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Abstract: With the declining quality of feedstock in the copper industry, maintaining metal recovery rates and controlling production 

costs for non-ferrous and precious metals has become increasingly critical. A key research priority is therefore the development 

of processing strategies that not only concentrate target metals into f lotation products but also recover valuable minor elements 

previously lost with slags and f lue dust. One approach involves designing process f lowsheets that integrate hydrometallurgical and 

beneficiation operations. Previous studies have demonstrated the effectiveness of combining autoclave leaching and f lotation for 

decopperization of copper anode slimes and their concentration in gold, silver, and selenium. However, autoclave leaching requires 

significant capital and operating expenditures. For this reason, a series of tests was carried out on aeration leaching (decopperization) 

of copper anode slimes followed by f lotation, yielding promising results. This study examined the inf luence of aeration leaching 

conditions (temperature, agitation, and specific oxidant consumption—air and oxygen), disintegration of the leached product, and 

f lotation parameters on the selective separation of oxide and chalcogenide phases and the quality of the resulting concentrates. Based 

on the experimental results, process operations were developed that make it possible to concentrate precious metals in copper anode 

slimes two- to threefold without the use of autoclave leaching. Optimal conditions and equipment configurations were determined 

for deep decopperization of slimes (to less than 0.5–0.8 % residual copper). An acceptable degree of separation of precious-metal 

chalcogenides from lead and antimony oxides was achieved, enabling downstream recovery of marketable products from the respective 

concentrates. Analytical characterization of the products was performed using scanning electron microscopy (SEM) and energy-

dispersive X-ray spectroscopy (EDS). The findings contribute to the development of an integrated hydrometallurgical technology for 

processing copper anode slimes.. 
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Introduction

Copper anode slimes represent a unique feedstock 

for recovering not only precious metals but also chal-

cogens, which worldwide are predominantly extract-

ed from primary copper-bearing raw materials [1—4]. 

The conventional global practice of slime processing, 

yielding Doré (silver—gold alloy), enables the separa-

tion of precious and base metals as well as selenium 

and tellurium. During oxidative roasting, selenium 

transitions into the gas phase as dioxide and is sub-

sequently recovered from wet gas-cleaning solutions. 

In the smelting of the calcine, tellurium is transferred 
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Аннотация: В условиях ухудшения качества сырья в медной подотрасли проблема сохранения параметров извлечения и себе-

стоимости цветных и благородных металлов становится еще более важной. Поэтому приоритетной задачей для исследовате-

лей является разработка технологических приемов, позволяющих не только концентрировать целевые металлы в обогащенные 

продукты, но и извлекать ранее теряемые со шлаками и пылями ценные элементы-примеси. Одним из способов ее решения яв-

ляется создание технологических схем, сочетающих гидрометаллургические и обогатительные операции. Ранее проведенны-

ми исследованиями была показана эффективность применения автоклавных процессов и флотации для обезмеживания меде-

электролитного шлама и его обогащения по золоту, серебру и селену. Однако применение автоклавных процессов требует боль-

ших капитальных и текущих затрат. Поэтому был проведен цикл экспериментов по аэрационному обезмеживанию шлама с 

последующей флотацией и получены соответствующие результаты опытов. В настоящей работе было изучено влияние условий 

аэрационного выщелачивания (температуры, условий перемешивания, удельного расхода окислителя – воздуха и кислорода), 

дезинтеграции полученного продукта, а также параметров флотации на селективность разделения оксидной и халькогенидной 

фаз и качество получаемых при этом концентратов. По результатам экспериментов разработаны технологические операции, 

позволяющие обогащать медеэлектролитные шламы в 2–3 раза по содержанию драгоценных металлов без использования ав-

токлавных процессов. Определены условия и аппаратурное оформление для глубокого обезмеживания шлама (менее 0,5–0,8 % 

остаточного содержания меди). Достигнут приемлемый уровень разделения халькогенидов драгоценных металлов и оксидных 

соединений свинца и сурьмы, что позволит в дальнейшем извлекать при переработке соответствующих концентратов товар-

ные продукты. Приведены результаты анализа получаемых продуктов с использованием методов РЭМ и РСМА. Полученные 

данные являются вкладом в создание комплексной гидрометаллургической технологии переработки анодных шламов медного 

производства.
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into soda slags, which are further processed to obtain 

commercial tellurium, while heavy minor metals such 

as lead and antimony are distributed into silicate or 

other slags [1; 5—7]. 

