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ARTICLE INFO ABSTRACT
Article history: Introduction. The paper is devoted to the creation of an environmentally safe, technologically efficient and
Received: 17 June 2021 cost-effective high-performance integrated scheme for the recycling of lead-containing industrial products and
Revised: 28 June 2021 waste, in particular, bismuth oxides and drosses formed during the melting of copper-electrolyte sludge, with the
Accepted: 17 August 2021 production of commodity monoelement products. To solve the problem, a combined technology is used, which is
Available online: 15 September 2021 based on hydrometallurgical operations that allow separating chemical elements with similar properties with high
extraction into finished products. The aim of the work is to study and develop fundamental approaches and rational
Keywords: integrated technologies for recycling bismuth drosses and oxides-industrial products of refining rough lead, using
Bismuth oxides reducing melts of raw materials and bismuth-enriched sludge, electrolysis of bismuth lead to obtain rough bismuth
Throttles containing > 90 % Bi with its direct extraction of > 70 %. Methods and approaches: melting at a temperature of
Bismuth lead 1,100...1,150 °C a charge of optimal composition containing bismuth oxides, sodium carbonate, silicon dioxide and
Charge carbon. Novelty: a decrease in the content of noble metals and accompanying chalcogenes in secondary copper-
Chalcogen containing raw materials with an increase in the amount of impurity elements. Results and discussion: joint melting
Rough bismuth (1,100...1,150 °C) of bismuth oxides, sodium carbonate, silicon dioxide and carbon, taken in the mass ratio 100 :
Restorative melting (15-66) : (11-25) : (5-7), allows to transfer 89.0 — 93.6 % of bismuth and 99.5 — 99.7 % of lead from the initial

oxides to bismuth lead containing ~7 % Bi and ~80 % Pb. The main phase of the Pb-Bi alloy is elemental lead.
The increased flux consumption leads to an increase in the amount of recycled silicate slags that are poor in target
metals, into which it passes,%: 1.4 Bi; 2 Pb; 47 Zn; 23 Sb; 33 Sn. Main slag phases are following: Na,CaSiO,,
Na,Mg,Si,0,,, MgO, Pb, ZnS, PbS. The practical relevance is determined by the optimal mode of reducing melting
of bismuth oxides (100 %) to obtain lead bismuth, %: 66 Na,CO,, 25 SiO,, 5 C; the process temperature is 1,150 ° C.
The presence of impurities makes it necessary to introduce reagent treatment of lead bismuth into the technological
scheme for recycling bismuth oxides. Decontamination and alkaline softening will make it possible to obtain a Pb-Bi
alloy suitable for pyroelectrometallurgical recycling.

For citation: Korolev A.A., Sergeichenko S.V., Timofeev K.L., Maltsev G.I., Voinkov R.S. Recycling of bismuth oxides. Obrabotka metallov
(tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2021, vol. 23, no. 3, pp. 155-165. DOI: 10.17212/1994-
6309-2021-23.3-155-165. (In Russian).

Introduction

Reducing the amount of conditioned raw materials for non-ferrous metallurgy stimulates the devel-
opment of cost-effective technologies for the extraction of non-ferrous and rare metals from intermedi-
ate products and industrial waste to obtain marketable products [1-5]. Non-ferrous Alloys Production
Branch of JSC “Uralelektromed” applies Betterton-Kroll process at one of the rough lead pyrometal-
lurgical refining stages. Betterton-Kroll process is used to remove bismuth from lead by calcium and
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magnesium addition to the molten bath [6—8]. The obtained bismuth drosses consisting of 3—5 % Bi
and 80-85 % Pb are processed by smelting at 500-600 °C with the addition of NaNO, and NaOH. The
result of the process is alkali flux (bismuth oxides of %: 1-5 Bi; 60-70 Pb) which is sent to the lead
refining cycle, and Pb-Bi alloy (1-12 % Bi) of grades SSV-1, SSV-3, SSV-6, SSV-9, SSV-12, which is
shipped to the customers. The turnover of bismuth oxides causes accumulation of valuable metals in the
technological cycle. Whereas the demand for Pb-Bi alloy is limited, it is necessary to expand the range
of commercial products as well as to increase the content of the target product and to enhance the added
value of the product.

