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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 flotation products but also recover valuable minor elements
previously lost with slags and flue dust. One approach involves designing process flowsheets that integrate hydrometallurgical and
beneficiation operations. Previous studies have demonstrated the effectiveness of combining autoclave leaching and flotation 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 flotation, yielding promising results. This study examined the influence of aeration leaching
conditions (temperature, agitation, and specific oxidant consumption—air and oxygen), disintegration of the leached product, and
flotation 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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AnHoTanms: B ycnoBusix yXyaleHMs KauecTBa ChIpbsi B MEAHOM MOLOTpacau npobiemMa CoOXpaHeHMsI TapaMeTpOB M3BJIeUEeHUsI U cebe-
CTOMMOCTH LBETHBIX U 0JIarOPOJHBIX METAJJIOB CTAHOBUTCS elle 6oJiee BaxXHOM. [ToaToMy NpUOPUTETHOI 3a1aveil Aysl uccieaoBarte-
JIeH sIBJIsIETCS pa3paboTKa TEXHOJOTHIECKUX TTPUEMOB, TTO3BOJISIIOIIMX HE TOJBKO KOHIIEHTPUPOBATh LIeJIeBbIe METAJIIbl B 00OTalleHHbIe
MIPOAYKTHI, HO ¥ U3BJIEKATh paHee TepsieMble CO NIJTAKAMU U MBUISIMU LIEHHbIE 2JIeMEHThI-TTpuMecu. OTHUM U3 CITIOCOOOB €€ PelleHW s SIB-
JISIETCS CO3/IaHME TEXHOJIOTMIECKUX CXeM, COUETAIONUX THAPOMETaIypruiecKue u o0oraTuTe bHbIe onepannu. PaHee mpoBeIeHHBI-
MU UCCIIEAOBAHU MU Obla Moka3aHa 3¢ GeKTUBHOCTb TPUMEHEHHU ST aBTOKJIABHBIX MTPOLIECCOB U (hJIOTAUY 151 00€3MeXBAHU S MEe-
9JIEKTPOJIMTHOTIO LIJIaMa M ero o00ralieHus 1o 30J10TY, cepedpy U ceneHy. OqHaKo NpuMeHeH e aBTOKIaBHBIX TPOLIECCOB TPeOyeT 001b-
LIUX KaMUTaJIbHBIX U TEKYIIUX 3aTpat. [10aTOMy ObLI MPOBEIEH LIUMKJI SKCIEPUMEHTOB M0 a9pallMOHHOMY 00e3MeXHMBaHUIO 1lJIama ¢
nocyenyolieit paoralmeit u moJiydyeHbl COOTBETCTBYIOIIME pe3yJIbTaThl ONBITOB. B HacTos111eii paboTe ObIJIO M3YUYEeHO BIAUSITHUE YCITOBU it
a3paIMOHHOTO BHIIIETaYMBaHWSI (TEMIIEPATYPhl, YCJIOBUIA TepeMeNInBaHU s, YASIbHOTO PACX0a OKMCIUTEN ST — BO3/IyXa U KUCIOPOa),
Ne3MHTETPAIMY TIOJYIeHHOTO MTPOAYKTa, a TAKKe MapaMeTpoB (GIOTAIIUY Ha CEJIEKTUBHOCTD Pa3/ieJIeHUsI OKCUTHOM 1 XaJIbKOTeH U THOM
$a3 1 KayecTBO MOTyUYaeMbIX MPU ITOM KOHIEHTPATOB. [1o pe3yabTaTaM 9KCIepUMEHTOB pa3paboTaHbl TEXHOJOTUUECKHE OMepaluu,
M03BOJISTIONIME 000TallaTh MEAEeINEKTPOIUTHBIE LJIaMbl B 2—3 pa3a Mo COAepXaHUIO AParoleHHbIX METalJIOB 6€3 UCIOIb30BAHU S aB-
TOKJIaBHBIX MpolieccoB. OmnpeesieHbl YCIOBUS U amnapaTypHoe odopMIIeH1e 15 rly6oKoro obe3mexknBaHus nutama (mexee 0,5—0,8 %
OCTAaTOYHOTO coepXKaHus Meau). JIOCTUTHYT MPpUEeMJIeMbIN YPOBEHD pa3aesieHU sl XaIbKOTeHHMIOB IPAroleHHbIX METAJIJIOB M OKCHIHBIX
COEJIMHEHU ! CBUHIIA Y CYPbMBI, UTO MTO3BOJIUT B JAajIbHEUIIIEM U3BJIEKATh P MepepaboTKe COOTBETCTBYIOIINX KOHIIEHTPATOB TOBAp-
HbIe TPOAYKTHI. [IpUBeeHbI pe3yabTaThl aHATN3a MTOTYYaeMbIX TTPOAYKTOB C UCTONb30BaHUeM MeTonoB POM u PCMA. TlonyueHHbIe
JNaHHBIE SIBISIIOTCS BKJIAIOM B CO3/1aHKME KOMIIIEKCHOU TUIPOMETATYPrUUeCcKOi TEXHOJOTUY MepepaboTKM aHOAHBIX IIJIAMOB METHOTO
MPOM3BOACTBA.