These processes are characterized by significant 

fuel and energy consumption and relatively low efficien-

cy due to:

— limited recovery of precious metals, selenium, and 

tellurium, caused by the large quantities of waste gen-

erated—slags, dust, furnace refractories, and off-gases 

from roasting and smelting units; 



56

Izvestiya. Non-Ferrous Metallurgy  •  2025  •  Vol. 31  •  No. 3 •  P. 54–65 

Mastyugin S.A., Timofeev K.L., Voinkov R.S., Volkova S.V. Processing of copper anode slimes by aeration leaching (decopperization)... 

— the environmental impact of these wastes (con-

taining substances of hazard classes I—II) and the asso-

ciated costs of multistage gas cleaning, which can reach 

up to 10 % of production costs;

— additional losses of lead, antimony, and tin to slags 

and other by-products. 

Therefore, the development of new, as well as the 

improvement of existing, slime treatment operations 

and the creation of advanced, high-efficiency techno-

logies for the comprehensive processing of copper anode 

slimes with maximum recovery of valuable components 

remain pressing objectives.

Among the most notable international develop-

ments, pilot tests, and in some cases industrial imple-

mentations, hydrometallurgical technologies for anode 

slime processing are considered highly promising. They 

have been applied at enterprises such as Kennecott Utah 

Copper Magna (USA) [8], Naoshima Smelter and Re-

finery (Japan) [9], Outokumpu Technology Oy (Fin-

land) [10], and Yunnan Smelter (China) [11]. Recent 

studies include work on leaching metal chalcogenides 

from slimes in alkaline solutions [12; 13], sintering 

slimes to convert minor elements into soluble forms [14], 

as well as analyses of combined pyro- and hydrometal-

lurgical approaches [15]. 

Based on the analysis of advantages and limitations 

of the proposed flowsheets and individual operations 

[9], as well as our own research and laboratory trials, we 

developed a technology for slime processing involving 

autoclave oxidative leaching followed by flotation [16]. 

Pilot-scale testing produced a flotation concentrate 

containing more than 80—85 % of Au + Ag + Se. The 

recovery of gold and silver into the high-grade concen-

trate reached 96—98 %. The secondary concentrate, 

with 40 % Pb and 20 % Sb, essentially represents a rich 

lead—antimony concentrate. Despite the advantages 

of this technology, decopperization and preparation of 

slimes for flotation under autoclave conditions requires 

high capital and operating expenditures. 

The aim of this study was to evaluate the feasibility of 

replacing autoclave leaching of slimes with a less costly 

alternative based on aeration leaching (decopperization) 

followed by flotation of the decopperized slime, and to 

analyze this approach in the context of its use as a pre-

liminary stage in an integrated technology for process-

ing copper anode slimes.

Aeration leaching (decopperization): 
procedure and results 

Aeration treatment of the slime slurry was carried 

out in a 50-dm3 “Bourbon” type reactor equipped with 

gas dispersers1. As dispersion (air or oxygen) ensured 

maximum contact area between the gas phase and the 

slime pulp by generating bubbles 0.05—0.30 mm in size. 

In one of the experiments, a mechanochemical activa-

tor was tested. The experimental conditions are sum-

marized in Table 1. 

Figure 1 shows the results of the experiments:

— in Test 2, a mechanochemical activator was used, 

which blocked the leaching process: the elemental cop-

per present in the slime apparently sealed the reactive 

surface of the material; 

— in Tests 1 and 2, the required copper content 

(<3 %) in the solid phase of decopperization was not 

achieved, indicating that the use of air as an oxidant is 

ineffective for deep decopperization of copper anode 

slimes, regardless of flow rate;

— the use of oxygen as an oxidant (Tests 3—6) made 

it possible to achieve the target copper content in the de-

copperized residue;

— the duration of decopperization with oxygen de-

pended on its flow rate and the solid—liquid ratio in the 

slurry.

