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ABSTRACT

The article provides an overview of modern methods of processing mining and metallurgical waste
to obtain functional materials such as silicon, rare earth metals, nanoporous silica and other
valuable components. The technologies of processing and purification, including
hydrometallurgical and pyrometallurgical processes, as well as their applicability to various types
of waste generated in the mining and metallurgical complex are considered. Special attention is
paid to the environmental aspects and economic efficiency of waste recycling, as well as the
possibilities of implementing waste-free processes that reduce environmental pollution. Examples
of successful implementation of innovative technologies are given and prospects for the use of
recycled materials in various industries are described. The authors emphasize the importance of
implementing waste-free processes to reduce environmental pollution. The article also discusses
methods for the extraction and processing of silicon and silica, which can significantly improve the
properties of the final products. Innovative technologies for processing waste from mining and
metallurgical production contribute not only to reducing the volume of waste but also to the
creation of new economically profitable materials. The study aims to draw attention to the
importance of waste recycling and demonstrates the potential of their use as valuable raw
materials, which contributes to sustainable development and efficient use of natural resources.
The authors also discuss the prospects for further development of recycling technologies, including
the development of new methods and optimization of existing processes, which will increase
efficiency and reduce waste recycling costs.

Keywords: mining and metallurgical waste, recycling, functional materials, silicon, nanoporous
silica, rare earth metals, waste-free technologies, environmental efficiency.
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Introduction

associated with the generation of significant
volumes of waste, which have a detrimental impact

The mining and metallurgical industry plays a  on the environment. Globally, more than 100 billion
pivotal role in the global economy, supplying tonsof mining and metallurgical waste are produced
essential metals and materials to nearly all industrial ~ annually, much of which is stored in dumps and
sectors. However, the activities of this industry are tailing ponds, posing environmental risks and
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occupying vast areas. Addressing the problem of
waste disposal and recycling is becoming
increasingly urgent in light of growing demands for
environmental sustainability and the rational use of
resources.

Modern waste processing technologies not only
minimize their negative environmental impact but
also enable the extraction of valuable components,
transforming them into useful materials.
Hydrometallurgical and pyrometallurgical processes
occupy a central role in strategies for the recycling
of mining and metallurgical waste due to their ability
to extract metals and synthesize functional
materials. These processes allow for the production
of materials such as nanoporous silica, rare earth
metals, catalysts, and sorbents, which have broad
applications across various industries, including
electronics, energy, and chemistry.

Despite significant progress in the field of mining

and metallurgical waste recycling, numerous
unresolved  challenges remain, particularly
concerning the economic feasibility of the

processes, their environmental impact, and the
quality of the resulting products. The
implementation of a circular production cycle, in
which waste becomes a valuable raw material,
requires the development of innovative
technologies and strategies that ensure maximum
efficiency and minimal environmental risks.

The aim of this article is to provide a
comprehensive review of current achievements and
challenges in the recycling of mining and
metallurgical waste, with a focus on
hydrometallurgical and pyrometallurgical processes.
The article examines modern methods for extracting
valuable components and synthesizing functional
materials and analyzes their environmental and
economic aspects. Special attention is given to the
prospects for applying these technologies in industry
and their contribution to sustainable development.

Thus, this work seeks to highlight the
importance of mining and metallurgical waste
recycling and to discuss strategies that promote the
efficient use of natural resources and the reduction
of environmental burdens.

Processing of silicon from silicon slag

In the context of global sustainable and low-
carbon development, the recycling of silicon from
metallurgical-grade refined silicon slag (MGRSS) has
become increasingly important. The elemental
silicon (Si) content in MGRSS plays a crucial role in
silicon extraction processes, directly influencing the

choice and economic efficiency of
technologies.

In a study [1], a method was developed for
separating and quantifying silicon content and other
silicon phases in MGRSS. First, the silicate present in
MGRSS was dissolved using hydrochloric acid to
extract its content, leaving behind a mixture of
silicon and silicon carbide (SiC) particles. Next, silicon
was dissolved using a combination of nitric and
hydrofluoric acids (HF/HNO3), separating the SiC
particles. The respective contents of silicon and SiC
were then measured. Over two stages, the effects of
dissolution and the repeatability of silicate and
silicon extraction in different acids were analyzed.
Ultimately, the silicon content in MGRSS,
determined through this two-step chemical method,
was found to be 21.84 + 0.53%. This was achieved
using an acid mixture with a 1:1 volume ratio of
HNO3 to HF and a reaction time of 1 hour.

