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Abstract. The article provides the technologies of enrichment and metallurgy processing of mineral and man- 
made raw materials. New technical solutions are proposed to increase the end-to-end copper extraction, 
industrial products processing of copper production to obtain high purity selenium; extraction of gold from 
resistant mineral raw materials with the use of new reagents and equipment, processing of ferrous bauxite and 
alumina production waste, extraction of rare and rare earth metals from industrial products and wastes of 
chrome, phosphorus and uranium production, obtaining rhenium and Nickel-cobalt concentrate from the 
wastes of heat-resistant Nickel alloys. Innovative Bayer-hydrogenate technology of ferruginous bauxite 
processing was developed and tested using pilot facility. The technologies and equipment to produce a 
composite hydrogen permeable membrane based on niobium and obtaining castings of implants by casting 
method of titanium alloys with application of additive technologies were developed. 
Keywords: mineral raw materials, processing, technologies, copper, selenium, gold, rare metals, rare earth 
metals, new materials. 
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Introduction 

Involvement of resistant, complex mineral 

and man-made raw materials into processing is 

challenging issue for the metallurgy industry over the 

world. Commercial exploitation of these raw 

materials is confined owing to lack of effective and 

profitable technologies. 

The aim of enhancing end-to-end extraction of 

metals from ores, man-made wastes and secondary 

raw materials is crucial for the leading industry – 

non-ferrous metallurgy. 

Thus, the processing of converter slag is one of 

the major production problems in the technology of 

copper sulfide concentrates processing. There are 

various methods of processing converter slag, both in 

liquid and solid form [1]. However, the available 

technologies do not allow for high recovery of 

precious metals [2]. The proposed technical solution 

is characterized by the fact that due to the use of a 

complex reducing agent, the copper content in the 

slag is reduced to 0.7% compared to the existing 

indicator of 1.0% [3]. 

The technologies used of the selenium 

extraction from middlings of copper production 

provide roasting of selenium-containing materials 

and producing crude selenium (90% of the main 

component). The defective moment of the process is 

the formation of process gases that complicate the 

selenium purification [4, 5]. We have developed a 

reagent-free vacuum distillation technology for 

producing branded selenium (99.5% of the main 

component) [6]. 

90 % of selenium is obtained from copper- 

electrolyte slag, 10 % - from man-made products of 

the chemical and pulp and paper industry in the world 

[7]. There is no a technology for selenium production 

from the slags of sulfuric acid of copper plants, so 

they are sent to lead factories, or in the dumps. We 
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have developed a technology for processing slag 

from washing solutions to obtain ammonium 

perrenate and release selenium-containing slag into 

an independent man-made product [8]. 

When flotation of mineral raw materials 

compositions of collectors (flotation reagents), the 

mechanism of their interaction with the surface of 

minerals is determined by the activity of each 

component of the collector and the peculiar features 

of the surface of minerals [9]. The paper [10] shows 

the technological and economic efficiency of using a 

mixture of hexyl and butyl xanthogenates. 

Performed flotation of gold-containing raw 

materials using a composite reagent allowed us to 

significantly reduce the consumption of reagents (an 

average of 20 %) to increase gold recovery by 2.0-2.2 %. 

Pre-oxidation (roasting, autoclave process, 
bioleaching) are used for processing of resistant, 
mineral-complex ores, which is associated with 
additional operating costs, which can be 
compensated by higher extraction of gold from ores 
[11, 12]. 

We offer ore beneficiation technologies with 

the use of new modern technological devices and the 
use of pre-oxidation of the raw materials before 
cyanidation. 

A waste disposal to obtain commercial 

products is required in order to ensure the 
profitability of alumina production in the processing 
of low-quality bauxite [13]. 

The studies provided has shown the principal 

possibility of creating an effective technology for 

processing waste products of alumina production to 

obtain iron oxide pigments, cast iron, titanium 

concentrate and construction materials [14]. The 

problem of efficient chromium-containing wastes 

disposal in the world has not been solved so far. In 

this regard, the studies of the complex processing of 

stale slags of ferrochrome production with the 

extraction of rare and rare earth metals are of great 

practical importance. 

The technologies of rare earths elements 

extraction from the wet-process phosphoric acid by 

sorption are well-known [15, 16]. The weakness is 

the low degree of REM sorption (at least 25 %) due 

to the presence of iron, aluminum and thorium 

impurities. The technology developed by us for 

obtaining REM concentrate with the use of new 

sorbents will provide an increase in REM extraction, 

while reducing the negative impact of impurities. 