Based on pilot-scale laboratory trials, the op-

timal oxygen consumption was determined to be 

715 m3 (31.9 kg) per 1 t of processed slime. Changing 

the solid—liquid ratio from 1 : 10 to 1 : 5 (Test 6) 

increased the decopperization time from 5 to 9 h 

Fig. 1. Change in copper content in slimes over time under 

different test conditions

The numbering of the curves corresponds to the test number 

(see Table 1)

Рис. 1. Изменение содержания меди в шламе 

по времени в зависимости от условий опытов

Нумерация кривых соответствует № опыта (см. табл. 1)

1 Experiments were conducted on equipment and with tech-

nical support provided by BFK-Engineering (Moscow).



Известия вузов. Цветная металлургия  •  2025  •  Т. 31  •  № 3 •  С. 54–65

57

Мастюгин С.А., Тимофеев К.Л., Воинков Р.С., Волкова С.В. Обогащение медеэлектролитных шламов по технологии «аэрационное...

and significantly increased oxygen consumption 

(1839 m3/t).

Visual inspection and monitoring of the ceramic gas 

dispersers during decopperization indicated that fluoro-

polymer-based materials such as PTFE should be used 

for gas dispersion.

It is known that in unprocessed anode slime, cop-

per is mainly present in elemental form, with a smaller 

fraction occurring as chalcogenides—primarily cop-

per—silver selenides and tellurides. Previous studies 

established that during leaching, elemental copper 

dissolves first, whereas chalcogenides, which require a 

higher oxidation potential, leach at a later stage. Thus, 

copper can be oxidized with air down to a residual cop-

per content in the slime of 3—6 %, while deeper decop-

perization (to 0.5—1.0 %) requires oxygen under ele-

vated pressure, higher initial solution acidity, and ef-

ficient gas—slurry contact. It was also established that 

using a solution containing 200 g/dm3 sulfuric acid 

during decopperization reduces tellurium dissolution 

to 5—8 %, whereas in autoclave treatment tellurium 

dissolution may reach 25—40 %.

Deep decopperization of slime while maximizing 

selenium and tellurium retention is important for the 

effective separation of the chalcogenide and oxide com-

ponents of decopperized copper anode slimes during 

flotation processing. 

Flotation processing: 
methodology and results 

Phase analysis of copper anode slimes [1; 17] estab-

lished that in the decopperized slime, gold is mainly 

present in elemental form, silver occurs as silver sele-

nide, while lead and antimony are present as oxides 

(sulfates, antimonates, arsenates, etc.). In global prac-

tice of sulfide ore processing, f lotation methods are 

widely used to separate oxide minerals from chalco-

genides (sulfides, selenides, tellurides). These methods 

are based on differences in the wettability of minerals 

in aqueous media, with f lotation reagents used to reg-

ulate this process.

For the flotation experiments on decopperized slime, 

samples of the residues obtained after Tests 3—6 were 

taken. The analysis of these samples for precious metals, 

lead, and antimony is presented in Table 2.

Bulk f lotation of the decopperized slime was car-

ried out at pH = 1.5 and a solid—liquid ratio of 1 : 

10. The total consumption of f lotation reagents was 

450—470 g/t of Aerof lot and 50—65 g/t of MIBK 

(methyl isobutyl carbinol). The duration of the bulk 

f lotation cycle was 51—62 min. The bulk concen-

trate was then subjected to regrinding in a bead mill, 

followed by cleaner f lotation stages. Initially, com-

parative experiments were performed on f lotation 

Table 1. Experimental conditions for aeration leaching (decopperization)

Таблица 1. Условия проведенных экспериментов по аэрационному обезмеживанию

Parameter
Test No.

1 2* 3 4 5 6

Moisture content of slime, % 25.8 25.8 31 31 26 26

Copper content in slime, % 27.7 27.7 27.1 27.1 27.0 27.0

Slime mass (dry basis), kg 3.9 3.4 4.2 4.2 3.9 9.4

Initial H2SO4 concentration, g/dm3 198.7 204 210 188 196.7 170

Agitation speed, rpm 262 262 315 315 315 315

Solid–liquid ratio (S : L) 1 : 10 1 : 10 1 : 10 1 : 10 1 : 10 1 : 5

Process temperature, °С 94–95 94–95 94–95 94–95 94–95 94–95

Air flow rate, L/min 20 18–19 – – – –

Oxygen flow rate, L/min – – 8 10 20 32

Gas consumption, m3/t of slime 3073.6 2542.6 801.3 715.4 1229.5 1838.5

Duration of leaching, h 10 8 7 5 4 9

* Test involving mechanochemical activation.
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processing of copper anode slime from Test 6 (with-

out regrinding and with regrinding). For concen-

trate regrinding, a 2.0 L bead mill manufactured by 

Knelson—Deswik, operating in a circulating mode, 

was used.