This approach challenges conventional methods
of estimating elemental silicon content in MGRSS,
which often rely on experiential techniques. By
providing a more precise assessment, the method
contributes to improving silicon extraction
processes and reducing the volume of MGRSS, which
primarily contains silicate, silicon, and SiC.
Traditional methods are insufficient for accurately
measuring silicon content and other phases in
MGRSS. For the first time, a technological process
for determining silicon content in MGRSS was
proposed and implemented in this study.
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Figure 1 - Schematic diagram of the experiments:
a block diagram, b principle scheme [1]

The experimental procedure is shown in Figure
1. To further verify the reaction between silicate and
hydrochloric acid, corrosion tests were conducted
on bulk MGRSS samples. The results, illustrated in
Figure 2, reveal that in the original MGRSS (Figure
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2a), light gray areas corresponded to silicate,
spherical gray regions with distinct boundaries
represented silicon, and dark black regions were SiC,
with clearly defined phase boundaries. Figures 2b—d
demonstrate the reaction of silicate with
hydrochloric acid, showing leaching from cracks and
the silicon/silicate boundary. The corroded surface
exhibited noticeable gullies and pits, with
pronounced grooves surrounding Si and SiC. The
silicate surface displayed visible white honeycomb-
like patterns, likely caused by hydrochloric acid
washing the silicate surface for a short period
without forming deep trenches.

e

Figure 2 - EPMA analysis of in-situ corrosion of MGRSS by
hydrochloric acid: an MGRSS before corrosion;
b-d MGSRS after corrosion [1]

Using a two-step dissolution method, silicon and
other phases in MGRSS were successfully separated
and quantified. In the first step, silicates were
completely dissolved with hydrochloric acid. In the
second step, silicon particles were fully dissolved
using the HF/HNO3 mixture, separating the SiC. The
silicon content determined via this method was
21.84%, with a standard deviation of 0.53%,
demonstrating high analytical accuracy. This method
holds significant potential for enhancing silicon
recycling technologies and supporting the
sustainable development of metallurgical-grade
silicon (MG-Si) smelting [1].

This research also explored the separation of
silicon slag produced using both high-temperature
resistance  furnaces and medium-frequency
induction furnaces. Key factors such as melting
temperature, melting duration, gas purging, stirring
methods, and the addition of slagging agents were
systematically analyzed for their impact on the
efficiency of silicon and slag separation. Chemical

composition analysis and microscopic morphology
studies revealed that the primary components of
silicon slag included Si, Fe, Al, Ca, Ti, Mg, and K.
These impurities mainly occurred in oxide forms,
such as SiC, Ca(Al,Si,0s), and Fe,Si0,.

When using a high-temperature resistance
furnace, the efficiency of silicon separation varied
significantly depending on whether argon stirring
was employed. Argon stirring notably enhanced the
separation process, enabling a more complete
separation of silicon and slag. At 1550°C, optimal
separation was achieved by blowing argon into the
molten slag and stirring for 2 hours. Experimental
results indicated that the viscosity and fluidity of the
melt were critical factors influencing separation
efficiency. Effective silicon extraction could be
achieved by increasing the melting temperature and
extending the purging time.

In medium-frequency induction furnaces, silicon
and slag separation occurred more rapidly. Adding a
slagging agent composed of Ca0-SiO,—CaCl, to the
molten material facilitated complete separation in a
shorter time. Microscopic morphology and ICP-AES
analyses of elemental silicon demonstrated that
both argon stirring and electromagnetic stirring
significantly enhanced the extraction and
purification of silicon. These processes also
contributed to reducing environmental pollution by
improving the efficiency of separation and reducing
waste [2].