The production of rough bismuth during the processing of bismuth drosses and oxides is possible
using pyro [9-11], hydro [12—14], pyroelectric [15—17] and hydroelectrometallurgical [18—-20] methods.
Electrometallurgical technologies implemented through two main production methods can be considered
promising and can be applied for modernization of Non-ferrous Alloys Production branch.

The first variant of the implementation is the hydroelectrometallurgical method, which includes:

— reduction smelting of oxides with the addition of sodium carbonate, quartz and coke to produce slag
which can be recycled in the copper smelting process, dust returned to smelting, and bismuth lead, cast
into anodes, followed by electrolysis in a silicofluoride solution to obtain recycled cathode lead and anode
sludge subjected to washing and drying;

— melting of sludge mixed with coal and sodium carbonate to obtain recycled slag and ingots of
commercial rough bismuth;

— melting of recycled slag in a mixture with coal and sodium carbonate to obtain recyclable waste slag
and ingots of commercial rough bismuth [21].

The second variant of the implementation is the pyroelectrometallurgical method, which includes:

— reduction smelting of oxides to produce slag, dust and ingots of bismuth lead;

— electrolysis of the latter in a chloride melt to produce cathode lead and ingots of enriched bismuth
lead;

— secondary electrolytic processing of ingots in a chloride melt to produce cathode lead and ingots of
commercial rough bismuth [22].

Bismuth from its oxygen compounds is obtained by reduction smelting in a molten sodium hydroxide in
the presence of elemental sulfur. reduction smelting is carried out in the presence of coal at a ratio of

bismuth : alkali : coal : sulfur equal to 1 : (0.8 — 1.8) : (0.04 — 0.16) : (0.02 — 0.08) [23].

Low temperature reduction smelting includes mixing of bismuth-bearing material and starch followed
by melting to obtain rough bismuth. Starch as a reducing agent makes it possible to lower the reduction
temperature to 800 — 850 °C and to increase the direct extraction of bismuth to ~ 95 % [24]. Both approaches
have a great interest for processing of oxidized drosses.

The aim of this study is to study and develop fundamental methods and cost-effective integrated
technologies of bismuth drosses and oxides processing, which are obtained at rough lead refining. Bismuth
drosses and oxides are processed applying reduction smelting of raw material and bismuth-enriched slime,
and electrolysis of lead bismuth resulting in production of rough bithmuth containing > 90 % Bi. The direct
recovery of bismuth from processed products amounts to > 70 %.

The objectives of this study are as follows: assessment of the material composition of the original oxides
and the products obtained; experimental simulation of the basic operations, namely oxides smelting with
the addition of sodium carbonate, silicon dioxide and a carbon-bearing reducing agent; justification of the
main redevelopments of the proposed technological scheme.

Methodology

In order to produce lead bismuth the charge containing bismuth oxides, sodium carbonate, silicon diox-
ide and carbon was melted at 1,100—-1,150 °C (Table 1). The charge components were mixed and placed in
an alundum crucible, which was installed into an electric resistance furnace with graphite heating elements,
and covered with a graphite crucible. The furnace was heated to a preset temperature.
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After the charge melting and isothermal holding for 20 min; the crucible with the melt was removed
from the furnace, covered with a graphite crucible and cooled in the air. Then, the product was weighted
and assayed.

It was expected that remelting of oxides would lead to separation of the melt into metallic and oxide
phases, but the phase separation was not achieved (Experiment 1, Table 1). No separation was observed
even when a carbon-bearing reducing agent was added to the charge (Experiment 2, Table 1). This agent
was present in excess of stoichiometric quantity required for the reduction of lead and bismuth from oxides,
due to the presence in the oxides of significant amounts of high melting point compounds (Zn Pb, O,
CaPbO,_, etc.). Therefore, further smelting was carried out with addition of fluxes to the charge to form
a high melting point slag. Na,CO, consumption was calculated based on the achieved ratio of the total
mass of lead and bismuth to the mass of NaOH in the charge from 1 to 10, and SiO, consumption based on
produced slag containing 38-50 % of Si0O,. (Experiments 3 and 4, Table 1).

