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ABSTRACT
Preliminary experiments have shown that the solution to the environmental problem of recycling

copper-electrolyte smelting slags is by sulfidization followed by leaching and subsequent
separation of selenium, tellurium, arsenic, and antimony from the solution. The first operation of
this technology, which provides high selectivity, is sintering. The results obtained indicate the
formation of metal thiosalts during sintering in the presence of sodium sulfate and carbonate and
a reducing agent at a temperature of 800 °C. An increase in temperature leads to the melting of
individual components of the charge and a slowdown in the process of sulfidization of slag
components. At lower temperatures, a decrease in the activity of the charge components is
observed. The optimal addition of Na,SO4 was 27 % of the slag weight, and Na,COs - 8.5 % of the
slag weight. Reducing agent consumption is 27 % of the slag weight, sintering time is 2 hours. The
optimal parameters for leaching the resulting cakes are temperature 90 °C, L:S ratio = 3:1, leaching
duration 2 hours, and sodium sulfide concentration 2 mol/l. The best results for cake melting from
cake leaching are temperature 1200 °C, heating rate 10 °C/min, and holding time 30 minutes.
Charge composition: cake, 30 % soda ash by weight of cake, 11 % activated carbon. During the
smelting, a metallized phase was obtained, consisting mainly of lead (90-91 %), and slag was
obtained with a residual content of lead and copper of no more than 0.5 %.
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Introduction

compounds of non-ferrous metals to clarify
fundamental issues of the relationship between the

The complex composition of artificial raw
materials, comprising various heavy, minor, rare,
and noble metals, presents substantial obstacles in
devising technologies to transform them into viable
products for the market. There is considerable focus
on further processing copper smelting residues,
including those derived from slag in copper smelting
[[11, [2], [3], [4], [5], [6], [7]]. The wide possibilities
for purposefully changing the properties of chemical

structure and properties of a substance, as well as to
solve several applied problems, served as the basis
for the development of a direction based on the
metallurgy of thiosalts. One of the most promising is
the improvement of functional properties, as well as
the acquisition of new characteristics [[8], [9], [10]].

One of the ways to search for and develop new
phases and materials using the method of directed
synthesis is the study of phase equilibria. A large
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amount of research has been carried out in this
direction. The phase diagrams of CulnS,-FelnS,,
phase equilibria in the Cu,S-La,Ss-EuS system, and
the polythermal section in the FeS-Sb,S3-Sm,S;
system were studied. Using DTA and X-ray
diffraction methods, phase equilibria in the Cu,S-
CusAsSs-S system were studied, diagrams of the side
quasi-binary systems Cu,;S-CusAsSs-S and CusAsSs-S
were constructed, the fields of primary
crystallization of phases, types and coordinates of
non- and monovariant equilibria were determined
[[11], [12], [13], [14]]. Phase equilibria in the Cu-
Cu,Se-As system have been studied [15]. The phase
equilibria in the quasi-ternary system Ag,S-SnS,-
Sb,S; along the Ag,SnS3-AgSbS, cross section have
been studied. It has been established that the
Ag,SnSs-AgSbS; system is a quasi-binary cut of the
eutectic type [16]. A phase magnetic diagram of
solid solutions of the CoCrS4-Coo.5GaosCraSas system
has been constructed; the most common solid
solutions on the diagram are those based on the
ferrimagnetic semiconductor CoCr,S4, which exhibits
properties in the field of magnetic ordering when
measuring the temperature dependence of the
dynamic susceptibility [17].

The electrical-physical properties of (Sb,Ss)1-
Xx(PbCuSbSs3)x solid solutions, which are p-type
semiconductors, have been studied [18]. The
influence of the ratio of starting substances on the
phase  composition and  electrical-physical
properties of Cu1gsZnSnSs and Cuis5ZN1.155N0.8554
solid solutions obtained from binary sulfides and
sulfur in the melt has been studied. It has been
shown that Cui1.5Zn1.15SNg.85S4 and Cus gsZnSnS, solid
solutions are p-type semiconductors [19]. The

crystal structures of SrLnCuSs (Ln = Er, Yb)
compounds were defined using methods of
minimizing the derivative difference in the

anisotropic approximation for all atoms. The
structure of SrLnCuSs compounds is described by
two-dimensional [LnCuSs] layers formed by
distorted CuS; tetrahedra and LnSe octahedra,
between which Sr?* ions are located [20]. The
ternary system Nd,S3-Ga,Ss-EuS has been studied. A
projection of the liquidus surface was constructed
and the boundaries of the glass formation region
were determined. It has been established that
during thermolysis in an inert atmosphere at a

temperature of 1010 K, glass
(Ga»S2)a 7(Nd>S2)a 52l FuS)a ns softens and

crystallizes at 1110 K [21].