Currently, numerous industries produce waste
or byproduct streams, which are either stored or
utilized as secondary products. In sectors such as
photovoltaics and semiconductors, the cutting and
grinding of metallic silicon generate valuable
metallic powder byproducts. ReSiTec (Portugal) has
been actively engaged in research and development
projects aimed at advancing innovative technologies
for the recycling and purification of these metal
powders. Particular emphasis has been placed on
metallic silicon powder produced during cutting and
grinding operations.

A novel process has been developed to recover
fine metallic silicon particles, ranging from 0 to 150
microns, from highly diluted wastewater streams.
Established separation and classification techniques
have been modified and optimized to efficiently
clean and recycle metallic silicon powder,
transforming it from waste into valuable new
products. Experimental evaluations demonstrated a
substantial increase in silicon purity, from an initial
50% to levels exceeding 99%, with an acceptable
yield. This advancement suggests that the
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technology could be extended to other industrial
processes involving metallic powder waste streams.
ReSiTec now plays a key role in supporting the
recycling industry by offering research and
development services and producing over 500 tons
of high-purity recycled metallic silicon powder
annually. Despite this progress, large quantities of
metallic silicon powder—exceeding 100,000 tons—
continue to be discarded as industrial waste. Over
the past several years, ReSiTec has refined its
recycling process, particularly for metallic silicon
powders originating from the production of solar-
grade silicon. Notably, the energy consumption of
this recycling process is less than 1 kWh/kg,
significantly lower than that of traditional metallic
silicon production methods, highlighting its
economic and environmental advantages [3].

A waste-free process for extracting
extremely pure nanoporous silica particles
from phosphoric slag

This study focuses on the recycling of
phosphorus slag as a cost-effective source for silica
(Si0,) extraction, addressing both resource recovery
and environmental pollution mitigation. The primary
objective was to establish a zero-waste process for
extracting high-purity nanoporous silica particles
(NPSP) as a valuable product. The process involved
leaching phosphorus slag using nitric acid under
specific conditions: acid concentration (C8M), liquid-
to-solid ratio (r1:3), duration (t2h), and temperature
(T75°C). Calcium oxide (CaO) was also extracted as a
byproduct using oxalic acid. The resulting SiO, and
CaO products achieved purities of 99.16% and
98.65%, respectively. Additionally, the process
demonstrated sustainability through the recovery
and reuse of reagents: approximately 77% of oxalic
acid was reclaimed by cooling the nitric acid solution
containing oxalate to 5°C, and around 85% of nitric
acid was recovered.

The article further reports the outcomes of
phosphorus slag processing using both alkaline and
acidic reagents. Autoclave leaching experiments
with sodium hydroxide and sodium carbonate
solutions revealed silicon extraction efficiencies of
1.1% and 16.6%, respectively. Investigations into
nitric acid leaching for extracting rare earth metals
(REM) from phosphorus slag were also conducted.
Optimal leaching conditions included a nitric acid
concentration of 7.5 mol/dm3, a liquid-to-solid ratio

of 2.6 cm3?®/g, a temperature of 60°C, a process
duration of 1 hour, and a stirrer speed of 500 rpm.
Under these conditions, extraction efficiencies for
REM, calcium, aluminum, and iron were 98%, 99.1%,
99%, and 18.8%, respectively. The remaining silicon-
containing residue was suitable for producing
precipitated silica, containing approximately 75-80%
SiO..

Subsequent leaching of the residue obtained
from nitric acid treatment was performed using
sodium hydroxide in a thermostated cell at 98°C and
in an autoclave at 220°C. The most efficient
extraction occurred in the thermostated cell at 98°C,
achieving a silicon recovery rate of 97.9%. A
comprehensive technological scheme for
phosphorus slag processing was proposed, enabling
the production of rare earth metal concentrates,
precipitated silica (white soot), construction
materials, and fertilizers.