Table 1
Composition of the charge for the production of bismuth lead
Experiment Oxides, g Na,CO,, g SiO,, g Graphite, g
1 100 - - -
2 100 - - 5
3 100 15 11 7
4 100 66 25 5

The samples of treated bismuth oxides produced in the refining cycle of rough lead at Non-ferrous Al-
loys Production Branch of JSC “Uralelektromed”, and smelting products of the initial charge (Pb-Bi alloy,
slag, dust) were analyzed by various physical and chemical methods. Size distribution was determined by
screen analysis using a standard set of screens; bulk density — by weighing in a flask of known volume;
true density — using a measuring flask; moisture — by drying. To study the elemental composition, the oxide
sample was ground in a laboratory grinder to a particle size of less than 0.1 mm. The chemical composi-
tion of the analyzed materials was determined by atomic emission spectrometry with inductively coupled
plasma (Optima 4300 DV) and X-ray fluorescence spectrometry (S4 Explorer). The phase composition was
estimated by X-ray diffraction analysis on an automated diffractometer DRON-2 in Cu Ka-radiation, the
subsequent phase identification was carried out using the ICDD 2013 database. A JSM-59000LV scanning
electron microscope with an OXFORD INCA Energy 200 energy dispersive X-ray spectrometer was used
to determine the elemental composition of phases.

Results and their discussion

The results obtained (Table 2) confirm that the addition of fluxes and reducing agent to the charge leads
to generation of three phases: metallic, accumulating bismuth and lead; slag, which receives the major
amount of oxides; and dust and gas, concentrating elements and compounds with high elasticity of vapor.
In experiments 3 and 4 (Table 2) the following products are reduced from initial oxides, %: 89.0-93.6 Bi;
99.5-99.7 Pb; 0.2-0.4 Zn; ~30 Sb; 7.2 Sn with a transition to lead bismuth of the following composition,
%: 7.06-7.32 Bi; 80.6-81.6 Pb.

According to X-ray phase analysis, the main phases of the Pb-Bi alloy (experiments 3 and 4) are el-
emental lead and galena PbS (Fig. 1).

An increase in flux consumption (Experience 4, Table 1, 2) leads to an increase in mass of released
slag from 44.8 to 93.1 % of the amount of oxides. Silicate slags poor in target metals were obtained, %o:
0.06-0.08 Bi; 1.23-1.81 Pb; 3.3-6.7 Zn; 0.6-1.2 Sb; 0.7-1.6 As; 0.5-1.2 Sn; 17.9-21.6 SiO,; 22.5-36.7 Na,O;

Vol. 23 No. 3 2021 %



% OBRABOTKA METALLOV

-,

10

a — experiment 4; b — experiment 3; / — Pb, 2 — PbS
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Fig. 1. Diffractograms of bismuth lead:

MATERIAL SCIENCE
Table 2
Bismuth oxide melting products at a temperature of 1,150 °C
Product, Experiment No. 3: Content (), % / Distribution (¢) of the component, %
Q-ty, g Bi Pb Zn Sb As Sn
Alloy 67.3 7.06/89.0 81.64/99.0 0.03/0.4 1.15/32.2 — 0.17/7.2
Slag 44.8 0.06/0.5 1.81/1.0 6.72/46.9 1.24/23.1 1.55/39.9 1.17/33.6
Dust 20.8 2.69/10.5 - 16.29/52.8 5.16/44.7 5.03/60.1 4.43/59.1
Product, Experiment No 4: Content (), % / Distribution (g) of the component, %
Q-ty, g Bi Pb Zn Sb As Sn
Alloy 68.3 7.32/93.6 80.55/99.7 0.02/0.2 1.07/30.4 - -
Slag 91.3 0.08/1.4 1.23/2.0 3.31/47.0 0.61/23.1 0.65/34.1 0.46/27.2
Dust 36.4 0.73/5.0 - 3.39/52.7 3.07/46.5 3.15/65.9 3.12/72.8
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3.9-7.4 MgO; 2.5-6.3 CaO, which receive, %: 0.5-1.4 Bi; 1.5-2.0 Pb; ~47 Zn; 23 Sb; 34.1-39.9 As;

27.8-34.4 Sn. The phase composition of the slag (Experiments 3 and 4) is shown in Fig. 2.

