

Parameter | Designation Value Unit
The mass
.Of th'e mm 60 Kr
vibrating
plate
Vibration . 50 Hy
frequency
The 1 mm
. AA
amplitude (0.001 m) m
Boost aa 49.34 m/sec?
Inertial Finertial 2960 H
force

Next, the calculation of the dynamic coefficient
was considered. It is known that the additional safety
margin is accounted for through the dynamic
coefficient kd=1.5..2.0k_d = 1.5 \ldots 2.0kd
=1.5...2.0, depending on the stiffness of the joints.

It was established that thermal deformations do
not exceed the permissible values; however, they
must be taken into account in high-precision
operations. At the same time, the dynamic load from
vibrations increases the equivalent stresses by 1.5-2
times, especially in the guides and at the mounting
points of the vibrating plate.

According to the conducted study, the vibration
mechanism generates inertial forces of about 3 kN,
which is equivalent to ~750 N per each of the four
compacted blocks.

Table 8 presents the data on the fatigue
durability of the structure.

Table 8 — Fatigue Durability of the Structure

Parameter Value Unit
Vibration Hz
frequency (f)
Molding
duration (t)
Vibration
frequency (f)
Molding
duration (t)

50

Seconds

20

It was established that, provided the amplitude
and material conditions are met, the fatigue strength
margin of the structure is considered sufficient.

The design of the device assemblies for the
production of construction blocks is presented below
(Figure 3).

a)

7375

198,13
200

b)

70,7070, 70
4,
(HHH
{HHH
?

-EEE
—N_N_1
=4

199,13
200
=

79,7070, 70
19999
4 rHHH
{HHH

Figure 3 — Structural design of the device assemblies
for the production of construction blocks (a) general view
of the unit, (b) mold for extruding construction blocks
with vibrator, (c) extrusion mechanism
for construction blocks).

Further, Figure 4 shows the manufactured
prototype of the device for producing construction
blocks, consisting of a mold with a vibrator for block
extrusion and an extrusion mechanism for
construction blocks.
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Figure 4 — Manufactured prototype of the device for
producing construction blocks (a) before painting,
(b) after painting).

The developed design of the vibro-pressing unit
(Figures 1 and 2) ensures the production of blocks
with high density and stable geometry. Finite
element analysis (Figure 8) confirmed the strength
and stiffness of the assemblies under vibrational
loading (50 Hz, amplitude 1 mm) and a service life
exceeding 10° cycles. The productivity of the unit is
about 300 blocks per hour, which makes the
technology economically viable for industrial
implementation.

Further, Figure 5 shows a construction block
obtained by extrusion using the unit.

Figure 5 — The building block obtained as a result
of extrusion on the installation

Comparative Analysis with Industrial
Counterparts. To assess the competitiveness of the
developed mixtures, a comparison of their key
properties was carried out with the characteristics of
heat-resistant construction materials reported in the
literature and standards [[3], [8], [10], [15], [18]].
Table 9 presents the values of compressive strength,
heat resistance, and water absorption for the
samples obtained in this study, as well as for

traditional chamotte products and alumina-based
concretes.

Table 9 — Values of compressive strength, heat resistance,
and water absorption for various samples

. Compressive Strength Water
Material / . X
source strength, retention at absorption,
MPa 1600 °C, % %
Composition
3 (this study) 45 %0 6
Fireclay bricks
(131, [81] 25-32 70-75 10-14
Alumina
concretes 35-40 80-85 8-10
[[10], [15]]
High-alumina
refractories 40-43 85-88 7-9
(18]

The comparison of the obtained results with the
characteristics of  well-known  heat-resistant
materials (Table 9) showed that the developed
mixtures surpass chamotte products in strength by
40-70%, exhibit lower water absorption, and
demonstrate superior thermal resistance. This
advantage is attributed to the optimal combination
of mineral components, the presence of corundum
and spinel phases, as well as the use of vibro-pressing
technology, which ensures low porosity and high
structural homogeneity.

Comparison of Method Efficiency. For a clear
comparison of the efficiency of using vanadium
production by-products in refractory mixtures,
dependencies were constructed between the
extraction degree of elements (V, Mo) and the
performance characteristics of the materials on
technological parameters (pH, temperature, binder
composition) (Tables 10 and 11).

Table 10 presents the results of the study on the
dependence of the extraction degree of vanadium
and molybdenum from vanadium production by-
products on the medium acidity.

Table 10 — Dependence of vanadium and molybdenum
extraction on the pH of the medium

pH of the Extraction of V, Extraction of
solution % Mo, %

1 62 28

2 74 35

3 81 41

4 77 38

5 65 30
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From the data in Table 10, it can be seen that
with increasing acidity up to pH 3, the extraction
degree of both elements increases: for vanadium,
the value reaches a maximum of 81%, and for
molybdenum, 41%. With a further increase in pH,
the efficiency of the process decreases, indicating
the presence of an optimal acidity range. Thus, pH =
3 is the most favorable condition for the
simultaneous extraction of V and Mo.