KoioueBbie c10Ba: MeIE3JIEKTPOIUTHBIN IIJIaM, adpalliOHHOE 06e3MeXMBaHue, (GIIOTALlIMOHHOE O0oralieHne, KOHLEHTPAT, XBOCTHI (hJI0-

Taluu, Iparou€HHbIC METAJIJIbI, cepero, CCJICH, TCJIJIYP, CBUHECII.

Jng uurupoanusa: Mactiorud C.A., Tumodeen K.JI., Bounkos P.C., Boakosa C.B. O6oraiieHue Meae31eKTPOJIUTHBIX HIJTaMOB IO TEXHO-
JIOTUH «adpallMOHHOE 00e3MexXuBaHue — diaoranusi». Mzeecmus gy3o6. Lleemnasn memannypeus. 2025;31(3):54—65.
https://doi.org/10.17073/0021-3438-2025-3-54-65

Introduction

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].

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

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;
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— the environmental impact of these wastes (con-
taining substances of hazard classes [—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-dm? “Bourbon” type reactor equipped with
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Decopperization duration, 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)

Puc. 1. UsmeHeHue coaepKkaHus MeIy B LIJIaMe

0 BPpEMEHHU B 3aBUCUMOCTH OT YCJIOBUI OIBITOB

Hymepaiust KpuBbix cooTBeTCTBYET N2 ombiTa (cM. TabI. 1)

gas dispersers'. 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 7 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—Iliquid ratio in the
slurry.

Based on pilot-scale laboratory trials, the op-
timal oxygen consumption was determined to be
715 m? (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

! Experiments were conducted on equipment and with tech-
nical support provided by BFK-Engineering (Moscow).
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Table 1. Experimental conditions for aeration leaching (decopperization)

Tabsnuua 1. YenoBusi npoBeneHHbIX SKCIIEPUMEHTOB 10 a9pallMOHHOMY 00e3MeXX1MBaHUIO

Test No.
Parameter "
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 H,SO, concentration, g/dm? 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, °C 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.

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, flotation 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 flotation 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 flotation of the decopperized slime was car-
ried out at pH = 1.5 and a solid—liquid ratio of 1 :
10. The total consumption of flotation reagents was
450—470 g/t of Aeroflot and 50—65 g/t of MIBK
(methyl isobutyl carbinol). The duration of the bulk
flotation cycle was 51—62 min. The bulk concen-
trate was then subjected to regrinding in a bead mill,
followed by cleaner flotation stages. Initially, com-
parative experiments were performed on flotation
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Table 2. Chemical composition of decopperized slime
residues (Tests 3—6)

Tabauua 2. XuMu4eckuil coctaB Mpod UCXOIHOTO LIJaMa
ocJie ONbITOB 3—6

Residue Metal content, %
(Test No.) A Ag Pb Sbh
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

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 pm was previously justified by the need to break
down silver selenide spheroids (average size 8—
10 um) 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 flotation product, thereby improving
the quality of the flotation 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).

Cumulative distribution Q3, %

Comparative flotation results for decopperized
copper anode slime processed according to the flow-
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 flotation is justified.

The flowsheet for open-circuit flotation tests with
concentrate regrinding and 4—35 cleaner stages of the
bulk flotation concentrate is shown in Fig. 3. In the
first cleaner stage of the reground concentrate, Aero-
flot and MIBK were added, except for the slime sam-
ple from Test 6. The highest reagent consumption
was 230 g/t of Aeroflot and 60 g/t of MIBK, with a
cleaner flotation 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 flotation
processing of decopperized copper anode slime ac-
cording to the flowsheet “flotation — cleaner flotation
of the concentrate” are presented in Table 5.