The amount of fluxes (Na,CO,, SiO,) and reducing agent (graphite) taken in mass ratios (Table 3) was

varied to streamline the reduction smelting operations of bismuth oxides.

The amount of fluxes was taken on the basis of preliminary calculation of compositions slags in the
binary system of Na,0-SiO,, which allows predicting the melting temperature of the latter. The calcula-
tion was carried out in two alternatives based on possible yield of both meta- and ortho-silicates of sodium,
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Fig. 2. Diffractograms of slags in the production
of bismuth lead:
a — experiment 4; b — experiment 3; / — Na,CaSiO,,
2-NaMg,8i.0,,, 3 -MgO, 4—Pb, 5 - ZnS, 6 — PbS

37107

Table 3
Composition of the charge for reduction smelting of bismuth oxides
Experiment Oxides, g Na,CO,, g SiO,, g Graphite, g
5 100 15 11 7
6 100 15 26 5
7 100 22 13 3
8 100 33 12,5 5
9 100 66 25 5

whereby the proportion of SiO, was maintained at 45-75 % wt. %, according to the liquidus temperature
of 800-1100 °C.

The criterion which determined optimum conditions for the main operations of reduction smelting of
bismuth oxides is the recovery ratio of the target metals in the metallic phase (Tables 4 and 5).

Flux consumption is fundamental for smelt process performance. For experiments 5 and 7 the calcu-
lated composition of slags, %: 42.4-78.2 Na,O; 21.8-57.6 SiO,, based on the diagram of the binary system
state, should promote the phase separation, which in practice was not confirmed, demonstrating the absence
of complete melting of the material. Additional information can be received by switching to the ternary
system Na,O-Si0,-CaO, where imaging points of the assumed slag compositions, %: 67.8-70.2/33.8—
36.3 Na,0O; 19.6-22.4/41.9-46.0 SiO,; 9.9-10.2/20.2-21.8 CaO fall into areas with liquidus temperatures
of 1200-1500 °C, significantly higher than the target temperature.

Vol. 23 No. 3 2021 %
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Results of melting of bismuth oxides at a temperature of 1150 °C

Table 4

Optimization of the charge composition

Product, Experiment No 6: Content (), % / Distribution (¢) of the component, %
Q-ty, g Bi Pb Zn Sb As Sn
Alloy 67.3 7.06/89.0 81.64/99.0 0.03/0.4 1.15/32.2 - 0.17/7.2
Slag 44.8 0.06/0.5 1.81/1.0 6.72/46.9 1.24/23.1 1.55/39.9 1.17/33.6
Dust 20.8 2.69/10.5 - 16.29/52.8 5.16/44.7 5.03/60.1 4.43/59.1
Product, Experiment No 8: Content (), % / Distribution (¢) of the component, %
Q-ty, g Bi Pb Zn Sb As Sn
Alloy 68.3 7.32/93.6 80.55/99.7 0.02/0.2 1.07/30.4 - -
Slag 91.3 0.08/1.4 1.23/2.0 3.31/47.0 0.61/23.1 0.65/34.1 0.46/27.2
Dust 36.4 0.73/5.0 - 3.39/52.7 3.07/46.5 3.15/65.9 3.12/72.8
Product, Experiment No 9: Content (), % / Distribution (g) of the component, %
Q-ty, g Bi Pb Zn Sb As Sn
Alloy 68.3 7.32/93.6 80.55/99.7 0.02/0.2 1.07/30.4 - -
Slag 91.3 0.08/1.4 1.23/2.0 3.31/47.0 0.61/23.1 0.65/34.1 0.46/27.2
Dust 36.4 0.73/5.0 - 3.39/52.7 3.07/46.5 3.15/65.9 3.12/72.8
Operating time of bismuth lead
Product, Experiment No 9: Content (), % / Distribution (€) of the component, %
Q-ty, g Bi Pb Zn Sb As Sn
Alloy 67.5-74 4.32-8/ 52.3-86.7/ 0.03-0.34/ 2.5-2.9/ 0.28-0.76/ 0.7-0.93/
59.9-96 70.1-97 0.4-3.7 71.3-84.8 11.2-29.6 30.4-44.3
Slag 73-91 0.03-1.2/ 0.3-15.3/ 0.08-13.3/ 0.23-1.47/ 0.67-6.68/ 0.76-5.42/
0.5-20.4 0.4-25.3 3.6-78.2 7.1-55.7 28.4-48.3 41-54.9
Dust 36-55.5 — - — — - -
Table 5