This research provides an in-depth assessment
of phosphorus slag as a resource for extracting rare
earth metals and precipitated silica. It characterizes
the chemical and phase composition of the slag,
identifying the primary elements and trace
components, as well as the forms of silicon-
containing compounds present, demonstrating its
potential for sustainable and resource-efficient
applications [4].
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Figure 3 - Technological scheme for the comprehensive
processing of phosphorus slag [4]
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Physicochemical studies have demonstrated
that slags resulting from electrothermal phosphorus
production represent a valuable raw material for the
extraction of rare earth metals (REEs) and
precipitated silicon dioxide (SiO,). The application of
hydrometallurgical methods, including low-
temperature treatment with acids and alkalis,
facilitates a comprehensive processing approach.
This enables the extraction of valuable components
into solution, ensuring the efficient utilization of raw
materials.

Based on the findings of phosphorus slag
processing, a technological scheme (Figure 3) has
been proposed. This scheme aims to enable the
production of REE concentrates, precipitated SiO,,
construction materials, and fertilizers. Such an
integrated processing framework has the potential
to significantly enhance the value derived from
phosphorus slag.

Despite substantial research efforts, primarily at
the laboratory scale, recycling rates for REEs remain
alarmingly low, with less than 1% of REEs recycled as
of 2011. This inefficiency is attributed to factors such
as inadequate collection systems, technological
barriers, and the absence of economic incentives.
Addressing these challenges necessitates a
paradigm shift toward the development of highly
efficient, fully integrated recycling processes.

This article reviews existing literature on REE
recycling, focusing on three critical applications:
permanent magnets, nickel-metal hydride batteries,
and lamp phosphors. It examines the current state
of pre-processing for end-of-life materials
containing REEs and the subsequent extraction
methods. Both pyrometallurgical and
hydrometallurgical pathways for separating REEs
from non-rare-earth elements in recycled materials
are analyzed in detail. Furthermore, the importance
of life cycle assessment (LCA) in evaluating the
environmental and economic impact of REE
recycling is emphasized.

The review highlights that efficient REE recycling
not only reduces supply chain risks but also mitigates
the significant environmental issues associated with
traditional REE mining and processing. By adopting
integrated recycling technologies informed by the
existing body of research, significant advancements
in  resource efficiency and environmental
sustainability can be achieved.

The most prevalent rare earth element (REE)
magnets are predominantly composed of
neodymium-iron-boron (NdFeB) alloys. These
magnets feature a matrix phase of Nd,FeuB,

encompassed by a grain boundary phase enriched
with neodymium. Additionally, they contain trace
guantities of other elements, including
praseodymium, gadolinium, terbium, and notably
dysprosium, alongside various transition metals
such as cobalt, vanadium, titanium, zirconium,
molybdenum, and niobium [5].

The recycling and reuse of metals are pivotal for
fostering a resource-efficient economy. While
efficient recycling pathways are well-established for
base metals (e.g., iron, copper, aluminum, zinc) and
precious metals (e.g., gold, silver, platinum group
metals), the recycling rates for end-of-life REEs were
notably low, with less than 1% being recycled as of
2011. A life cycle assessment conducted in 2007
estimated global REE reserves to be approximately
four times the annual extraction volume [6].

Mining industry waste, including acid mine
drainage  (AMD), represents a significant
environmental challenge due to its potential to
contaminate surface and groundwater systems.
AMD poses a critical threat to ecosystems and water
resources. Simultaneously, the synthesis of
advanced nanomaterials has become an integral
aspect of modern technological advancements.
However, traditional methods for producing
nanomaterials are associated with high costs and
environmental concerns due to the reliance on
hazardous chemicals and  energy-intensive
processes.

An emerging and promising solution lies in the
utilization of mining waste and AMD as raw
materials for nanomaterial production. This
approach not only facilitates the detoxification and
valorization of waste but also yields functional
nanomaterials with properties comparable to those
synthesized from pure chemical precursors. For
instance, this strategy has been successfully applied
in the synthesis of iron- and copper-based
nanomaterials, which exhibit substantial potential
for diverse applications. This study emphasizes the
production of nanoparticles and nanocomposites
derived from mining waste and AMD, demonstrating
the dual benefits of environmental remediation and
resource recovery [7].

