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"Institute of Metallurgy and Ore Beneficiation" JSC (Republic of Kazakhstan, Almaty) in
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significant economic and environmental effects. The following technologies are
described: synthesis of a new foaming agent for intensification of flotation enrichment of
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extraction of valuable metals at existing deposits and to develop new, relatively poor and
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1. INTRODUCTION

The Republic of Kazakhstan is rich in natural resources. Almost all the elements of the Periodic Table
are in its depths, most of them in industrial quantities: copper, aluminum, lead, zinc, cadmium, chromium,
molybdenum, rhenium, selenium, tellurium, gold and other non-ferrous and rare metals [1]. As a result, at
present, metallurgy forms the basis of the Republic's industrial power and its export potential [2]. Involvement
in the processing of refractory, complex in composition mineral and technogenic raw materials is an urgent
problem for the metallurgical industry around the world. Industrial development of such raw materials in
Kazakhstan is limited due to the lack of efficient and cost-effective technologies. At present, the most important
problem of the metallurgical industry is the development and implementation of innovative technologies
enabling to extract with maximum completeness non-ferrous, rare and rare-earth metals contained in ores,
industrial waste and secondary raw materials [3].

In recent years, the Institute has developed innovative and modernized existing technologies for the
extraction of non-ferrous, noble, rare and rare-earth metals from mineral, technogenic and secondary raw
materials, ensuring an increase in the extraction of non-ferrous, noble, rare, rare-earth metals that are
implemented at the production facilities of industrial enterprises of the metallurgical complex of the Republic.
Kazakhstan. These works are aimed to increase production parameters and improve the environmental
parameters of non-ferrous metallurgy enterprises in general [4].
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2. METHODS

The performed works are based on comprehensive study methods for the study object and its products on
modern analytical equipment by certified methods using chemical, X-ray phase, X-ray fluorescence, atomic
absorption and thermal analysis methods, scanning electron microscopy, infrared spectroscopy, Mdssbauer
spectroscopy, BET method.

3. RESULTS AND DISCUSSION

The reserve depletion of primary ores of various metals all over the world forces the involvement of
refractory, diffucult and off-balance ores into processing. One of the main economic criteria for the profitability
of a deposit is the preliminary ore preparation for metallurgical processing, the so-called beneficiation process.
Developed a technology for the synthesis of a new foaming agent for the intensification of flotation
concentration of gold-bearing ores [5]. The use of fusel oil as a feedstock that is an alcohol production waste
in Kazakhstan during the synthesis of composite xanthate, Aeroflot and a foaming agent, significantly reduces
the cost of reagents and significantly improves their flotation characteristics compared to the base ones.
Experimental tests of the processing technology for gold-bearing finely disseminated ore with the use of a
modified collector were performed; a gold-bearing concentrate was obtained with a gold content of 38.0 g/t
with an extraction of 88.8% [6]. The use of a new collector increases gold recovery by 4.67%. The gold content
in the flotation tailings is reduced from 0.4 to 0.3 g/t. The proposed composite collectors obtained from fusel
oil are multicomponent, effective and cheap. The uniqueness of the proposed composite collectors is in the fact
that, unlike their counterparts, they are cheap, cost-effective reagents. However, for the complete extraction of
valuable sludge minerals from refractory finely disseminated ores and technogenic raw materials, it is possible
to achieve with the combined use of domestic composite reagents and the “multicomponent microflotation”
method that is performed with a turboflotation apparatus [7].

The introduction of the proposed “multicomponent microflotation” technology at the mining and
metallurgical complex enterprises will significantly increase the extraction of valuable metals at existing
deposits, develop new relatively poor and previously economically unpromising deposits [8]. Solving the
problem of beneficiation of finely dispersed minerals will increase the competitiveness of products in the world
market, take a leading position in the promotion of innovative technologies both within the country and abroad.
The flotation concentration technology for refractory gold-bearing ore has been developed, the leaching
process for gravity and flotation concentrates in the presence of an oxidizer to open gold has been studied
[9,10]. The technological scheme of gold extraction using the method of flotation enrichment of persistent
gold-bearing ore is shown in Figure 1. The results of the staged flotation ore concentration show the possibility
to obtain gold tailings of flotation with a gold grade of less than 0.7 g/t. The gold extraction into a combined
concentrate (gravity-flotation) with a gold content of 49.7 g/t is 88.88%. For the first time, the effect of a
modified oxidant (a mixture of calcium hypochlorite and trichloroisocyanuric acid) on the leaching process of
gravity concentrate with the achievement of a gold recovery rate of 76.9% was studied; from flotation
concentrate - 68.8% that is 5% higher compared to the base [11].