Composition of slags in the Na,O-SiO, binary system

. Content in the slag, mass.%
Content in the charge, mass.% -
Estimated value Actual value

Oxides Na,CO, SiO, Na,O SiO, Na,O SiO,

15 11 46.5-78.2 | 21.8-53.5

22 13 424752 | 24.8-57.6 - -

100 15 26 26.9-78.2 | 21.8-73.2 25 75
33 12.5 43.3-759 | 24.1-56.7 65.6 344
66 25 27.6-61.2 | 38.8-72.4 | 44.7-60.8 | 39.2-55.3

Similar considerations can be applied to the composition of slag in systems Na,O-Si10,-MgO and Na,O-
Si0,-FeO. Consideration of multicomponent phase diagrams leads to similar results.
Increasing SiO, consumption to 26 % of the oxides while maintaining the proportion of Na,CO, at
15 % (Experience No. 7) leads to separation of the metallic and slag phases. In the resulting bismuth lead
(60 % of oxides), containing 8.2 % Bi and 93.4 % Pb, 90-92 % of these metals are extracted. The slag
(62 % of oxides) with a low bismuth content (0.11 % wt.) is characterized by a large proportion of lead (up

to 23.4 % wt.).
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The third melting product (24.1 % of oxides) is a dust-gas mixture. In general, with acceptable melting
rates, such a ratio of fluxes transfers the imaging point of the slag composition (%: 23.1 Na,0, 63.0 SiO,,
13.9 CaO) to the region where the liquidus temperature reaches 1,200 °C, as a result of which minor devia-
tions from the specified flow rates for the dosage of fluxes, possible in the practical implementation of the
process, will lead to disruption of its course.

An increase in the consumption of Na,CO, to 33 % of the amount of oxides led to similar results when
the share of SiO, was fixed at the level of 12.5 %. In this embodiment, the 55 % yield of the metal alloy of
the following composition, %: 7.3 Bi; 80.2 Pb, had low extraction of bismuth (75 %) and lead (80 %). Slag
yield amounted to 71 %, and contained, %: 0.8 Bi, 12.9 Pb, the imaging point of which on the Na,O-SiO,-
CaO diagram, %: 68.4 Na,O, 21.7 Si0,, 9.9 CaO, was closely adjacent to the area in which no delamination
had been observed earlier, and therefore to implement the process in practice, a high accuracy of dosage of
fluxes is required. The output of dust and gas during smelting was 24.1 % of the oxide content. A change
in the composition of the charge towards a simultaneous increase in the ratio of Na,CO, (66 %) and SiO,
(25 %) also leads to the delamination of condensed phases. Lead-bismuth alloy with the yield of 62 % con-
sists of 7.7 % Bi and 84.2 % Pb, while the target metals are quantitatively recovered in the alloy containing
89 % Bi and 94 % Pb.

The slag yield expectedly rises (up to 103 % of the oxides amount). The content of bismuth and lead
in the slag is low (%): 0.66 Bi; 11 Pb. It corresponds to the position of the imaging point on the diagram
Na,0-Si0,-Ca0, %: 23.7 Na,O, 62.1 SiO,, 14.2 CaO for the area with the liquidus temperature of
1,100-1,150 °C. It was observed that the yield of the gas and dust mixture had increased up to 30.9 %. The
reducing agent consumption of ~5 % is in line with the data on similar material treatment practice. The indi-
cated consumption rate takes into account the surplus of reducing agent compared to the stoichiometrically
necessary quantity for lead and bismuth recovery from oxides, and the change in the amount of the reducing
agent does not significantly influence the melting results.