Currently, the man-made raw materials are 

involved increasingly as a raw material source of the 

rare earth elements into industrial processing. 

Basically, it is red slime alumina production, ash and 

slag wastes from coal combustion, waste processing 

of phosphate ores [13, 17]. 

SARECO LLP produces a REE concentrate 

from the man-made mineral formations after the 

processing of phosphate uranium ores. The applied 

technology has a number of lacks: losses of rare earth 

elements with cake when refining productive solutions 

from impurities, a large consumption of reagents when 

a concentrate depositing. We propose an improved 

technology for the extraction of REE in the form of a 

concentrate from this type of raw material [18]. 

The wastes of heat-resistant nickel superalloys 

(HRNS) contain up to 9% of rhenium, 60% of nickel 

and 10% of cobalt and that is why their complex 

processing is required. There are known methods of 

processing wastes by electrolysis methods. In the 

patent [19], the electrochemical processing of 

HRNS wastes is carried out in a solution of 

hydrochloric acid, out of which nickel and cobalt are 

extracted as a concentrate. During the processing of 

HRNS wastes by the method of anodic dissolution in 

a nitric acid solution the nickel transferred to the 

solution is released at the cathode in the form of Ni-

concentrate [20]. The lacks of the methods are the use 

of solutions of hydrochloric and nitric acids for 

opening wastes. In the process of electrolysis in the 

hydrochloric acid at high current densities, chlorine 

gas can be released, and special corrosion-resistant 

equipment is required for nitric acid solutions. 

We have developed an electrochemical 

technology for processing HRNS wastes. Ni and Co 

can be extracted from the obtained solutions after 

rhenium extraction as a concentrate [21]. 

Thus, currently, the most important problem of 

the metallurgy industry is the development and 

implementation of innovative technologies that allow 

with the maximum completeness to extract non- 

ferrous, rare and rare earth metals contained in ores, 

industrial wastes and secondary raw materials. 

In this paper, the issues of increasing the 

extraction of non-ferrous, noble, rare and rare earth 

metals in the complex processing of mineral, man- 

made and secondary raw materials are considered 

and new technical solutions are proposed. 

Experiment and result discussion 

The technology of depletion of copper slag 

dump of the Vanyukov furnace (VF) of the 

Balkhash copper-smelting plant of "Kazakhmys 

Smelting" was developed. 

An appropriate composition of waste slags as 

to the main components (30-31% of silicon dioxide, 

no more than 5% of magnetite and no more than 5% 

of zinc in the slag, the moisture content in the feed 

stock – no more than 6.5%) has been developed. 

Dependences of copper content in a slag on magnetite 

content in it are obtained, which indicate negative 
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influence of magnetite (more than 8 %) on copper 

content in a slag (Figure 1). 

Figure 1 Dependence of copper content in the VF-1 slags 

(1) and VF -2 (2) on magnetite content 

The use of additional electric heating is 

proposed to enhance the process of slag separation 

and matte in the slag siphon; the effective mode of 

the electric mixer of the Vanyukov furnace operation 

is developed (Figure 2). The introduction of 

technological and structural changes in the work of 

the VF complex allowed to increase the extraction of 

copper into the matte and to obtain a slag with a 

copper content of 0.5-0.7 %. In comparison with the 

existing analogues, the developed technology 

provides copper reduction in the waste slags from 1.0 

to 0.7 % [22]. 

1 - uptake; 2 – for the feed stock; 3 - slag baffle; 4 - tuyere; 5 - 

slag siphon; 6 - electrodes; 7 - slag; 8 - matte siphon; 9 - matte; 

10 –furnace bottom 

Figure 2 Vanyukov Furnace 

In the process of producing copper, the slurriesof 

copper electrolyte and sulfuric acid 

productioncontaining selenium are made. We have 

developed technology to extract elementary 

selenium from these middlings with further refining 

it into a vacuum distillation. 

A method of separating selenium from a solution 

slurry after washing metallurgical gases of copper 

production is developed, installed material composition 

of selenium contained in the sludge. Appropriate 

conditions of sludge separation from the washing 

solution by centrifugation were determined [23]. 