Table 11 presents the data on the effect of
temperature on the efficiency of vanadium and
molybdenum extraction.

Table 11 — Effect of temperature on the extraction of
elements

Temperature, °C Extraction of Extraction of
V, % Mo, %
40 55 22
60 72 34
80 83 42
100 79 39

According to the data in Table 11, as the
temperature increases from 40 to 80 °C, a significant
improvement in extraction performance is observed:
for vanadium, from 55% to 83%, and for
molybdenum, from 22% to 42%. However, a further
increase in temperature to 100 °C leads to a decrease
in the extraction degree, which is associated with
changes in the stability of element complexes and
the occurrence of side processes. The optimal
extraction temperature can be considered 80 °C, as it
ensures the maximum recovery of both elements.

Conclusion

The study established that by-products of
vanadium production, characterized by a high
content of SiO; and Al,Os, are a promising secondary
raw material for the manufacture of heat-resistant
construction mixtures. The developed compositions
demonstrated compressive strength of up to 45 MPa,
low water absorption (6-8%), and resistance to
thermal cycling at temperatures up to 1800 °C,
exceeding the performance of traditional chamotte

products and alumina-based concretes. The design
and experimental testing of an improved vibro-
pressing device confirmed the feasibility of industrial
implementation of the technology, with a capacity of
up to 300 blocks per hour and guaranteed structural
durability.

The obtained results make it possible to
recommend the use of heat-resistant building blocks
based on vanadium production by-products for lining
thermal equipment, blast and open-hearth furnaces,
boilers, thermal units, reactors, heat exchangers, and
other devices operating under high temperatures
and aggressive environments. In addition, the
proposed mixtures can be applied in the production
of heat-resistant concretes, panels, and blocks for
civil and special structures requiring high fire
resistance. The introduction of the technology
ensures comprehensive recycling of industrial waste,
reduces landfill loads, and contributes to the
development of environmentally safe production.

Thus, the developed construction mixtures and
the vibro-pressing device have significant practical
potential,  simultaneously = addressing  both
environmental and industrial challenges, enhancing
the competitiveness of domestic construction
materials, and promoting the implementation of
circular economy principles in metallurgy and the
construction sector.
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MeTtannypruanbik eHAipiCTiH 6HEPKaCINTIK KOCasKbl 6HiMAEepiH naiganaHy
APKblNbl XblNYFa TO3iMAI KYPbIIbIC KOCNaNapbiH 33ipaiey }KaHe onapAabl

¥eTingipinreH Kypbinfblaa Kanbintay

1Xa6ues A.T., 'tOnycos C.b., 'A6aypanmos A.E., 'Kaman A.H., 'Kymap6ek H.E.,
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TYWIHAEME

OHepKacinTiK KanabIKTapAblH ©cCin Kene »KaTKaH Ke/femi MeH 3KOMOTUAMbIK TanantapaplH,
KaTaH4aybl »KafdalblHAA KOCbIIFAaH KyHbl YKOFapbl ©HiMAj ana oTbipbin, 0NapAbl TMIMA( KaiTa
eHAey 63eKTi MiHAeT 60biN Tabbliaabl. Bya )KymMbICTa cMpek meTangapabl TMAPOMETANNYPTUANBIK,
eHAey npoLeciHae Ty3iNeTiH BaHagUIM eHAIPICiHIH ©HEePKaciNTiK eHiIMAEPIHIH, Kypambl 3epTTengi
JKOHE oflapAbl bICTbIKKA TO3iMAi KypblbiC KOCManapblH any yWwiH nainganaHy MyMKiHAri
Herizgenai. PeHTreH-dasanbik, peHTreHAiK-GAyopecueHTTi KaHe CKaHepseylwi 31eKTPOHAbI
MWKPOCKOMUANDBIK 3AiCTepAi KaMTUTbIH KeleHAi Tangay maTepuangbliH, bICTbIKKA Te3iMmAiniriH
QHbIKTAWTbIH KPEeMHE3eMHiH, aJloMUHUI OKCUATEPIHIH, KaHEe OTKa Tesimai MUHepanaapablH,
JKOFapbl KYPamblH aHbIKTayFa MYMKIHAIK 6epai. MopTnaHALEMEHT, CYMbIK LUbIHbI K3HE LWamoT
HerisiHaeri KypbiibiC KOCNanapblHbIH, OHTaWAbl Kypambl a3ipneHai, onap 45 MMa gewiH Kpicy
6epikTiriH kaHe 1800 °C aeiiHri TemnepaTtypaia TEPMOLMKATe TO3IMAINIKTI KamTamacbi3 eTesi.
BylibiMaapablH, Ofapbl TbIfbI3Aplfbl MEH TEOMETPUANDBIK TYPAKTbIIbIFbIH KaMTaMacbl3 eTyre
apHanfaH Aipingi 6acy aaicimeH MeTannypruanbik OHAIPICTIH OHEPKICINTIK KanablKTapb! HerisiHae
KYPbINbIC 6NOKTApbIH KafbiNTayfa apHaAfaH KypblifbiHbIH, KOHCTPYKLUMACH! YCbIHbIAAbI. ANbIHFaH
HOTUXKENep SHepreTuka, METANNYPrua, XUMWUA OHEpKICIbi KaHEe a3amaTTblK  KypblabicTa
KONAAHbINATbIH SKONOTUANBIK Kayinci3, 6epik KaHe bICTbIKKA TO3iMA[ KypblIbIC MaTepuangapbliH
6ip mesringe »kacait OTbIpbIn, 6HEPKACINTIK KanAblKTapAbl KeleHai Kaaere apaty MyMKiHAirH
pacTtanapl.