Thus, the reduction smelting mode of bismuth oxides, %: 66 Na,CO,; 25 SiO,; 5-7 C, at the tempera-
ture of 1,150 °C, set during experiment 9 are optimum. Combined melting of bismuth oxides, Na,CO,,
Si0, and carbon at the ratio of 100 : 15 :26 : 5 and 100 : (33-66) : (13-26) : (5-7) allows splitting off the
bismuth lead alloy with the yield of 61.8-74.0 % of the oxide content. The obtained bismuth lead alloy has
the following composition (%): 7.1-8.0 Bi; 81.3—86.1 Pb; 0.08 Zn; 2.54 Sb; 0.76 As; 0.70 Sn; 0.99 Cu; 0.03
Ag. The ratio of metal recovery into alloy is the following (%): 95.6 Bi; 94.6 Pb; 0.8 Zn; ~71.3 Sb; 30.4 Sn;
67.5 Cu. According to the X-ray phase analysis findings the major phase of lead-bismuth alloy is elemental
lead.

Silicate slag with the yield of 73—103 % of the oxides was produced. Its composition was as follows, %:
0.03-1.20 Bi; 0.3-15.4 Pb; 5.9 Zn; 0.25 Sb; 0.99 As; 0.76 Sn; 0.02 Cu; 0.001 Ag; 24.0 SiO,; 55.6 Na,O;
7.7 MgO; 6.9 CaO; 0.5 FeO. The following elements go into the silicate slag, %: 6.6 Bi; 7.7 Pb; 78.2 Zn;
8.7 Sb; 41 Sn; 4.8 Cu. Phase composition of the slag includes Na,CaSiO,, Na,Mg,Si,0,,, MgO, Pb. The
third product of the melting is dust and gas mixture (40 - 43 %), where some of the charge target compo-
nents are concentrated, %: 21.0 Zn; 20.0 Sb; 22.1 As; 28.6 Sn; 27.7 Cu. Thus, the reduction smelting mode
of bismuth oxides (100 %), recommended for further studies and calculations, was set: 66 Na,CO;; 25 SiO,;
5-7 C; process temperature is 1,150 °C.

The content of impurities in the obtained alloy is significantly higher than accepted in the practice of
similar production processes. It might cause serious difficulties in the direct pyro-electrometallurgical pro-
cessing of lead bismuth. This is confirmed by the results of a laboratory experiment on the electrolytic refin-
ing of bismuth dross, %: 0.1-1.2 Bi; 0.6-12.0 Zn; 0.3 Sb; the rest percentage is Pb, obtained by Polymetal
Production branch of JSC “Uralelektromed”. The electrolyte was a melt of an equimolar eutectic mixture
of PbCl, and KCl, the process temperature was 823 K (550 °C). It was identified that besides bismuth
(6.4-30 % Bi), significant amount of electrically positive antimony (16.5 % Sb) accumulates in anode prod-
uct, which does not allow to obtain rough bismuth. Thus, it is required to include reagent treatment of the
alloy (decoppering, alkaline softening), similar to refining of rough Pb, at minimum bismuth loss with Cu
slurry and alkaline fusions. The reagent treated alloy can pass to pyrometallurgical stage.
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Conclusions

1. Combined melting of (1,100—1,150 °C) bismuth oxides, sodium carbonate, silicon dioxide and
carbon, taken in mass ratios of 100: (15-66) : (11-25) : (5-7), allows to convert 89.0-93.6 % of bis-
muth and 99.5-99.7 % of lead from original oxides in to lead bismuth, containing 7.06—7.32 % Bi and
80.6—81.6 % Pb. The main phase of lead bismuth alloy is elemental lead. The obtained alloy can be
further processed using conventional technologies for separation of bismuth and lead.

2. Increased consumption of flux results in enhanced yield of recyclable silicate slag with low content
of target metals, %: 0.06-0.08 Bi; 1.23—1.81 Pb; 3.3-6.7 Zn; 0.6—1.2 Sb; 0.7-1.6 As; 0.5-1.2 Sn; 17.9-21.6
Si0,; 22.5-36.7 Na,O; 3.9-7.4 MgO; 2.5-6.3 CaO, in which %: 1.4 Bi; 2 Pb; 47 Zn; 23 Sb; 33 Sn are con-
verted. The main slag phases are Na,CaSiO,, Na,Mg,Si,0,,, MgO, Pb, ZnS, PbS.