As a result of vacuum distillation of rough 

selenium in the conditions of separation of the 

condensation surface by temperature zones in the 

middle zone, selenium containing 99.928% of the 

main component was obtained (Table 3). The 

proposed method allows to obtain refined selenium 

(up to 90% corresponding technical selenium 1 

model and to 10% corresponding technical selenium 

0 model) [24] in one stage [25]. 

Now, a production site for the processing of 

rough selenium according to the technology 

developed by us is arranged at the Kazakhmys 

Smelting LLP. 

The technology of flotation enrichment of 

resistant, complex by mineral composition of gold- 

containing ores with the use of water-air 

microemulsion generator, improving the floatability 

of sludge particles, and composite flotation reagents 

is proposed (Table 1). 

During flotation enrichment of Bestobe ores 

using microflotation and composite aerofloat, gold 

recovery increased by 4-5 %, while the reagent 

consumption decreased by 20% compared to the 

baseline [26]. 

When the gravitational enrichment of 

disseminated gold-bearing mineral raw materials a 

centrifugal separator was used to capture the free 

fine gold, which increased its recovery by 3-4 %. 

Enrichment of the gold-containing ore of the 

Sekisovsky Deposit on the centrifugal apparatus in 

the appropriate mode showed the possibility of 

obtaining a heavy fraction with a mass fraction of 

58.9 g/t at the extraction of 21.57 % (Table 2) [27]. 

Table 1 Flotation parameters comparing by using the 

developed air-water microemulsion generator 

Parameters General mode With generator 

Bubble size 300 - 550 µm 20 - 50 µm 

Time of 
flotation 

15 - 24 min 11 - 17 min 

Valuable 

components 
loss 

20 – 25 % 15-20 % 
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Table 2 The results of gold ore enrichment 

using centrifugal separator 

The technology of gold extraction from refractory 

gold-containing ores with the use of pre-oxidation 

has been developed. The appropriate parameters of 

leaching refractory ores of JSC "Altyntau- 

Kokshetau" with the use of the reagents- activators 

of Na2O2 oxidation and Ca(ClO)2 (1 g/t), at this the 

degree of gold extraction at S:L = 1 : 3 for 24 h 

amounted to 73.1 %, which is higher than 

production performances (60-65 %) Table 4) [28]. 

A waste-free resource and energy-saving 

Bayer-hydrogarnet technology for processing 

ferruginous  bauxite   has been   developed.   A pilot 

Table 3 The results of x-ray fluorescence analysis of powdered selenium 

Element Se* Te Sb Ca Mg Si Al Fe Ni Pb Cu As S 

mass % 99.928 0.054 0.01 0.001 0.01 0.01 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

*N/D: Hg, Ag, Cd, Na, К, Bi, Ti, Cl-
 

Table 4 The results of the gold extraction out of ore using 

oxidizing reagents 

No. of sample 1 2 3 4 

Sample weight, g 100.0 100.0 100.0 100.0 

рН 11.6 11.3 12.0 11.6 

Liquid phase, l 0.3 0.3 0.3 0.3 

The concentration of 
cyanide,% 

0.1 0.1 0.1 0.1 

The gold content in a 
cake, g 

0.45 0.43 0.63 0.65 

The gold content in 

the base ore, g 
1.6 1.6 1.6 1.6 

Gold extraction, % 71.9 73.1 60.6 59.4 

plant has been created and Bayer-hydrogarnet 

technology has been tested with the production of 

pilot batches of products: production alumina, 

micronized aluminum hydroxide, hydrogarnet 

sludge, samples of building bricks made of slag and 

hydrogarnet sludge. 

alumina plant with a capacity of 1.0 million tons by 

25% [29, 30]. 

A technological scheme has been developed 

for the non-waste processing of red slurry (waste 

after alumina production) to produce iron oxide 

pigments, cast iron, titanium dioxide concentrate and 

construction materials [31]. 
The parameters of the hydrochemical 

processing of ferruginous sand with the release of 
iron-containing cake to obtain iron oxide pigments 
and cast iron are determined. In a high-modulus 
alkaline solution with the addition of CaO, the 
maximum   extraction  of   Al2O3 (58.2%)   in   the
solution was achieved by leaching of ferrous sands 

after firing at a temperature of 600 °C at a molar 

ratio in the CaO pulp: SiO2 = 2 (Figure 3). 