The summarized results of slime flotation are pre-
sented in Table 6.

Distribution density q3

100 -1.2
30 - -1.0

i 0.8
60

. L 0.6
40

i -0.4
207 L 0.2

0 T T T LB T T T rrrrra T T -0

10

100

Particle size, pm

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

(see Table 2)

Puc. 2. P€3yJ'II)TaTI>I T'PAaHYJIOMETPHUUYCCKOI0O aHaJIn3a KOJJICKTUBHOTO KOHLICHTpaTa (I).HOTaLII/II/I 00e3MeKeHHOTo hijaama,

MOJIYYEHHOT'0 B ONBITE 6 (CM. TabJI. 2)
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Decopperized slime

v

Agitation with H,SO, (1 : 1)
v

Agitation with CuSO,

v
Bulk flotation

Concentrate Tails

Regrinding
in a bead mill

l

| 1* cleaner flotation

Final tails

/

1¥ cleaner tails

| 2" cleaner flotation |

/

2" cleaner tails

| 3" cleaner flotation |

/

3" cleaner tails

| 4" cleaner flotation |

/

4" cleaner tails

| 5" cleaner flotation |

/

5" cleaner tails

Concentrate

Fig. 3. Flowsheet of open-circuit flotation tests

Puc. 3. Cxema nipoBeeHUsT JIOTAIIMOHHBIX OTIBITOB
B OTKPBITOM IIUKJIE

Discussion

The results indicate that through the use of hydro-
metallurgical operations — namely aeration decop-
perization and flotation 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 flotation tails
represent an oxide concentrate rich in lead and anti-
mony.

The concentrate after cleaner flotation and the
final tails were examined using a Carl Zeiss EVO
MAIS5 scanning electron microscope with X-Max
EDX system (Germany). The results are presented in
Fig. 4.

The obtained concentrate of precious metals and

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

Tabauua 3. CpaBHUTEJNbHbBIE ITOKA3aTeJIU 000TaIlleHUS
11aMa 13 OMbITa 6 IO cxeMe «(IoTalus — 10BOAKA
KOHIIEHTpaTa» 6e3 U3MeJIbYeHHUs U C JOU3MeTbYeHUEeM
KOJUIEKTUBHOI'O KOHILIEHTpaTa

) Mass Recovery,
Product Yl;jd, fraction, % %
Au Ag Au Ag
Without bulk
concentrate regrinding

Concentrate 41.77 134 29.8 7254 76.09
Second cleaner tails  8.80  0.89 20.16 10.15 10.85
First cleaner tails 1297 0.58 10.46 9.75 8.29
Bulk flotation 63.54 — — 9244 9523
Flotation tails 36.46 0.16 2.14 7.56 477
Feed (slime) 100.00 0.77 16.36 100.00 100.00

With bulk concentrate regrinding
in a bead mill

Concentrate 2576 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

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 flotation 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
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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”

Tabnuua 4. TexHosOrMYeCKUit U peareHTHBIN peXHUMbl oOoraleHust oopasios 1uiaMa (cMm. Tad. 1)
IO CXeMe «OCHOBHAs (proTalust — YIABTPATOHKOE M3MeIbUeHIE KOHIIEHTpaTa OCHOBHOM (BIoTalM—IepeyncTKa

KOHIIEHTpaTa OCHOBHOU dhoTanum»

Reagent consumption, g/t

Stage Ty H,SO Aeroflot (sodium MIBK (methyl | Wat RUELES
pH Y% [ cuso y BT min
(1:1) % butyl xanthate) isobutyl carbinol) glass