Currently, there are no technologies to process refractory gold ores containing carbon and arsenic with
satisfactory technical and economic parameters. The technology of contractile pyrometallurgical selection
provides (CPS-process) [12] for direct smelting of refractory gold-bearing raw materials with the transfer of
arsenic, sulfur and other volatile components into the gas phase, followed by their neutralization and
concentration of gold, silver and other non-ferrous metals in the matte melt, the yield of which will be 10-15%
of the charge weight [13]. Industrial tests on the PV-1 furnace of the Balkhash copper-smelting plant were
performed in two stages, the results of which are shown in Table 1. Charge capacity at the first stage was 80
t/h. Chemical composition of the stack is as follows, wt. %: 18.34 Cu, 25.86 Fe, 28.78 S, 11.71 Si0O,, 1.1 CaO,
1.6 Pb, 2.0 Zn. The reducing agent, which was used as shungite, was 1% of the stack weight. 326 tons of quartz
flux were additionally recycled during stack processing. Chemical composition of the stack including quartz
flux is as follows, wt. %: 18.13 Cu, 25.15 Fe, 28.29 S, 13.12 SiO», 1.0 CaO, 1.5 Pb, 1.9 Zn.

The following extraction of metals into matte is achieved, in%: gold - 95-98, silver - 85-90, copper - 85-
90. Matte can be processed in copper smelters with existing technology. At the same time, the end-to-end
extraction of noble metals is 20-30% higher than the extraction parameters of these metals from refractory gold
ores achieved in industry. The main condition for the process efficiency is the gold content in the starting
materials not less than 5 g/t. The main disadvantage of the world's most widespread technology intended to
process copper mattes in Peirce-Smith converters is the process periodicity [14,15]. At the same time, it is
difficult to use gases that are not constant in terms of the sulfur dioxide content. The continuous converting
technology for copper mattes in the Vanyukov furnace enables to obtain constant composition gases rich in
sulfur dioxide, blister copper and a minimum volume of copper-poor converter slags [16].

The use of continuous converting eliminates the periodicity of the blister copper production process,
enables to use oxygen-enriched blast, to obtain a stable flow of sour gas of constant composition, to reduce
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sulfur dioxide emissions to the atmosphere to a minimum, to increase the degree of sulfur utilization that
contributes to an improvement in the environmental situation. It is recommended for use in non-ferrous
metallurgy enterprises with a copper matte conversion process [17]. Figure 2 shows a diagram of a two-zone
Vanyukov furnace (melting in a liquid bath). Main parameters of the two-zone PV furnace: - matte
consumption, t / h - 69-96; - coal consumption, t / h - 0.5-2.5; - flux consumption, t/ h - 1.0-7.5; - oxygen
consumption, nm? / h - 12000-24000; - air consumption, nm?/ h - 3000-10000; - specific oxygen consumption,
nm?/ t - 160-295; - temperature in the reduction zone, ° C - 1280-1300; - matte temperature, °C - 1125-1250;
- outlet gas temperature, °C - 320-565; - bath height, mm - 2250-2400; - width of the recovery zone, mm -
2200; - length of the recovery zone, mm - 6000; - Cu content in matte,% - 43.5-63.6; - Cu content in slag,% -
0.4-0.8; - SiO; content in slag,% - 30.0-32.8. The existing methods of depletion of non-ferrous metallurgy slags
do not provide a sufficiently complete extraction of metals from slags. The processing technology for liquid
metallurgical slag in a furnace with an electrically heated coke oven filter enables to obtain a metallized phase
that concentrates iron, copper and precious metals; fumes containing lead and zinc; slags completely dumping
for non-ferrous metals, suitable for the production of building materials [18]. Figure 3 shows a diagram of a
combined unit, including a Vanyukov smelting furnace and a coke filter for slag processing% - 0.4-0.8; - SiO»
content in slag, % - 30.0-32.8.