A technological regulation have been prepared 

and a feasibility study has been carried out for the 

construction of an alumina refinery with a capacity of 

1 million tons per year in the Kostanay Region of 

the Republic of Kazakhstan. The industrial 

implementation of the new technology will provide 

higher performance compared to the Bayer sintering 

process: it will provide a 35% reduction in energy 

costs; saving soda ash by 90%, reducing 

environmentally harmful emissions by 2–3 times 

and reducing capital costs for the construction  of an 

Figure 3 Impact of the CaO / SiO2 ratio on the extraction 

of Al2O3

Products 
Output, 

% 

Gold content, 

g/t 

Gold 

extraction, 
% 

Concentrate 1 of 
Knelson 

recleaning 

2.03 58.9 21.57 

Middling 1 of 
recleaning 

13.0 8.68 20.23 

Knelson tails 84.97 3.8 58.2 

Base ore 100.0 5.55 100.0 
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Sodium-ferrite clinker with a sodium ferrite 

content of 62.4% was synthesized from the man- 

made raw materials - red slurry, iron oxide, soda ash 

sodium ferrite clinker and lime. The color of the 

pigment is determined by the iron compounds 

contained in it: -Fe2O3 oxide, iron oxide — 

substituted by Fe2-xMxО3. [32]. 
A technology has been developed for the 

processing of ferruginous sand of alumina 

production, including the operation of calcining 

ferruginous sand at 600 °C, hydrochemical 

hydrogarnet processing in a high-modulus alkaline 

solution at a temperature of 240-260 °C with the 

addition of CaO to produce an aluminate solution and 

a hydrogarnet cake leaching, magnetic separation of 

the cake with fine separation fractions to obtain 

pigments, reductive melting of the magnetic fraction 

to produce cast iron and slag. The obtained fine 

fraction was analyzed by Mossbauer spectroscopy. 

It was found that the red-brown color of the fraction 

is determined by -Fe2O3 oxide and substituted iron 

oxide Fe2-xMxО3. Paramagnetic Fe3+ phases are a 

mixture of hydroxides -FeOOH - acaganeite and - 

FeOOH - lepidocrocite (Figure 4) [33]. 
The studies for the deep processing of 

chromite-containing dusts from ferrochrome 
production to obtain chromite concentrate, gallium, 

vanadium pentoxide and rare-earth metal concentrate 
were carried out (Table 5). 

Figure 4 Mossbauer spectrum of a finely divided fraction 

of iron-containing leach cake of calcined ferrous sands 

Table 5  Rare metals concentration in the base products 

and limestone. Red-brown iron oxide pigment with a 

particle size of 0.17 microns was obtained by the 

autoclave leaching of a mixture of red slurry, 

The conditions for the extraction of REE out of 

the dust of cyclone and bag filters of JSC TNC 

Kazchrome are determined. The recovery of REE 

during leaching in NH4HSO4 solutions with a 

concentration of 3-30% ranged from 69.42 to 96.1%. 

A solution containing 10% of NH4HSO4 is 

considered appropriate for the REE isolation, while 

Cr2O3, SiO2 and Fe2O3 extraction does not occur in the 

solution, and the REE extraction is 73.83% (Figure 5) 

The methods of preliminary chemical activation 

and sulfuric acid leaching of chromite-containing raw 

materials, as well as of regeneration of ammonium 

hydrosulfate have been developed [34]. 

Figure 5 Dependence of the REE extraction and Fe2O3 

into solution after NH4HSO4 concentration 

A method has been developed to obtain REM 

concentrate from the extraction phosphoric acid of 

Mineral Fertilizers Plant LLP of Kazphosphate LLP 

using new sorbents. The sorption of rare-earth metals 

from solutions of extraction phosphoric acid by 

various ion exchangers was studied. It was found that 

sorption of rare-earth metals from extraction 

phosphoric acid most efficiently takes place on 

Purosorb 140 cation exchange resin (Figure 6). The 

equilibrium parameters of sorption of rare-earth 

metals from EPA were determined: 100 min. 

duration, 25-30 °C, ratio L:S = 50:1. Purosorb 140 

ionite is recommended for the extraction of rare-earth 

metals out of extraction phosphoric acid [35]. 

