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Abstract - Pyrometallurgical processing of sulfidic ores for recovery of non-ferrous metals is a traditional method. It requires the use
of high-grade concentrates with high metal content, which are usually produced by flotation. A delay in exploration and exploitation of
new deposits resulted in the involvement of lower-grade ores and ores with complex compound composition in the treatment. The
development of methods for the processing of polymetallic difficult-to-beneficiation sulfidic concentrates is a relevant issue. In this
paper, an eco-friendly technology for polymetallic sulfidic ore processing is proposed. It includes a biohydrometallurgical step for
processing of low-grade polymetallic sulfidic concentrate and a pyrometallurgical step for processing of high-grade concentrates. The
biotechnological step of the technology is a combination of leaching of the concentrate with biogenic ferric iron and bioregeneration of
leaching solution with the use of acidophilic microorganisms. The results are relevant to the development of a two-step
biohydrometallurgical technology for processing of copper-zinc concentrate with a closed cycle of technological flows. This
technology could be a promising technique to reduce the environmental hazard of metallurgical plants.
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1. Introduction

Traditional pyrometallurgical processes for metal recovery from its ores and concentrates consist of chemical
reactions at elevated temperatures. These processes generally use sulfides and, in some cases, high-grade oxides. The
use of high temperatures for metallurgical processing offers several advantages, chemical reaction rates are rapid and
some reactions that are impossible to occur at low temperatures can take place at elevated temperatures. Depending on
the minerals and the type of equipment, pyrometallurgical recovery may take place in as many as four steps: flotation,
roasting, smelting, and refining. Mining and metallurgical treatments of sulfide ores are presently characterized by
significant losses of non-ferrous and precious metals into the various wastes. Flotation of sulfidic ores yields formation
sulfide flotation tailings, whereas roasting produces sulfur dioxide and smelter slags. These wastes pose a problem not
just because of their sheer volume and aerial extent, but some of them may affect local ecosystems. The heavy metals
existing in the sulfide minerals can be released to the liquid phase during weathering. Sulfide oxidation results in
sulfuric acid [1].

Reserves of high-grade sulfide ores from the exploited deposits are gradually depleted and their quality is
affected. A delay in exploration and exploitation of new deposits in Russia resulted in the involvement of lower-grade
ores and ores with complex compound composition in the treatment. Nowadays, 70—75% of the raw material base of
mining and processing plants of the Urals are already represented by refractory ores for which an application of
flotation technologies does not allow to obtain high-grade concentrates [2].

The development of methods for the processing of polymetallic sulfidic concentrates is a relevant issue.
Biotechnologies for the treatment of sulfide mineral raw materials based on the application of acidophilic
chemolithotrophic microorganisms for the leaching of nonferrous metals and recovery of noble metals are
economically more attractive and have relatively little impact on the environment than traditional pyro- and
hydrometallurgical technologies [3]. Based on the study and determination of optimal parameters for oxidation
reactions of sulfide minerals, the processes of obtaining metals directly at the deposits of these metals were developed,
thus becoming the first biogeotechnologies introduced on an industrial scale. At present, up to 20% of copper in the
world is received using the biohydrometallurgical method [4, 5]. There is a large number of enterprises using heap
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leaching under natural conditions for copper production [6-8]. An attractive way to use acidophilic microorganisms from
sulfide deposits is by implementing the stirred tank biohydrometallurgical technologies for the production of gold and non-
ferrous metals, which have a higher intensity compared to heap leaching and in situ leaching [9-11].

One of the approaches to intensification of the biohydrometallurgical treatment of sulfidic raw materials is to separate
the process between chemical and biological steps and to create optimal conditions for each of them [2, 12-14]. During the
chemical step, sulfidic minerals are oxidized by ferric iron ions, which are further reduced to ferrous iron ions. Further,
ferrous iron ions oxidation to ferric iron ions, i.e. oxidizer bioregeneration, is conducted by microorganisms during the
separate biological step.

The goal of the present work was to propose an eco-friendly technology based on biohydrometallurgical techniques
for polymetallic sulfidic ores processing.

2. Experimental

A polymetallic sulfidic concentrate used in this study was obtained from ore of the Tarnierskoe deposit (Sverdlovsk
region, Russia). Contents of the main sulfidic minerals were (%): chalcopyrite (CuFeS;) 42.1, sphalerite (ZnS) 7.5,
pyrrhotite (Fe1.xS) 24.0, and pyrite (FeS) 12.5. Contents of the main elements were (%): zinc 5.00, copper 14.7, iron 33.9,
sulfur 34.3, calcium <0.1, silicon 1.16.

Leaching of the concentrate with biogenic ferric iron was conducted in a reactor that contained 1.0 L of pulp. The
stirring rate was 760 rpm, and the temperature was maintained by heat exchangers connected to a thermostat. The leaching
was conducted under batch conditions. The solid phase was loaded and mixed with the biologically generated Fe®'-
containing solution. The Fe*'-containing solution was obtained by biooxidation of ferrous sulfate in 9K medium [15] at 30
°C with a microbial culture containing Acidithiobacillus ferrooxidans and Leptospirillum spp. The liquid was preheated to
the desired temperature. The pH of the pulp was continuously monitored, and sulfuric acid (98.5%) was added when
necessary to maintain pH value at 1.3. The leaching was carried out cyclically; after each cycle, the suspension was
centrifuged, and the residue was supplemented with a new portion of the ferric-containing solution for the next cycle of
leaching.