3. Combined melting (1,150 °C) of bismuth oxides, sodium carbonate, silicon dioxide and carbon, taken
in mass ratios of 100:15:26:5 and 100:(33-66):(13-26):(5—7) makes it possible to release lead bismuth (the
output is 61.8-74.0 % of the content of oxides) with the following composition, %: 7.1-8 Bi, 81.3—-86.1 Pb,
0.08 Zn, 2.54 Sb, 0.76 As, 0.7 Sn, 0.99 Cu, 0.03 Ag. Rates of metals extraction to alloy are 95.6 % for Bi,
94.6 % for Pb, 0.8 % for Zn, 71.3 % for Sb, 30.4 % for Sn, 67.5 % for Cu. The main phase of the alloy is
elemental lead.

4. Increased flux consumption (66 % Na,CO,, 25 % SiO, of Bi-oxides) makes it possible to obtain eas-
ily fusible recyclable silicate slag (the output is 73 - 103 % of Bi-oxides) with the following composition,
%: 0.03-1.20 Bi, 0.3-15.4 Pb, 5.9 Zn, 0.25 Sb, 0.99 As, 0.76 Sn, 0.02 Cu, 24.0 SiO,, 55.6 Na,O, 7.7 MgO,
6.9 CaO, 0.5 FeO. The following elements are recovered to slag, %: 6.6 Bi, 7.7 Pb, 78.2 Zn, 8.7 Sb, 41.0
Sn, 4.8 Cu. Na,CaSiO,, Na,Mg,Si,0,,, MgO, Pb are the main phases.

5. The optimal mode of reduction smelting is determined for bismuth oxides (100 %) to obtain lead
bismuth with %: 66 Na,CO,, 25 Si0O,, 5-7 C. The process temperature is 1,150 °C. The presence of impu-
rities makes it necessary to introduce reagent treatment of lead bismuth into the technological scheme for
processing of bismuth oxides. Decoppering and alkaline softening will make it possible to obtain a Pb-Bi
alloy suitable for pyroelectrometallurgical processing.

References

1. Yukhin Yu.M., Mikhailov Yu.l. Khimiya vismutovykh soedinenii i materialov [ Chemistry of bismuth compounds
and materials]. Novosibirsk, SB RAS Publ., 2001. 360 p.

2. Emsley J. The Elements. Oxford, Clarendon Press, 1991 (Russ. ed.: Emeli Dzh. Elementy. Moscow, Mir Publ.,
1993. 256 p. ISBN 5-03-002422-0).

3. Smirnov M.P. Rafinirovanie svintsa i pererabotka poluproduktov [Lead refining and processing of semi-
products]. Moscow, Metallurgiya Publ., 1977. 280 p.

4. Polyvyannyi [.R., Ablanov A.D., Batyrbekova S.A. Vismut [Bismuth]. Alma-Ata, Nauka Publ., 1989. 316 p.

5. Fedorov PI. Khimiya i tekhnologiyva malykh metallov. Vismut i kadmii [Chemistry and technology of small
metals. Bismuth and Cadmium]. Moscow, MIHM Publ., 1986. 92 p.

6. Lu D., Jin Z., Chang Y., Sun S. Mechanism of debismuthizing with calcium and magnesium. Transactions of
Nonferrous Metals Society of China, 2013, vol. 23, pp. 1501-1505. DOI: 10.1016/S1003-6326(13)62622-9.

7. Castle J.F., Richards J.H. Lead refining: current technology and a new continuous process. Advance in
Extractive Metallurgy. London, The Institution of Mining and Metallurgy, 1977, pp. 217-234. ISBN 0900488379.

8. Hibbins S.G., Closset B., Bray M. Advances in the refining and alloying of low-bismuth lead. Journal of Power
Sources, 1995, vol. 53, pp. 75-83. DOI: 10.1016/0378-7753(94)02007-P.

9. Betterton J.O., Lebedeff Y. Debismuthing lead with alkaline earth metals. Transactions of AIME, 1936,
vol. 121, pp. 205—225.