The initial precursor material predominantly
comprised iron sulfate, derived from tailings
produced by the company’s iron mining operations.
The second precursor material was obtained via acid
extraction from iron-rich sludge, which was
collected from the Doser River following the collapse
of the Fundao Dam in Mariana in 2015. The synthesis
of hybrid materials was carried out as follows: cobalt
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chloride hexahydrate (CoCl,-6H,0) and spent iron
salts were dissolved in water containing natural
organic matter. The resulting solution was alkalized
to a pH of 9 using a 1M sodium hydroxide (NaOH)
solution. The precipitate was subsequently washed
and dried. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) analyses
revealed the formation of nanostructures, while X-
ray diffraction studies confirmed the formation of a
cobalt ferrite phase (CoFe,04). The synthesized
hybrids (NOMCoFe,04) achieved a remarkable 99%
conversion of nitrophenol within 1-2 minutes.

In another investigation, manganese ferrite
(MnFe;04) was synthesized from low-grade mining
waste containing both iron and manganese. The
precursor material was initially heated to 700°C,
followed by leaching in a sulfuric acid (H,SO4)
solution. The filtrate was purified, and its
composition was adjusted to maintain a molar
Fe:Mn ratio of 2:1. The synthesis of MnFe,;04
nanoparticles was conducted by precipitation at
90°C. The resulting nanoparticles, with an average
size of 45 nm, exhibited a saturation magnetization
of 51.03 emu/g and demonstrated potential for
energy storage applications.

Research over the past two decades has shown
the following:

1. Mine tailings can serve as a valuable source
of iron for synthesizing diverse nanoparticles,
including magnetite, interconnected a-Fe;0s3,
ferrites, and their composites, as well as copper and
selenium nanoparticles. These materials exhibit
properties and potential applications comparable to
those synthesized from pure chemical precursors.

2. Acid mine drainage (AMD) has been utilized
as a source of iron for synthesizing various magnetic
nanoparticles, such as magnetic zero-valent iron,
goethite, and hematite, as well as copper, zinc, and
lead sulfide nanoparticles and their respective
nanocomposites. AMD has also shown potential for
silicon nanoparticle (SiNP) synthesis. Moreover, the
materials produced from AMD have demonstrated
their capacity to remove a wide range of pollutants
from contaminated water. Notably, many studies
have used real waste as raw materials.

Despite these promising results, several
limitations remain. Most experiments have been
conducted on a small laboratory scale. The use of
strong acidic solutions for leaching mining waste and
strong alkaline solutions (e.g., NaOH) to adjust the
pH during AMD treatment is a common practice,
raising environmental and safety concerns.
Furthermore, the stabilization of non-magnetic

nanoparticles within various composites or on
different supports (e.g., clay or zeolite) has been
insufficiently explored, despite its potential to
enable easier separation and reuse of these
nanocomposites.

In conclusion, the synthesis of nanoparticles and
nanocomposites from mining waste and AMD offers
a promising, environmentally sustainable approach
to mitigating the environmental impact of these
waste streams while generating valuable materials.
However, the full-scale implementation of this
approach remains a challenge and requires further
research and development [8].

The extraction of silica from waste materials or
by-products has recently emerged as a significant
focus in scientific research. A substantial volume of
silica-rich materials, including  agricultural,
industrial, and mining residues, is frequently
discarded. Table 1 provides a detailed list of silica-
containing waste materials, their respective sources,
and the amount of silica present prior to processing.
The silicon or silica content in these wastes varies
depending on multiple environmental factors.

As waste volumes continue to rise, their reuse is
gaining increasing importance, particularly given the
environmental challenges posed by waste disposal
and pollution. In this context, silica-rich waste is
increasingly regarded as a renewable and
sustainable resource with the potential to serve as a
cost-effective precursor for the extraction of silicon
nanoparticles (SiNPs). Over the past decade,
significant progress has been achieved in producing
mesoporous SiNPs from waste materials, with
numerous simple and efficient methods being
proposed for this purpose [9].

Synthesis of functional materials from
solidified slags

Metallurgical slags represent a promising
resource for the development of novel functional
materials due to their rich composition and
availability. These by-products of metallurgical
processes have been successfully utilized in the
production of various advanced materials, including
sintered glass-ceramics [[10], [11]], porous ceramic
materials [[12], [14]], ceramic bricks [13], functional
zeolites for wastewater treatment [14], and
refractory materials [15].