TyliiH ce30ep: BaHaAWI BHAIPICI, BHEPKICINTIK KaNAbIKTap, bICTbIKKA TO3IMAi KYpbl/bIC KOCManapsl,
NopTAaHALEMEHT, CyMbIK LWbIHbI, WAMOT, Aipinai 6acy, KanablKkTapapl KO, bICTbIKKA TO3IMAINIK,
Kbicy 6epiKTiri.
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AHHOTALMUA

B cTaTbe paccMOTpeHbl HanpaBaeHUs NoTpebeHnsa BaHaauA U MoMBAeHa B PasIMYHbIX OTPACAAX
NPOMBbILINEHHOCTH, YTO NOAYEPKMUBAET MX CTPATErMUYECKYHO 3HAYMMOCTb U PaCTyLLYHO NOTPEBHOCTb
B yCTOWYMBOM obecneyeHumn CbipbEéMm. [MpoaHanu3MpoBaHbl UCTOYHUKM ITUX 3EMEHTOB Kak
NPUPOAHOTO, TaK U TEXHOrEHHOrO MPOUCXOKAEHUA, BKAOYAA METanAyprudeckue WAaku, 30bl,
Moctynuna: 21 aszycma 2025 oTpaboTaHHble KaTaAuM3aTopbl W ApyrMe OTXOAbl MPOMbIWIEHHbIX npoleccoB. OTaensHoe
PeweH3anposaHme: 9 cenmabpsa 2025 BHUMaHUWE ye/IeHO 3KONIOTMYECKMM PUCKAM, CBA3AHHbBIM C HAKOMNEHWEM COeMHEHWIA BaHaauA
MpuHATa B NevaTb: 16 okmAbps 2025 M monnbaeHa, CnocobHbIX OKasblBaTb TOKCMYECKOE BO3AEWCTBME Ha OKPYMKAKOLWYI Cpeay.
MoauépKHYTa HEOBXOAMMOCTL BOB/IEYEHWS BTOPUUHbIX PECYPCOB B MPOMbILLIEHHbIM 060pOT Ans
PaLMOHAIbHOTO MCMO/b30BaHWA MUHEPanbHO-CbipbeBOi 6asbl M NOBbieHUA 3GGEKTUBHOCTU
U3BNEYEHUA METANN0B U3 MEPBUYHOTO Cbipba. MpUBeAEH 0630p CyLLECTBYIOLLMX XUMUYECKUX U
TMAPOMETANNYPIUYECKUX METOLOB W3BNEYEHUA BaHaguAs WM MonnbaeHa, € y4éTom cocTaBa
nepepabaTbiBaemMoro maTtepuana, OCOBEHHOCTENM TEXHONOTMYECKUX YCIO0BWM, a TaKke
OrpaHUYEHUn M HEAOCTaTKOB OTAE/bHbIX NoaxodoB. CAenaH akUEHT Ha MepcrneKkTUBHOCTb
KOMMEKCHOW nepepaboTKM OTX040B, obecneynBalolleil M3BJEYEHUE HECKONbKMX LEHHbIX
KOMMOHEHTOB M CNOCOBCTBYIOLLEN NEPEXOAY K LIUPKYAAPHO 9KOHOMUKE.

Keywords: BaHaguit, MonMbaeH, 3010WNAKOBbIE OTXOAbl, META/LIyPriuyeckme Wwnaku, GuabTpar,
TMAPOMETANNYPrMYECKME  METOAbl,  NUPOMETANNypruyeckue  MeToabl,  bHakTepuanbHoe
BblLLLeIauYMBaHwe.
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