then

The results of studies of the spectral and
luminescent properties of non-stereometric Ag-In-S
and Cu-Zn-S nanoparticles obtained in aqueous
solutions are summarized. The possibilities of size-
selective deposition of nanoparticles from colloidal
systems with photoluminescence quantum yields
have been demonstrated [22]. The FeS-PbS system
was studied using thermal, X-ray diffraction and
microstructural analysis methods, and
microhardness was measured. The system is a quasi-
binary section and belongs to the eutectic type [23].
The Cu,GeSs;-Ag,GeS; system was studied in the
temperature range 300-380 K. Current-generating
reactions were determined, with the help of which
standard thermodynamic functions of formation
and standard entropies of Cu,GeS; compounds and
Cu,-xAgxGeSs solid solutions were calculated [24].

Due to the dramatically changed composition of
the mineral raw materials of copper production, the
amount of impurities that must be extracted and
disposed of is increasing. Such impurities are lead,
zinc, arsenic, and antimony, which negatively affect
the main process of copper extraction, reducing
technical and economic indicators. The use of
previously developed technologies does not allow
for achieving high selectivity, as a result which there
is a need to create a new complex technology that
allows the extraction of all valuable metals into
commercial products and the disposal of toxic
components.

Experimental part

The object of research is the smelting slag
produced by the precious metal shop of the
Balkhash copper smelter. Slag is an oxidized
material, the chemical composition of which
includes, wt. %: 49.5 Pb, 17.3 SiO2, 1.5 Cu, 3.75 Sb,
13.3 Ba, 0.65 As, 4.5 Na, 0.2 Se, 0.24 Te, Au 0.39 g/t,
Ag 7.3 g/t, 14.66 others. Experiments to identify
optimal conditions for processing slags were carried
out in three stages.

Stage 1 - sintering of slag with sodium sulfate
and carbonate in the presence of carbon. Sintering
was carried out in alundum crucibles in similar
furnaces NTS 08/16 Nabertherm GmbH and SNOL
12/16. The sintering temperature is 500-800 °C, the
heating rate of the furnaces to the experimental
temperature is 10 °C/min. The holding time of the
charge at the experimental temperature is 2 hours.
The crucible was cooled with the furnace. After the
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experiment, the crucible was broken, the resulting
cake was weighed and stored in a desiccator in an
inert atmosphere to prevent the decomposition of
the resulting sulfides and thiosalts. The sulfidization
of non-ferrous metals, including the formation of
their thiosalts, was previously established using
microprobe analysis of sintered samples.

The 2-nd stage of the experiments consisted of
leaching the resulting sinters. Leaching was carried
out using standard laboratory equipment with a
mechanical stirrer and electrical heating. The sinter
was crushed in an amount of 100 g and leached at a
ratio of sinter and sodium sulfide solution of 3:1, and
4:1 at temperatures of 50, 75, and 90 °C, leaching
duration 1-2 hours. The content of sodium sulfide in
the solution was 0-2 mol/l. The solution after
filtration was analyzed for the content of antimony,
arsenic, selenium and tellurium; the cake was
washed with hot distilled water, dried at 50 °C and
weighed. The cake and the resulting solution were
analyzed for the content of major metals.

The 3rd stage consisted of melting the resulting
sinter to get lead and noble metals into a separate
phase. Meltings were carried out in the same
furnaces as sintering at the first stage. The
temperature of the melts varied between 1150-
1250 °C, the heating rate to the experimental
temperature was 10 °C/min. The exposure time at
the experimental temperature was 30 minutes for
all experiments. The sinter was melted with soda ash
and activated carbon in various ratios.