Among these applications, the synthesis of
functional glass-ceramics and zeolites stands out as
particularly significant. Glass-ceramics produced




Complex Use of Mineral Resources. 2026; 336(1):86-95

ISSN-L 2616-6445, ISSN 2224-5243

from metallurgical slags exhibit unique structural
and mechanical properties, making them suitable
for applications such as construction materials,
wear-resistant surfaces, and even specialized
industrial tools. Similarly, zeolites derived from slags
have demonstrated exceptional capabilities in
environmental  remediation, particularly in
wastewater treatment, owing to their high surface
area, ion-exchange capacity, and adsorption
properties.

This study focuses on exploring and advancing
the utilization of metallurgical slags for the synthesis
of these functional materials, emphasizing their
potential to contribute to sustainable material
development and waste valorization strategies.

Previous studies [16] investigated the
solubility, reactivity and nucleation behavior of
Cr,03 in the CaO-MgO-Al,03-Si0, glassy system.
The experiments were conducted by melting
the slag containing up to 5 mol% Cr,0s at 1400°C
to study the effect of magnesium content on
spinel formation. At the melting temperature, it
was assumed that the reaction between Cr,03
and MgO resulted in the formation of stable
MgZCr204.

In a related study [17], the mineralogical and
petrological properties of Ca0-Si0,-Al,03-MgO-Fe-
Cr slags obtained during the production of high-
carbon ferrochrome were investigated. The results
showed that the slag solidified into a semi-crystalline
structure comprising hypidiomorphic spinel crystals
((Mg, Fe)(Fe, Al, Cr),04) dispersed in a homogeneous
glassy matrix.

Pyroxene

Glass phase

__ Mg-ALCr spinel

Mg-Al spinel

Figure 4 - Phase composition and mineralogy of air-
cooled ferrochrome slags [17]

This study focused on the selective dissolution of
zinc, gallium and germanium from zinc smelter
residues using a staged leaching process.
Thermodynamic analysis confirmed that the
selective leaching of Zn, Ga and Ge could be
achieved by optimizing the pH conditions. The first
stage used sulfuric acid solutions (2 mol/L H,S0,)
with a liquid to solid ratio of 10 ml/g at 80°C for 4
hours, which resulted in the leaching of more than
93% of Zn, nearly 100% of Ga and less than 8% of Ge.
The second stage used sodium hydroxide solutions
(1 mol/L NaOH) with a liquid to solid ratio of 20 ml/g

at 80°C for 4 hours [18].
Based on the comprehensive characterization of

zinc refining residues, a two-stage leaching process
was implemented in this work. In the first stage, Zn
and Ga were selectively leached by adjusting the
concentration of sulfuric acid, resulting in Ge being
enriched in the sulfuric acid leaching residue. In the
second stage, Ge was efficiently extracted into
sodium hydroxide solution by breaking its bond with
Si. The leaching mechanisms were further elucidated
by analyzing changes in the mineral phase
composition [[19], [20]].

Ta6nu|.|,a 1 - MNepeyeHb KpeMHE3EeMCOAEPKALLNX OTXOA0B C YKa3zaHMEM UX NCTOYHUKOB N KOJIMYECTBOM KpemHesema

Touka dasa/3oHa (o) Mg Si K Ca Cr Fe
2 Crekno 47.51 7.02 10.06 28.69 0.96 3.61 1.11
3 Mg-Cr-Al-Sp 40.08 16.69 27.69 15.82 0.94
4 MupokceH 45.79 21.94 3.09 26.11 2.04 0.50
5 Mg-Al-Sp 43.67 17.33 38.53 0.47
7 Crekno 47.13 6.84 10.18 28.80 0.91 3.54 1.57
8 docreput 43.10 34.01 20.30 1.60 0.99
13 Crekno 47.46 6.70 11.11 28.42 1.20 3.73 1.28
14 MupoKceH 45.50 21.62 3.46 26.05 2.24 0.50
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Conclusion

Mining and metallurgical waste represents a
significant source of valuable materials, including
metals, oxides, and silicate compounds, which can
be effectively recycled into functional materials.
Their recycling not only helps minimize
environmental impact but also creates new
economic opportunities.