Chemical 

compound 

Cyclone filter 

dust 
Bag filter dust Enrichment sludge Wet scrubbing slurry 

Content, % 

TiO2 0,153 0,122 0,0136 0,15 

V2O5 0,062 0,033 0,0053 0,045 

Ga2O3 0,008 0,027 0,005 0,033 

Rb2O 0,00104 0,012 0,003 0,001 

∑РЗЭ 0,01624 0,04581 0,04711 0,06467 
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Figure 6 The degree of sorption of the rare-earth metals sum, calcium and iron from EPA on various cation exchangers 

In order to improve the existing technology for 

processing man-made wastes from the processing of 

phosphate uranium ores, in particular, to reduce the 

consumption of sulfuric acid during their leaching, 

we have proposed a method involving preliminary 

calcination of the feedstock at a temperature of 400- 

500 °C in the presence of ammonium sulfate. It has 

been established that at this temperature sulfate 

ammonium is transformed into bisulfate and in the 

process of leaching of raw materials, forming an 

acid-salt mixture with sulfuric acid, helps to reduce 

the consumption of sulfur acid 4–5 times (Figure 7) 

[36, 37]. 

S:L = 1:20; at a temperature of 50 °C, the degree of 

transition to a solution of nickel and cobalt reaches 

80-95%, rhenium - 75-85%. Received Nickel-cobalt 

concentrate with a content, wt. %: 13.24-14.98 Ni 

and 0.96-1.08 Co [38]. 

Composite hydrogen-permeable membranes 

based on niobium and tantalum were obtained by 

developing separation layers that ensure the stability 

of the properties of catalytic protective coatings 

based on palladium and a scheme for attaching the 

membrane to a flat substrate, which promotes 

uniform distribution of stresses in the membrane 

(Figure 8) [39]. The research results are recommended 

to be used to arrange innovative production of 

modules for producing ultra-pure hydrogen from 

hydrogen-containing gas mixtures. 

Figure 7 Dependence of sulfuric acid consumption on 

the degree of REE extraction 

1 - existing technology, 2 - proposed technology 

We have developed an electrochemical 
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technology for processing secondary raw materials – Electrolyte composition, g/dm³: 1 - 100 H SO ; 2 – 10 
wastes of heat-resistant nickel superalloys, which is 

2 4

currently being introduced at the REM 

Zhezkazganredmet. The technology consists in 

combining anodic dissolution of waste in a sulfuric 

acid solution with the transfer of rhenium, nickel and 

cobalt into the solution and the precipitation of 

nickel-cobalt concentrate after extraction of rhenium 

from it. 

When leaching in a sulfuric acid solution with 

nitric acid additives, Ni and Co almost completely go 

into solution, Re - by 75% (Figure 7). With a ratio of 
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Figure 7 Impact of the initial electrolyte composition on 

the concentration of rhenium in the solution after anodic 

dissolution of alloy wastes 
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Figure 8 Upgraded chamber of the magnetron sputtering 

installation and the surface of the membrane of tantalum 

and niobium foil 

A technology has been developed for the 

production of implants with improved 

osseointegration by casting of titanium alloys using a 

lost-wax 3D model and subsequent processing with 

application of biocompatible coatings (Figure 9). 

Molding materials based on yttrium oxide and 

a method for their molding on the surface of 

investment models are proposed, which provides 

titanium castings with a developed surface using 

additive technology [40]. 

The analysis of the feedstock and the obtained 

products was performed using the following 

methods: mineralogical, X-ray phase, X-ray 

fluorescence, thermal analysis methods, electron 

scanning microscopy, IR spectroscopy, Mossbauer 

spectroscopy. 

Figure 9 SEM image of a calcium phosphate coating 

obtained at different pH of electrolytes: a - pH 1; pH 2; 

pH 3 

Elemental analysis was carried out using X- 

ray fluorescence spectroscopy on an energy 

dispersive microanalysis system INCA Energy 450 

mounted on a scanning electron microscope JSM 

6610 LV, JEOL. 

X-ray phase analysis. The shooting was 

carried out on a D8Advance (Bruker) apparatus, α- 

Cu. Processing of the obtained results and calculation 

of interplanar distances was carried out using the 

EVA software. The phase decoding was performed 

using the PDF-2 diffractometric database. 

Mossbauer spectroscopy was used to 

determine the forms of iron in the feedstock and 

processing products. The source was Co-57 in a 

chromium matrix with an activity of 100 mCi. The 

spectra were processed on a PC using the "least 

squares" method. The values of isomeric shifts (IS) 

are given relative to -Fe. The temperature of the 

spectra was 293 K. The MS 1104Em spectrometer. 