The heating of the coke filter is performed in the most economical way in an electric furnace with electric
energy that enables to significantly reduce the consumption of scarce coke used in this case as a reagent, and
to obtain a minimum amount of waste gases with a significant reduction in the cost of cleaning them. The
copper extraction into an iron-copper alloy was 91.9%, iron about 70%, and lead and zinc into sublimates - 94
and 88%, respectively. Average coke consumption is 5-7% of the processed slag mass. The average specific
power consumption is 250 kWh/t of liquid slag. It is recommended for use in non-ferrous metallurgy
enterprises. When autogenous technologies are used to smelt sulphide raw materials, slags are formed that
require separate processing for additional recovery of non-ferrous metals [19]. The main principles of the
continuous smelting process for copper sulphide concentrates with reduction finishing of slags in the tail zone
of the PV furnace (Vanyukov melting furnace) have been developed to obtain slags with a minimum copper
content of 0.5-0.7% [20]. Slag reduction is performed by adding a carbon-containing reductant (coal, coke,
shungite, etc.) to the reduction zone of the furnace. This technology enables to use the tail end of the PV furnace
to reduce slag processing by installing a baffle dividing the furnace into an oxidizing smelting zone and a
reduction zone, where magnetite and partially zinc and lead are reduced enablig to obtain slags poor in copper
and lead-zinc sublimates. Basic parameters of continuous matte conversion furnace: - matte output, t/h - 55-
65; - copper content in matte, % - 55-60; - matte humidity, max, % - 6; - dimensions of melting zone in tuyeres
area: length, width - 9 x 2, area, m? - 18; - height of tuyeres installation from bed in melting zone, mm - 1600;
- number of tuyeres in melting zone, pcs. - Quantity of oxygen-containing blast for one lance, nm*h - 1000; -
Blast volume per 1 t of matte, nm?h - 220. It is recommended for use in non-ferrous metallurgy enterprises.
Recommended for use in non-ferrous metallurgy enterprises.

Table 1 : Basic technological parameters of industrial tests of the CPS-process

. Quantity

Parameters Unit of measure. Stage I Stage Il
Content in the charge
Cu % 19.3-18.6 18.6-18.9
S % 30.2-28.9 28.5-29.3
SiO, % 11.5-11.7 12.6-12,9
Duration of tests h 125 109
Charge consumption t/h 65-101 69-96
Coal consumption t/h 0-2.5 0.5-1.6
Flux consumption t/h 0-7.5 0
Oxygen CHB-1 ths. nm? 13706-24197 12782-17757
Air CHB-1 ths. nm? 125-8671 5940-10212
Specific oxygen consumption nm’/t 166-295 174-260
Temperature in the siphon °C 1170-1271 1165-1269
Matte temperature °C 1130-1250 1125-1203
Heat transfer by caissons thousand kJ / h 24576-41688 22939,3-28295,17
RF Steam Removal t/h 12-24 13-26
Gas temperature on the RF collar °C 921-1159 987-1113
Gas temperature at the outlet of RF °C 321-551 383-565
Total bath height mm 2250-2400 2250-2400
Foam height mm 0-50 0-100
Recorded overshoots / blowouts pcs. - 6/3
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Figure 1 : Process flow of gold extraction from Sekisovskoye deposit ore
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Table 2 : Material balance of selenium distribution by vacuum distillation products

Products name Dry weight, Output, Se content Distribution

ke % % ke %

Loaded:

Smelted Se 10.94 100.00 95.61 10.57 100.00

Received:

Refined Se 10.51 96.07 99.54 10.46 98.96

Dry residue 0.08 0.73 — - -

Total received 10.59 96.80 — 10.46 98.96

Non-viscous: -0.35 -3.20 — -0.11 -1.04

Copper electrolyte production slimes containing selenium are formed in the process to obtain copper. We
have developed technologies to extract elemental selenium from this middling product with subsequent refining
by vacuum distillation [21,22]. An industrial prototype of a vacuum distillation unit was made, with a capacity
of up to 2.0 tons of refined selenium per month, where large-scale tests of the technology were performed [23].
Table 2 shows the material balance of the distribution of selenium by the products of vacuum distillation
processing of crude selenium obtained as a result of processing copper electrolyte sludge in the Kaldo furnace.