To further advance the recycling of mining and
metallurgical waste, research focused on improving
existing technologies and developing new
approaches is essential. Special attention should be
given to integrating a circular economy into
production processes, which will enable the most
efficient use of resources and minimize
environmental risks.

The transformation of mining and metallurgical
waste into functional materials is a promising field
that combines environmental responsibility with
economic benefits and innovative solutions. Success

in this area requires the integration of scientific
research, industrial collaboration, and governmental
support to achieve sustainable development and
efficient use of natural resources.
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nepcnekTuBanapbliH,

MaKanaaa KpemHWit, cUpeK KesaeceTiH MeTanaap, HaHO-KeyeKTi KpeMHUI AMOKCUAj KaHe backa
Ja KYyHAbl KOMMNOHEHTTepAeH TypaTbiH GYHKUMOHANApl maTepuangapapl any ywiH Tay-KeH
METaNNYPruANbIK KanablKTapabl OHAEYAH, 3aMaHaymn aicTepiHe WOy »Kacanagbl. OHAey XKaHe
TasapTy TEXHONOTrMANApPbl, OHbIH, iWiHAE FMAPOMETANNYPIUANBIK KIHE NUPOMETaNNYPrUANbIK
npouectep, COHAAN-aK onapablH, Tay-KeH MeTaNNypPrusablk KeweHiHae Ty3iNeTiH KanablKTapablH,
PTYpPAi TYpAepiHe KonAaHblaybl KapacTbipblnagpl. Kanapiktapabl KakTa eHAaeyaiH SKONOTUANBIK,
acnekTiNiepi MeH 3KOHOMMKanbIK TUiMAiniriHe, coHAaW-aK KopllafaH OpTaHblH, /1aCTaHyblIH
TOMeHAEeTyAi KaMTaMachI3 eTeTiH KaiAbIKCbI3 NpoLecTepai eHrizy MyMKiHAiKTepiHe epeKLe Ha3ap
ayaapblnagbl. MHHOBaLMANBIK TEXHONOTUANAPAbI CTTI €Hri3yAiH, MbiCangapbl KenTipinreH xaHe
9PTYpAi cananapaa ekiHwi peTTik maTepuangapabl nandanaHy nepcnekTMBanapbl cunaTranfFaH.
ABTOp/Iap KOpLUafaH OpPTaHblH, /NacTaHyblH a3aWTy YWiH KanAblKCbi3 npouecTepai eHrisyaiH,
MaHbI3AbIIbIFBIH aTan KepceTedi. Makanaga COHbIMEH KaTap COHfbl ©HIMAEpAiH KacueTTepiH
alTapAbIKTal }KaKcapTyFa MYMKIHAIK 6epeTiH KpeMHUIA MEH KPEMHUIAAI any KaHe eHAaey aaicTepi
TanKblNaHagbl. Tay-KeH MeTaNNyprus eHAIPICiHIH KaNabIKTapbliH KalTa eHAeyaiH, UHHOBALMANDIK
TEXHONIOTUANAPLI KANABIKTAp KeNeMiH a3aiiTyfa fFaHa emec, COHbIMEH KaTap KaHa 3KOHOMMKabIK,
TMiMA]I MaTepuangap *Kacayfa fga blknan etegi. 3epTrey KanAblKTapapl KauTa eHAeyAiH
MaHbI3AbI/IbIFbIHA Ha3ap ayAapyfa GaFblTTanfaH XXaHe onapabl Tabufn pecypcrapablH, TypaKTbl
Aamybl MeH TUMiMA] NaidanaHbiNybliHa bIKNan eTeTiH KyHAbl LWKKI3aT peTiHAe NnaiganaHy aneyeTiH
KepceTeai. ABTOpnap COHbIMEH KaTap KaWlTa eHAey TeXHONOrUANapblH OfaH dpi AambITy
COHbIH, iWiHAe »KaHa apicTepai a3ipneyai xaHe 6ap npouecTepai
OHTaMNaHAbIPYAbl TaNKblAAWAbI, Byn TMIMAINIKTI apTTbipyFa aHe KaWTa eHAey WblfblHAAPbIH
a3alTyFa MyMKiHAK Bepegi.
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AHHOTAUMA