3. Results and Discussion
3.1. An eco-friendly technology for processing of sulfidic polymetallic ores

An eco-friendly technology for polymetallic sulfidic ore processing using a biohydrometallurgy is shown in Fig. 1.
Sulfidic ores are concentrated via traditional flotation techniques, obtaining high-grade monometallic concentrates and
difficult-to-beneficiate low-grade polymetallic concentrates. A biohydrometallurgical processing, including leaching with
biogenic ferric iron at elevated temperature and bioregeneration of leaching solution with the use of acidophiles, is
proposed to treat such low-grade polymetallic concentrates. During the leaching step, mainly zinc and partially copper are
extracted into the agueous phase in the form of sulfates. Zinc is able to be recovered from the aqueous phase by traditional
methods (for example, solvent extraction). Copper from the pregnant leach solution after the step of leaching can be
recovered by traditional solvent extraction and electrowinning (SX-EW).

S0, gas produced during the pyrometallurgical processing of high-grade concentrates can be used as a raw material
for the production of sulfuric acid. Approximately 20% of world sulfuric acid production is obtained from high SO
strength metallurgical off-gases. However, the complexity and capital cost of acid production may not be justified and site-
specific factors may not favor direct production of sulfuric acid; for instance, in remote sites with small acid consumption
and demand. It is estimated that operational costs and ecological risk may exceed potential profit gained from sulfuric acid
production in remote regions, such as Siberia in Russia.
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Fig. 1: A new technology for polymetallic sulfidic ore processing with application of biohydrometallurgy.

3.2. A copper-zinc concentrate processing at biotechnological step of the technology
The composition of the concentrate used for this study includes sulfidic minerals (chalcopyrite, sphalerite, and
pyrrhotite), whose oxidation with ferric sulfate can be represented as the following simplified equations:

CuFeS:z + 2Fe2(S04)3 = CuSO4 + 5FeS04 + 2S° 1
ZnS + Fe2(S04)3 = ZnS04 + 2FeS04 + SO (2)
FeS + 2Fe2(S04)3 = 3FeS04 + S° @)

Sulfidic minerals are known to have different oxidation kinetics in sulfate solutions of ferric iron. Chalcopyrite
possesses higher energy of crystal lattice and forms passivation layers on the surface during leaching. This determines
its high refractoriness in iron sulfate solutions during biooxidation. Also, chalcopyrite is known to be oxidized most
intensively at relatively low redox potential of the medium (to 450 mV), while sphalerite and pyrrhotite destruction is
intensified with the increase in oxidizer concentration and, hence, in the redox potential of the medium [16, 17].
Galvanic interactions between sulfidic minerals are also observed. Thus, pyrrhotite and sphalerite are oxidized first,
whereas chalcopyrite and pyrite are the last to be oxidized [18, 19]. At the same time, one can suppose that zinc and
part of iron can be removed selectively from the chalcopyrite-sphalerite product and most of copper can be left in the
solid phase.

Leaching of the concentrate with biogenic ferric iron was studied. Effects of oxidizer concentration, pH, pulp
density, temperature, and duration of leaching were found. The best results on metals recovery and their contents in
leach residue were obtained at 80 °C, pH 1.3, ferric iron initial concentration in the leaching solution at 19 g/L, pulp
density 10%, and three cycles of leaching (1st — 40 min, 2nd — 90 min, and 3rd — 210 min) (Table 1).

Table 1: Metal contents in leach residue and their recoveries into the aqueous phase.

Content in solid phase (%) Extraction into aqueous phase (%)
Cu Zn Cu Zn
15.6 0.14 25.0 98.0

The leach residue is considered to be a high-grade copper concentrate with a low content of zinc. This copper
concentrate can be processed via traditional pyrometallurgical methods. The leach solution after metal recovery can be
regenerated for the ferric leaching by its biooxidation with the use of acidophilic microorganisms [3, 20].

4. Conclusion

An eco-friendly technology for polymetallic sulfidic ore processing was proposed. It is based on a combination of
pyro- and biohydrometallurgical steps: high-grade sulfidic concentrates are processed via pyrometallurgy, and low-
grade polymetallic sulfidic concentrates are processed via biohydrometallurgy. This technology could be a promising
technique to reduce the environmental hazard of metallurgical enterprises. Efficient conditions of a high-temperature
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ferric leaching process were determined as follows: 80 °C, pH 1.3, ferric iron initial concentration in the leaching solution
at 19 g/L, pulp density 10%. Leaching of the polymetallic concentrate with biogenic ferric iron allows producing a high-
grade copper concentrate which can be processed via pyrometallurgy.
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