X-ray fluorescence analysis in ingots of refined selenium determined the following content of elements,
wt. %: 99.543 - Se; 0.217 - O; 0.003 - S; 0.003 - Pb; 0.021 - Mg; 0.007 - Ni;0.005 - Al; 0.122 - Te; 0.005 - CL;
0.003 - Si; 0.031 - Sb; 0.033 - Cr; 0.002 - Cu; 0.005 - Fe. The output of refined selenium was 96.07%. Selenium
was converted to raffinate by 98.96%. Selenium was not found in the bulk residue from the distillation, while
the silver content was 2.05 wt. %. The increased iron content in bauxite rsults in serious sintering problems.
Therefore, it is required to preliminarily separate ferruginous compounds as much as possible - iron sands from
the bauxite bulk. The processing of ferruginous sands is an important practical task the solution of which will
increase the profitability of the existing alumina production. The technology developed for processing
ferruginous sands includes the production of cast iron, concentrates of rare metals, rare earth elements, red and
black pigments and titanium dioxide [24,25]. The Process flow for the processing of ferruginous sands of
alumina production is shown in Figure 5.

Ferruginfus sands
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Figure 5 : Process flow of processing of ferruginous sands of alumina production
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Concentrates of rare metals - gallium and vanadium of the composition, wt. %: 30.0 Al,O3, 0.32 Ga,0;
and 4.85 V»0s - were obtained from the aluminate leaching solution. As a result of the reduction melting of the
ferrous sand leaching cake at a temperature of 1450°C, cast iron and unmetallic slag were obtained. The iron
yield in cast iron was 99.4%. A concentrate containing 20.74% of REE and titanium dioxide with a content of
61.8% TiO, was obtained from unmetallic cast iron slag. As a result of the research, the Technological
Regulations for the integrated processing of ferruginous sands of alumina production and a preliminary
business plan were developed. The importance to solve the problem of use of the products of chromium ore
dressing in waste processing is associated not only with the environment but also with the need to increase the
chromium production. The enterprise engaged in the extraction and beneficiation of chromium raw materials
in Kazakhstan is Donskoy MPP. During the operation of the concentrating factories, the plant has stockpiled
about 15 million tons of sludge tailings, the loss of Cr,Oj3 by the beneficiation technology is up to 25.5%. The
known methods of utilization of ferrochrome production middlings and waste products do not enable to extract
accompanying valuable components - rare metals and rare earth elements - along the way [26]. A technological
scheme has been developed, shown in Figure 6, for the complex processing of chromium waste, including
leaching in a solution of ammonium hydrosulfate, to obtain a concentrate of rare metals gallium and vanadium,
a concentrate of rare earth elements with a content of 21.58 % and a chromium concentrate with a Cr,O3 content
of 59.1 % [27].

Chromium-containing waste

}

Activation H,50, (INH.)-80,
Leaching —synthesis NHHSO,——
Cake
NTH l J
> Leaching Meutralization pH 5,5
Alkaline concentrate Splution  SedimentCa0s
silicate Cr:0; V.0;, REM
solution
Evaporation
Residue Precipitate of double .
v v magnesium sulfate (NH.),80;4
Solution  Liquid glass
NaOH

Figure 6 : Process flow of complex processing of chrome waste

High technological indicators of the technology for obtaining concentrate of rare metals, gallium and
vanadium from wet gas purification sludge of ferrochrome production are confirmed by experimental tests.
The following rare metal concentrate composition, wt. % was obtained: 30.1 Al,O3; 25.48 SiO,; 4.83 V,0s;
1.01 Ga,0s. Extraction in the concentrate was, %: 40.1 Ga;O3; 38.1 V20s; REE concentrate composition, wt.
%: 23.7 MgO; 0.3 Al,03; 10.8 Fe»03; 21.58 Y REE, the REE concentrate yield was 1.395% of the initial charge
mass [28]. A technology has been developed for the extraction of rare earth metals from extraction phosphoric
acid obtained by processing phosphorites [28,29].

Technological modes of desorption for rare-earth metals from a cation exchanger to obtain a concentrate
of rare-earth metals have been worked out. Various desorbing solutions have been tested: ammonium chloride;
ammonium sulfate; a mixture of nitric acid with ammonium nitrate; a mixture of hydrochloric acid with
ammonium chloride; a mixture of sulfuric acid with ammonium sulfate. The optimal conditions for the
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desorption of REM from the Purosorb 140 cation exchanger have been determined: the precipitation parameters
of REM salts have been determined and a conditioned 92.22% REM concentrate has been obtained. Table 3
shows a material balance of REM extraction from phosphoric acid extraction.

Experimental tests of the developed technology of REM extraction from unpaired dihydrate EPA resulted
in determination of sorption and desorption parameters, modes of selective precipitation of iron and REM.
Oxide concentrate with REM content of 97% was obtained [30,31]. When bauxites are processed in
Kazakhstan, along with alumina, only gallium is extracted in an amount of 7-8% of the input. Other rare metals
that make up their composition are of industrial interest but their behavior in the processes of alumina
production has been insufficiently studied [32].