B ctatbe npeacrasneH 0630p COBPEMEHHbIX METOA40B NepepaboTKM FrOpHO-METaNNypPruyeckux
OTXOZOB C LE/Ibl0 MNOAyYeHWs OGYHKUMOHANbHbLIX MaTepuanos, TaKMX KaK KpPemHMuiA,
pefKo3emenbHble MeTasiibl, HAHOMOPWUCTbIM KPEeMHE3eM W APYrMe LEeHHbIe KOMMOHEHTbI.
PaccmatpuBatoTcs TEXHOMOMMU NepepaboTKM M OYMCTKM, BKAKOYAA TMAPOMETANNypruyeckne m
NMPOMETANNYPrUYECKME NMPOLLECCHI, @ TaKKe UX NPUMEHUMOCTb K Pas/iMyHbIM BUAAM OTXOA0B,
06pasylowmxca B rOpHO-MeTa//lypruiyeckom Kommsekce. Ocoboe BHUMaHMe yaensercs
3KOIOTMYECKMM acneKTam M SKOHOMMYEcKoW 3dPeKTUBHOCTM nepepaboTKM OTX040B, a TaKkKe
BO3MOKHOCTAM BHeApeHMsA 6e30TX0AHbIX NpoLLeccoB, 06ecneunBalomx CHUXKEHME 3arpaA3HeHns
OKpy»KatoLLel cpelbl. MpuseaeHbl TPUMEPbI YCNELHOTO BHEAPEHWSA MHHOBALLMOHHbIX TEXHOIOMMIA
M OMMCaHbl MEPCreKTUBbI WCMO/Ib30BAHWA BTOPUYHLIX MATEPMAsoB B Pa3/IMYHbLIX OTPACAAX
NPOMBbILWNEHHOCTM. ABTOPbI MOAYEPKUBAKOT 3HAYMMOCTb BHEAPEHMA BE30TXOAHbIX NPOLLECCOB AR
CHUXKEHMA 3arpA3HEHWUs OKpYyKalolwei cpelbl. B CTaTbe TaKXe paccMaTpMBalOTCA METoApl
n3BNEYEHMA U NepepaboTKU KPEeMHMA U KPeMHEe3ema, YTO MO3BOJISET CYLLECTBEHHO Y/YHLWUTb
CBOMCTBA KOHEYHbIX NPOAYKTOB. MHHOBALMOHHbIE TEXHONOTMMM MepepaboTKU OTXOAOB TOPHO-
MeTasIIyPruyeckoro nNpou3BoACTBa CNOCOBCTBYIOT HE TO/IbKO YMEHbLIEHUI0 06bema 0TX0L08, HO
M CO34aHUI0 HOBbIX 3KOHOMMYECKM BbIrOAHbIX MaTepuasnos. MccnegosaHue HampasneHo Ha
npuBAEYEHNE BHUMAHUA K BaKHOCTM nepepaboTKuM OTXOL40B M AEMOHCTPUPYET MOTEHLMAN UX
MCNO/b30BaHMA B KayecTBe LEHHOMO CbipbsA, YTO CMNOCOBCTBYET YCTOMYMBOMY PasBUTUIO WU
3bPeKTUBHOMY MCNOb30BAHUIO MPUPOAHBIX PECYPCOB. ABTOPbI TaK¥Ke 0BCYKAAIOT NEPCNEKTUBDI
JanbHeWlwero pasBuTUA TeXHOMOrMi nepepaboTku, BKAOYAA pPa3paboTKy HOBbIX METOA0B M
ONTMMM3ALMIO CYLLECTBYIOLLMX MPOLECCOB, YTO MO3BOJIUT MOBLICUTb 3POEKTUBHOCTL U CHU3UTb
3aTpaThbl Ha NepepaboTKy OTXOA0B.

Knioyesble €n108a: TOPHO-METANNYPIUYECKME OTXOAbl, nepepaboTka, GYHKUMOHaNbHbIE
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