Bead milling of the slime to a particle size of 4—

6 μm was previously justified by the need to break 

down silver selenide spheroids (average size 8—

10 μm) that encapsulate oxide compounds of lead, an-

timony, and arsenic [18—19]. Achieving this particle 

size increased the transfer of these compounds into 

the secondary f lotation product, thereby improving 

the quality of the f lotation concentrate. As an exam-

ple, Fig. 2 presents the particle size distribution of the 

concentrate from decopperization Test 6 after bead 

milling, measured with a HELOS Particle Size Ana-

lyzer (Sympatec). 

Comparative f lotation results for decopperized 

copper anode slime processed according to the f low-

sheet “aeration leaching (decopperization) — flota-

tion — concentrate regrinding”, with and without re-

grinding of the bulk concentrate, are presented in 

Table 3. Analysis of these data shows that without 

regrinding, the gold content in the second cleaner con-

centrate is lower by 22.0 % and the silver content by 

10—16 % compared with the second cleaner concen-

trate obtained after regrinding of the bulk concentrate. 

Therefore, regrinding of the bulk concentrate prior to 

cleaner f lotation is justified. 

The f lowsheet for open-circuit f lotation tests with 

concentrate regrinding and 4—5 cleaner stages of the 

bulk f lotation concentrate is shown in Fig. 3. In the 

first cleaner stage of the reground concentrate, Aero-

f lot and MIBK were added, except for the slime sam-

ple from Test 6. The highest reagent consumption 

was 230 g/t of Aerof lot and 60 g/t of MIBK, with a 

cleaner f lotation time of 38 min for the slime sample 

from Test 5. Water glass at a dosage of 300 g/t was 

added in the second, third, fourth, and fifth cleaner 

stages.

The flotation reagent regimes for copper anode slime 

samples from Tests 3—6 (see Table 1), along with the du-

ration of the flotation stages, are presented in Table 4.

Technological performance indicators of f lotation 

processing of decopperized copper anode slime ac-

cording to the f lowsheet “flotation — cleaner f lotation 

of the concentrate” are presented in Table 5.

The summarized results of slime flotation are pre-

sented in Table 6. 

Table 2. Chemical composition of decopperized slime 
residues (Tests 3–6)

Таблица 2. Химический состав проб исходного шлама 

после опытов 3–6

Residue 

(Test No.)

Metal content, %

Au Ag Pb Sb

3 0.57 13.44 4.59 14.50

4 0.66 13.78 5.70 15.00

5 0.66 16.13 7.00 15.02

6 0.77 16.36 7.48 14.21

Fig. 2. Particle size distribution of the bulk flotation concentrate of decopperized slime obtained in Test 6 

(see Table 2)

Рис. 2. Результаты гранулометрического анализа коллективного концентрата флотации обезмеженного шлама, 

полученного в опыте 6 (см. табл. 2)
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Discussion

The results indicate that through the use of hydro-

metallurgical operations — namely aeration decop-

perization and f lotation processing — the degree of 

concentration of copper anode slime can be increased 

by a factor of 2.5—3.0, with a corresponding rise in 

gold and silver content. In addition, the f lotation tails 

represent an oxide concentrate rich in lead and anti-

mony. 

The concentrate after cleaner f lotation and the 

final tails were examined using a Carl Zeiss EVO 

MA15 scanning electron microscope with X-Max 

EDX system (Germany). The results are presented in 

Fig. 4.