On the basis of existing alumina production operation studies for processing high-ferrous bauxites of
Aluminum of Kazakhstan JSC, intermediate products containing rare metals - recycled soda, ferrous sands and
red mud were selected and a technological scheme for their joint processing was developed to obtain a
collective concentrate with a content of 0.4% Ga and 14.31% V,0s. Vanadium pentoxide was obtained with a
content V205 99,1 % with the help of ammonia technology. An electrolysis method on a rotating galvanized
cathode has been developed to obtain metallic gallium. The extraction during electrolysis was 95.9% with an
electric power consumption of 87.7 kWh/kg gallium. A gradual decrease in the high-quality bauxite production,
high operating costs and energy intensity of the methods used for the extraction and processing of raw
materials, in combination with their environmentally unfavorable impact, are, in aggregate, an objective basis
to use low-quality aluminum-containing raw materials in the production [33]. Alumina production in the
Republic of Kazakhstan with the help of Bayer-sintering technology becomes less profitable and competitive
and requires serious modernization.

Table 3 : Material balance of REM extraction from phosphoric acid extraction

F REM,x
Quantity Ca0 €20 °

Operation Product name dm’ () %, . %, %,

g/dm? g/dm? g/dm?

EPA(extraction 4376 196 448 43617 997 2385  0.545
phosphoric acid)
Products
Purosorb SAC 1411
140
Purosorb SAC 1411 280 199 4817 341 1002 071
Sorption 140
EPA 4376 168.0  3.84 388 887  13.83 0316
. Purosord SAC 1411 2786 197 4597 325 024 0017
Desorption 140
Strippant 1.2 0.14  0.12 2.2 1.84 978 8.5
. . NaxCOs 40
Sedlsrtr;gt'clmon Sediment 4.19 007 167 217 518 004 095
Solution 1.2 006 005 003 004 974 811
) ) NaxCOs 60
Sedlsggétgﬂon Sediment 1205 005 041 002 016 973 8083
Solution 1.17 001 001 001 001 001 001
Calcination Sediment 10.0 0.05 0.5 0.02 0.2 9.73 97.3

The developed Bayer-hydro-garnet technology enables to solve the problem of high-iron low-quality
bauxite processing with minimization of alkali and alumina losses, reduction of electricity consumption and
material costs [34, 35, 36]. The technological scheme of the Bayer-Hydrogranate technology is shown in Figure
7.
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Figure 7 : Hydro-garnet technology of ferrous bauxite processing

The technology includes the red mud processing from the Bayer branch using the hydro-garnet
technology and the conversion of aluminate solutions to obtain aluminum hydroxide. The use of hydro-garnet
processing made it possible to extract an additional 10.23% of alumina. The technology includes the processing
of red mud of the Bayer branch using the hydro-garnet technology and the conversion of aluminate solutions
to obtain aluminum hydroxide. The use of hydro-garnet processing made it possible to extract an additional
10.23% of alumina. The possibility of obtaining pig iron from hydro-garnet sludge by means of reduction
melting at a temperature of 1650 °C has been determined. The pig iron yield was 39.5% of the weight of the
initial charge [37].

4. CONCLUSION

Thus, the technologies presented in the work have passed laboratory and pilot tests, some of them have
been tested on a pilot scale. The conducted studies correspond to the level of research conducted in the world
in the field of metallurgy and many, due to the specificity of Kazakhstan raw materials, are original. Thus, for
the first time, the main design parameters of the two-zone Vanyukov furnace were determined, the technology
of selenium extraction from industrial products of refining production was developed, effective modified
flotation reagents were proposed to increase the extraction of copper and molybdenum into copper-
molybdenum concentrate. It is shown that the use of an oxidizer (a mixture of calcium hypochlorite and
trichloroisocyanuric acid) helps to increase the extraction of gold. Unique technologies have been developed
for processing ferrous sands of alumina production to produce cast iron, concentrates of rare metals, rare earth
elements and titanium dioxide and to obtain gallium and vanadium concentrate from the tailings of chromite
ore enrichment. The parameters of desorption of rare earth metals from Purosorb 140 ionite saturated with
REM from extraction phosphoric acid were determined. A unique Bayer-hydrogranate technology for
processing high-iron bauxite has been developed and a pilot plant with a capacity of 50 kg/hour for alumina,
which has no analogues in the world, has been created.
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