10. Evers D. Debismuthing by the Kroll-Betterton process. Metallhuttenw, 1949, vol. 2, pp. 129—133.

11. Davey T.R.A. Debismuthing of lead. Journal of Metals, 1956, vol. 3, pp. 341-350.

12. Iley J.D., Ward D.H. Development of a continuous process for the fine debismuthizing of lead. Advance in
Extractive Metallurgy. London, The Institution of Mining and Metallurgy, 1977, pp. 133—139. ISBN 0900488379.

13. Hancock P., Harris R. Solubility of calcium—magnesium—bismuth intermetallic in molten lead. Candian
Metallurgy Quarterly, 1991, vol. 30, pp. 275-291.

CM Vol 23 No. 32021



MATERIAL SCIENCE OBRABOTKA METALLOV %

14. Lu D., Liu X., Ye G. Thermodynamical analysis of debismuthizing mechanism with calcium and magnesium.
Journal of Shenyang Institute of Gold Technology, 1997, vol. 16 (2), pp. 110—115. (In Chinese).

15. Davey T.R.A. The physical chemistry of lead refining. Lead-Zinc-Tin 80: Proceedings of the World Symposium
on Metallurgy and Environmental Control, TMS-AIME: Metallurgical Society of AIME, 1980, pp. 477-506.
ISBN 0895203588. ISBN 9780895203588.

16. Lu D., Jin Z., Jiang K. Fine debismuthizing with calcium, magnesium and antimony. Transactions of
Nonferrous Metals Society of China, 2011, vol. 21 (10), pp. 2311-2316. DOI: 10.1016/S1003-6326(11)61013-3.

17. Zhang J.S. A review of steel corrosion by liquid lead and lead—bismuth. Corrosion Science, 2009, vol. 51,
pp- 1207—1227. DOI: 10.1016/j.corsci.2009.03.013.

18. Manas P., Jung [.H. Thermodynamic modeling of the Mg—Bi and Mg—Sb binary systems and short-range-
ordering behavior of the liquid solutions. Computer Coupling of Phase Diagrams and Thermochemistry, 2009,
vol. 33, pp. 744=754. DOI: 10.1016/j.calphad.2009.10.002.

19. Notin M., Mejbar J., Bouhaijb A., Charles J., Her J. The thermodynamic properties of calcium intermetallic
compounds. Journal of Alloys and Compounds, 1995, vol. 220, pp. 62—75.

20. Fan J., Wang G., Li Q., Yang H., Xu S., Zhang J., Chen J., Wang R. Extraction of tellurium and high purity
bismuth from processing residue of zinc anode slime by sulfation roasting-leaching-electrodeposition process.
Hydrometallurgy, 2020, vol. 194, p. 105348. DOI: 10.1016/j.hydromet.2020. 105348.

21. Khodov N.V., Smirnov M.P., Kuznetsov O.K., Smirnov K.M. Sposob gidrometallurgicheskoi pererabotki
shchelochnogo sul fidno-sul fatnogo plava ot plavki svintsovogo kontsentrata [Method of hydrometallurgical
processing of alkaline sulfide-sulfate melt from melting of lead concentrate]. Patent RF, no. 2046832, 1995.

22. Zarubitsky O.G., Suturin S.N., Omelchuk A.A., Melekhin V.T., Koryukov Yu.S., Dyakov V.E., Budnik V.G.,
Bandur T.A., Yakovlev M.A., Nikitina V.D. Sposob pererabotki splavov, soderzhashchikh svinets i vismut [Method
of processing alloys containing lead and bismuth]. Patent RF, no. 1192411, 2012.

23. Yukhin Yu.M., D’yakov V.E., Maksimov L.N., Fedchenko A.l., Sobolev V.V. Sposob polucheniya vismuta
iz ego oksisoedinenii [A method for obtaining bismuth from its oxy compounds]. Inventor’s Certificate USSA,
no. 1106162, 2011.

24, Liu Weifeng, Fu Xinxin, Deng Xunbo, et al. Method of conducting low-temperature reduction melting of
bismuth-containing compounds. Patent CN, no. 106048224, 2016.

Conflicts of Interest

The authors declare no conflict of interest.

© 2021 The Authors. Published by Novosibirsk State Technical University. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).

Vol. 23 No. 3 2021 %