Slime sample from Test 3

Agitation 25335 66.7 — - - -

Bulk flotation 1.49 — — 450 50 — 52

Regrinding of bulk concentrate - - — - - - 12

1 cleaner flotation of the bulk concentrate ~ 1.57 - - 50 10 - 22

24 cleaner flotation of the bulk concentrate 1.6 - — — — 300 21

3" cleaner flotation of the bulk concentrate 1.6 - - — - 300 14

4t cleaner flotation of the bulk concentrate 1.7 - - — - 300 13

5 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 — — - - -

1% cleaner flotation of the bulk concentrate ~ 1.55 — — 120 30 — 18

24 cleaner flotation of the bulk concentrate  1.62 - - — - 300 13

3" cleaner flotation of the bulk concentrate 1.6 - - — - 300 11

4t cleaner flotation of the bulk concentrate 1.7 — — — — 300 10

5t 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 — — — — —

1% cleaner flotation of the bulk concentrate  1.64 — — 230 60 — 38

2"d cleaner flotation of the bulk concentrate  1.57 - — 100 10 300 24

3" cleaner flotation of the bulk concentrate 1.6 — — — — 300 20

4 cleaner flotation of the bulk concentrate 1.7 - - — - 300 17

5™ 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 — — — — —

1%t cleaner flotation of the bulk concentrate 1.7 — — — - - 18

2" cleaner flotation of the bulk concentrate 1.6 - - — - 300 15

3" cleaner flotation of the bulk concentrate 1.6 - - — - 300 13

4t 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

1% cleaner flotation of the bulk concentrate 1.7 - - — - 300 15

24 cleaner flotation of the bulk concentrate 1.7 - - — - - 8
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Table 5. Technological performance indicators of slime flotation processing

Tabauua 5. TexHonornyeckue rmoxkaszareyau (GpaoTallMOHHOTO o0oralieHus iaMa

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

Product Yield, %
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
5t cleaner tails 7.35 1.22/15.83 31.29/17.11 32/5.13 5.3/2.69
4™ cleaner tails 4.17 097/7.14 22.7/7.04 5.4/4.90 7.8/2.24
3" cleaner tails 3.50 0.73 /4.51 14.98 /3.90 5.7/4.35 13.5/3.26
2" cleaner tails 6.80 0.57 /6.84 11.94 /6.04 6.1/9.04 14.2 / 6.66
1 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
5t cleaner tails 5.18 1.23/9.60 31.95/12.01 2.9/2.64 44/1.52
4™ cleaner tails 3.04 1.06 /4.85 24.94 /5.50 49/2.62 7.5/1.52
3" cleaner tails 4.38 0.90/5.94 19.90 / 6.33 6.1/4.69 11.5/3.36
2" cleaner tails 8.49 0.70 / 8.95 14.63 /9.02 6.1/9.09 15.2 /8.60
1t 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
5t cleaner tails 1.34 1.01 /2,06 23.22/1.93 6.6/1.26 7.8/0.70
4™ cleaner tails 3.38 1.24 /6,36 28.68 /6.01 4.3/2.08 7.1/1.60
3" cleaner tails 6.27 1.02 /9,71 24.31/9.45 6.2/5.56 10.6 /4.43
2" cleaner tails 8.33 0.6/7,59 14.4/7.44 15.5/18.45 15.3/8.49
1 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 - -
2" cleaner tails 8.80 0.89/10.15 20.16 / 10.85 — —
1%t 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
4™ cleaner tails 0.94 1.02 /1.31 20.94 /1.28 7.1/0.89 7.7/0.51
3" cleaner tails 1.48 1.13/2.29 24.57 / 2.36 6.6/1.31 8.4/0.87
2" cleaner tails 5.34 0.97/7.09 21.78 / 7.54 7.1/5.07 10.5/3.95
1% 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

Ta6nuua 6. PesynbraTsl (ioTaliiu 06e3MeXEHHOTO IIJlaMa

Metal content Metal recovery Metal content
Test in the bulk concentrate, % to the bulk concentrate, % in flotation tails, %
e Au Ag = Pb+Sb Au Ag Au Ag = 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

Spectral signal intensity, cps/eV

Spectral signal intensity, cps/eV
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Fig. 4. Results of semi-quantitative chemical analysis of (a) the flotation concentrate after cleaner flotation and (b)

the final flotation tails

Puc. 4. PesynbTaThl MoJyKOJMYECTBEHHOI'O XMMUYECKOTO aHa 1M3a KOHIIEHTpaTa (hJoTalluu MOCe MepeunucToK (a)
M OTBaJIbHBIX XBOCTOB oboraiieHus (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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penakTUPOBAHUE CTAThU.

C.B. BoikoBa — nmpoBeaeHMe 3KcriepuMeHTOB (B AO «Ypai-
MeXaHoOp») Mo GIOTAMOHHOMY 00OTallIEeHUIO 00e3MeXeH-
HOTO TIJJaMa, BKJIIoUast OucepHoe U3MeIbueH1e, IPOoBe/e-

HUE aHaJIM30B, B TOM YKCJIe Ha 3JIEKTPOHHOM MUKPOCKOIIE.
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