The obtained concentrate of precious metals and 

chalcogenides requires further upgrading and subse-

quent separation of gold, silver, and selenium. Its main 

constituent is refractory silver selenide, and the se-

paration of these components necessitates the appli-

cation of specialized, potentially unique, technolog-

ical operations. The recovery of antimony, lead, and 

other non-ferrous metals present in copper anode 

slimes has been addressed in a number of publications 

[20; 21]. For processing f lotation tails, which consist 

mainly of oxide compounds of lead and antimony, a 

previously developed integrated technology may be 

applied: in stage 1, leaching of lead sulfate with con-

ventional complexing agents; in stage 2, electrolysis of 

an antimony — lead anode in an alkaline — glycerate 

solution, producing commercial antimony while si-

multaneously precipitating lead from the electrolyte as 

Table 3. Comparative flotation results for anode 
slime from Test 6 according to the flowsheet “flota-
tion – concentrate regrinding”, with and without bulk 
concentrate regrinding

Таблица 3. Сравнительные показатели обогащения 

шлама из опыта 6 по схеме «флотация – доводка 

концентрата» без измельчения и с доизмельчением 

коллективного концентрата

Product
Yield, 

%

Mass 

fraction, %

Recovery, 

%

Au Ag Au Ag

Without  bulk 

concentrate  regrinding

Concentrate 41.77 1.34 29.8 72.54 76.09

Second cleaner tails 8.80 0.89 20.16 10.15 10.85

First cleaner tails 12.97 0.58 10.46 9.75 8.29

Bulk flotation 63.54 – – 92.44 95.23

Flotation tails 36.46 0.16 2.14 7.56 4.77

Feed (slime) 100.00 0.77 16.36 100.00 100.00

With bulk concentrate regrinding 

in a bead mill

Concentrate 25.76 1.71 35.61 60.14 59.50

Second cleaner tails 5.34 0.97 21.78 7.09 7.54

First cleaner tails 30.31 0.58 14.09 24.06 27.70

Bulk flotation 61.41 – – 91.29 97.74

Flotation tails 38.59 0.165 2.1 8.71 5.26

Feed (slime) 100.00 0.73 15.42 100.00 100.00

Fig. 3. Flowsheet of open-circuit flotation tests

Рис. 3. Схема проведения флотационных опытов 

в открытом цикле
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Table 4. Process and reagent regimes for flotation processing of copper anode slime samples (see Table 1) 
according to the flowsheet “bulk flotation – ultrafine regrinding of the bulk concentrate – cleaner flotation 
of the bulk concentrate”
Таблица 4. Технологический и реагентный режимы обогащения образцов шлама (см. табл. 1) 

по схеме «основная флотация – ультратонкое измельчение концентрата основной флотации–перечистка 

концентрата основной флотации»

Stage
Slurry 

pH 

Reagent consumption, g/t
Duration, 

minH2SO4 

(1 :1 )
CuSO4

Aeroflot (sodium

 butyl xanthate)

MIBK (methyl 

isobutyl carbinol)