Images of objects using scanning electron 

microscopy were performed at zooming from 40 to 

4000 times. 

Conclusion 

To sum up, the technologies have been 

created that are focused on the needs of industrial 

enterprises: processing dump and converter slags 

with additional copper recovery, separating 

selenium from washing solutions of copper 

production and obtaining refined selenium 

(Kazakhmys Smelting LLP); processing of 

ferruginous bauxite and industrial products and waste 

from alumina production (JSC Aluminum of 

Kazakhstan); processing of refractory gold- 

containing ores (MSC Altyn MM LLP, Altyntau- 

Kokshetau JSC); extraction of rare and rare-earth 

metals from wastes and middlings of chromium, 

phosphorus and uranium production (JSC TNK 

Kazkhrom, LLP Kazphosphate, JSC NAC 

Kazatomprom); for producing nickel-cobalt 

concentrate from heat-resistant nickel superalloys 

wastes (RGP Zhezkazganredmet), synthesis of 

composite hydrogen-permeable membranes based on 

niobium and tantalum and implants with improved 

osseointegration. 

The technologies for the processing of low- 

quality mineral and industrial raw materials may be 

of interest to countries with similar raw materials. 
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Түсті, асыл, сирек және сирек жер металдардың бөлінуін арттыруды қамтамасыз ететін 

инновациялық технологиялар 

Кенжалиев Б. К. 

Түйіндеме. Мақалада байыту және минералдық, техногендік шикізатты металлургиялық қайта өңдеу, 

функционалдық материалдар алу технологиялары келтірілген. Мысты тікелей бөліп алуды арттыру, таза селен 

алынатын мыс өндірісінің өнеркәсіптік өнімдерін қайта өңдеу, жаңа реагенттер мен жабдықтарды пайдаланып 

қиын өңделетін минералдық шикізаттан алтынды бөліп алу, темірлі бокситтерді және сазтопырақ өндірісінің 

қалдықтарын қайта өңдеу, хром, фосфор және уран өндірісінің өнеркәсіптік өнімдері мен қалдықтарынан сирек 

және сирек жер металдарын бөліп алу, отқа төзімді никель қорытпаларының қалдықтарынан рений және никель- 

кобальтты концентраттарды алу бойынша жаңа технологиялық шешімдер ұсынылды. Темірлі бокситтерді 

өңдеудің инновациялық Байер-гидрогранаттық технологиясы жасалды және құрылған пилоттық қондырғыда 

оның сынағы өткізілді. Ниобий негізінде сутегі өткізетін композициялық мембраналарды және аддитивті 

технологияларды пайдаланып титан қорытпаларын құю әдісімен эндопротездердің құймаларын алу үшін 

технологиялар және қондырғылар әзірленді. 

Түйін сөздер: минералдық шикізат, өңдеу, технология, мыс, селен, алтын, сирек металдар, сирек жер металдары, 

жаңа материалдар. 

Инновационные технологии, обеспечивающие повышение извлечения цветных, 
благородных, редких и редкоземельных металлов 

Кенжалиев Б.К. 

Реферат. В статье представлены разработанные в АО «Институт металлургии и обогащения» (г. Алматы, 

Казахстан) технологии обогащения и металлургической переработки минерального и техногенного сырья, 

получения функциональных материалов. Предложены новые технические решения по увеличению сквозного 

извлечения меди, переработке промпродуктов медного производства с получением селена высокой чистоты; 

извлечению золота из упорного минерального сырья с применением новых реагентов и оборудования, 

переработке железистых бокситов и отходов глиноземного производства, извлечению редких и редкоземельных 

металлов из промпродуктов и отходов хромового, фосфорного и уранового производств, получению рения и 

никель-кобальтового концентрата из отходов жаропрочных никелевых сплавов. Разработана инновационная 

Байер-гидрогранатовая технология переработки железистых бокситов и проведены ее испытания на созданной 

пилотной установке. Разработаны технологии и оборудование для получения композиционных 

водородопроницаемых мембран на основе ниобия и получения отливок эндопротезов методом литья титановых 

сплавов с применением аддитивных технологий. 

Ключевые слова: минеральное сырье, переработка, технологии, медь, селен, золото, редкие металлы, 

редкоземельные металлы, новые материалы. 
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