Water 

glass

Sl ime sample from Test  3

Agitation 25335 66.7 – – – –

Bulk flotation 1.49 – – 450 50 – 52

Regrinding of bulk concentrate – – – – – – 12

1st cleaner flotation of the bulk concentrate 1.57 – – 50 10 – 22

2nd cleaner flotation of the bulk concentrate 1.6 – – – – 300 21

3rd cleaner flotation of the bulk concentrate 1.6 – – – – 300 14

4th cleaner flotation of the bulk concentrate 1.7 – – – – 300 13

5th cleaner flotation of the bulk concentrate 1.7 – – – – 300 10

Slime sample from Test  4

Agitation – 22520 66.7 – – –

Bulk flotation 1.49 – – 450 50 – 52

Regrinding of bulk concentrate – – – – – – 12

Agitation – 16890 – – – – –

1st cleaner flotation of the bulk concentrate 1.55 – – 120 30 – 18

2nd cleaner flotation of the bulk concentrate 1.62 – – – – 300 13

3rd cleaner flotation of the bulk concentrate 1.6 – – – – 300 11

4th cleaner flotation of the bulk concentrate 1.7 – – – – 300 10

5th cleaner flotation of the bulk concentrate 1.7 – – – – – 10

Slime sample from Test  5

Agitation – 22520 66.7 – – – –

Bulk flotation 1.5 – – 450 50 – 52

Regrinding of bulk concentrate – – – – – – 12

Agitation – 19705 – – – – –

1st cleaner flotation of the bulk concentrate 1.64 – – 230 60 – 38

2nd cleaner flotation of the bulk concentrate 1.57 – – 100 10 300 24

3rd cleaner flotation of the bulk concentrate 1.6 – – – – 300 20

4th cleaner flotation of the bulk concentrate 1.7 – – – – 300 17

5th cleaner flotation of the bulk concentrate 1.7 – – – – 300 10

Slime sample from Test  6

Agitation – 33780 66.7 – – – –

Bulk flotation 1.5 – – 470 65 – 61

Regrinding of bulk concentrate – – – – – – 12

Agitation – 7037 – – – – –

1st cleaner flotation of the bulk concentrate 1.7 – – – – – 18

2nd cleaner flotation of the bulk concentrate 1.6 – – – – 300 15

3rd cleaner flotation of the bulk concentrate 1.6 – – – – 300 13

4th cleaner flotation of the bulk concentrate 1.7 – – – – 300 11

Agitation – 33780 66.7 – – – –

Bulk flotation 1.5 – – 450 50 – 52

Agitation – 28150 66.7 – – – –

Bulk flotation 1.5 – – 450 50 – 52

1st cleaner flotation of the bulk concentrate 1.7 – – – – 300 15

2nd cleaner flotation of the bulk concentrate 1.7 – – – – – 8
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Table 5. Technological performance indicators of slime flotation processing

Таблица 5. Технологические показатели флотационного обогащения шлама

Product Yield, %
Metal content in product, % / metal recovery to product, %

Au Ag Pb Sb

Slime sample from Test  3

Concentrate 22.59 1.36 / 54.23 35.97 / 60.45 1.63 / 8.03 2.9 / 4.52

5th cleaner tails 7.35 1.22 / 15.83 31.29 / 17.11 3.2 / 5.13 5.3 / 2.69

4th cleaner tails 4.17 0.97 / 7.14 22.7 / 7.04 5.4 / 4.90 7.8 / 2.24

3rd cleaner tails 3.50 0.73 / 4.51 14.98 / 3.90 5.7 / 4.35 13.5 /3.26

2nd cleaner tails 6.80 0.57 /6.84 11.94 / 6.04 6.1 / 9.04 14.2 / 6.66

1st cleaner tails 16.91 0.166 / 4.96 2.44 /3.07 6.7 / 24.7 21.1 /24.61

Bulk flotation stage 61.32 93.51 (recovery) 97.61 (recovery) – –

Final tails 38.68 0.095 / 6.49 0.83 / 2.39 5.2 / 43.85 21.0 / 56.02

Feed (slime) 100.00 0.57 / 100.00 13.44 / 100.00 4.59 / 100.00 14.50 / 100.00

Slime sample from Test  4

Concentrate 21.67 1.69 / 55.15 36.31 / 57.12 3.00 / 11.41 2.90 / 4.19

5th cleaner tails 5.18 1.23 / 9.60 31.95 / 12.01 2.9 / 2.64 4.4 / 1.52

4th cleaner tails 3.04 1.06 / 4.85 24.94 / 5.50 4.9 / 2.62 7.5 / 1.52

3rd cleaner tails 4.38 0.90 / 5.94 19.90 / 6.33 6.1 / 4.69 11.5 / 3.36

2nd cleaner tails 8.49 0.70 / 8.95 14.63 / 9.02 6.1 / 9.09 15.2 / 8.60

1st cleaner tails 17.13 0.311 / 8.02 5.27 / 6.55 6.5 / 19.55 20.2 / 23.06

Bulk flotation stage 59.89 92.51 (recovery) 96.53 (recovery) – –

Final tails 40.11 0.124 / 7.49 1.19 / 3.47 7.1 / 50.00 21.6 / 57.75

Feed (slime) 100.00 0.66 / 100.00 13.78 / 100.00 5.70 / 100.00 15.00 / 100.00

Slime sample from Test  5

Concentrate 30.75 1.35 / 63,04 36.29 / 69.19 1.68 / 7.38 2.9 / 5.94

5th cleaner tails 1.34 1.01 / 2,06 23.22 / 1.93 6.6 / 1.26 7.8 / 0.70

4th cleaner tails 3.38 1.24 / 6,36 28.68 / 6.01 4.3 / 2.08 7.1 / 1.60

3rd cleaner tails 6.27 1.02 / 9,71 24.31 / 9.45 6.2 / 5.56 10.6 / 4.43

2nd cleaner tails 8.33 0.6 / 7,59 14.4 / 7.44 15.5 / 18.45 15.3 / 8.49

1st cleaner tails 19.25 0.152 / 4,44 2.89 / 3.45 8.9 / 24.49 21.2 / 27.16

Bulk flotation stage 69.32 93.20 (recovery) 97.47 (recovery) – –

Final tails 30.68 0.146 / 6,80 1.33 / 2.53 9.3 / 40.78 25.3 / 51.68

Feed (slime) 100.00 0.66 / 100.00 16.13 / 100.00 7.00 / 100.00 15.02 / 100.00

Slime sample from Test  6

Concentrate 64.80 1.09 / 90.85 23.78 / 94.58 – –

Final tails 35.20 0.202 / 9.15 2.51 / 5.42 – –

Feed (slime) 100.00 0.78 / 100.00 16.29 / 100.00 – –

Concentrate 41.77 1.34 / 72.54 29.8 / 76.09 – –

2nd cleaner tails 8.80 0.89 / 10.15 20.16 / 10.85 – –

1st cleaner tails 12.97 0.58 / 9.75 10.46 / 8.29 – –

Bulk flotation stage 63.54 92.44 (recovery) 95.23 (recovery) – –

Final tails 36.46 0.16 / 7.56 2.14 / 4.77 – –

Feed (slime) 100.00 0.77 / 100.00 16.36 / 100.00 – –

Concentrate 23.34 1.77 / 56.54 36.9 / 55.86 2.6 / 8.12 2.3 / 3.78

4th cleaner tails 0.94 1.02 / 1.31 20.94 / 1.28 7.1 / 0.89 7.7 / 0.51

3rd cleaner tails 1.48 1.13 / 2.29 24.57 / 2.36 6.6 / 1.31 8.4 / 0.87

2nd cleaner tails 5.34 0.97 / 7.09 21.78 / 7.54 7.1 / 5.07 10.5 / 3.95

1st cleaner tails 30.31 0.58 / 24.06 14.09 / 27.70 10.3 / 41.76 12.7 / 27.08

Bulk flotation stage 61.41 91.29 (recovery) 97.74 (recovery) – –

Final tails 38.59 0.165 / 8.71 2.1 / 5.26 8.3 / 42.85 23.5 / 63.81

Feed (slime) 100.00 0.73 / 100.00 15.42 / 100.00 7.48 / 100.00 14.21 / 100.00
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Table 6. Flotation results for decopperized slime

Таблица 6. Результаты флотации обезмеженного шлама

Test 

No.

Metal content 

in the bulk concentrate, %

Metal recovery 

to the bulk concentrate, %

Metal content 

in flotation tails, %

Au Ag Σ Pb + Sb Au Ag Au Ag Σ Pb + Sb

3 1.36 35.97 4.53 93.51 97.61 0.095 0.83 26.2

4 1.69 36.31 5.90 92.51 96.53 0.124 1.19 28.7

5 1.35 36.29 4.58 93.20 97.47 0.146 1.33 34.6

6 1.09 23.70 4.90 91.29 97.75 0.165 2.1 31.8

Fig. 4. Results of semi-quantitative chemical analysis of (a) the flotation concentrate after cleaner flotation and (b) 

the final flotation tails

Рис. 4. Результаты полуколичественного химического анализа концентрата флотации после перечисток (а) 

и отвальных хвостов обогащения (b)

a

b
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lead sulfide concentrate [22]. Alternatively, integrated 

pyro- and hydrometallurgical technologies for anti-

mony and lead recovery, developed and implemented 

at JSC “Uralelektromed” [23], or other established 

methods [24] may be employed.

Conclusions

1. Technological operations — namely aeration de-

copperization followed by flotation — have been devel-

oped, enabling the processing of copper anode slimes 

without the use of costly autoclave leaching. 

2. The conditions and equipment configuration re-

quired for deep decopperization of slime (to less than 

0.5—0.8 % residual copper) have been determined.

3. The method of aeration decopperization using 

oxygen in sulfuric acid solution (200 g/dm3) is suitable 

for deep copper removal, while simultaneously sup-

pressing the undesirable dissolution of tellurium. This 

substantially reduces the formation of slags and dust, 

thereby minimizing gold and silver losses during Doré 

smelting. 

4. An acceptable degree of separation between chal-

cogenides of precious metals and oxide compounds of 

lead and antimony was achieved, allowing for the pro-

duction of commercial products from the respective 

concentrates in subsequent processing. 

5. The results obtained contribute to the develop-

ment of an integrated hydrometallurgical technology for 

processing copper anode slimes.
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