At all stages of the experimental work, the
problem of identifying optimal conditions for
sintering, leaching and melting of leach sinters was
solved.

Results and Discussion

Experiments carried out to study the process of
sintering precious metal slag with sodium sulfate
and carbonate in the presence of carbon indicate the

possibility of obtaining a sinter containing metal
sulfides and thiosalts. At temperatures of 500-600
°C, sintering of the charge components practically
did not occur, therefore, sintered sinters obtained at
a temperature of 800 °C were used, in which the
process of formation of thiosalts took place. A
temperature of 800 °C should be considered critical
since at a higher temperature the components begin
to melt.

The optimal addition of Na,SO4 was 27 % of the
slag weight, and Na,COs - 8.5 % of the slag weight.
The consumption of the reducing agent in the
experiments was 6, 7, 8 g or 20, 23, 27 % of the
weight of the slag, the sintering time was 2 hours.
Each experiment was repeated 3 times, and
approximately the same results were obtained for
the weight of the sinter. The main technological
parameters are given in Table 1.

Table 1 — Indicators of the sintering process of slag with
charge components

Charge composition, g
£ .
xper! Sintering Sinter
ment -, i
no conditions | slag | NasS | Na,COs | coal | weight, g
. Os
38.3-39.1
t=800°C | 55 1 765 | 255
2 —2h . . 39.3-39.5
3 8 |39.8-39.9

For leaching, cakes No. 1-3 were used, obtained
in the corresponding experiments at a temperature
of 800 °C with the addition of carbonate, sodium
sulfate and a reducing agent to the mixture. The
cake was filtered, dried and analyzed for lead, gold,
silver and copper content. The solutions were
analyzed for content

The results of leaching of three cakes obtained
at 90 °C are presented in table 2 and in figures 1 and
2.

Table 2 - Compositions of sinter leaching products at optimal leaching parameters (temperature 90 °C, L:S = 3:1, leaching

duration 2 hours, sodium sulfide content in solution 2 mol/l)

Sinter Solution composition, g/l Cake composition
sample
number
As Sb Te Se Pb, % Cu, % Au g/t Ag, g/t SiO2, %
1 0.21 3.60 0.16 0.11 63.8 1.8 0.24 4.3 21.0
0.19 3.60 0.14 0.09 68.6 1.9 0.19 3.9 19.5
3 0.17 3.51 0.14 0.13 69.3 1.7 0.20 3.8 19.8

— 44 ——



KomnnekcHoe Ucnonb3oBaHne MuHepanbHoro Coipba. Ne4(335), 2025

ISSN-L 2616-6445, ISSN 2224-5243

41

Sinter No.1

40

Cake weight, g
w w w w
(=) ~1 =] o

v
by

Cake weight, g

Sinter No.2

0.8 10 15 20
Content Na,S, mol/l

Cake weight, g

34 -
33 4
32
31 T T T | 29 T
0 04 0.8 1.0 15 20 0 04
Content Na,S, mol/l
40

4 Sinter No.3

y

B

BN =

04

0.8

1.0

Content Na,S, mol/l

15

20

Conditions for cake leaching: 1-1 h, L:S=3:1; 2 — 2 hours, L:5=3:1; 3 -1 hour, L:S=4:1; 4 — 2 hours, L:S=4:1.

Figure 1 — Variation in cake weight as a function of Na,S concentration, L:S ratio, and leaching duration at 90°C
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The change in the weight of the cake remaining
after leaching depending on the concentration of
sodium sulfide in the solution and L:S is quite
predictable. With an increase in the concentration of
sodium sulfide in the solution, an increase in L:S and
leaching time, the transition of sinter components
into the solution increases. This is especially clearly
visible when leaching sinter No. 2. Accordingly,
during leaching in the residual cakes, the content of
copper and lead increases and the content of arsenic
and antimony decreases.

It has been established that the most complete
leaching of the resulting cakes (slag, sulfate and
sodium carbonate in the presence of a reducing
agent) occurs at a temperature of 90 °C, L:S ratio =
3:1, leaching duration of 2 hours and sodium sulfide
concentration in solution of 2 mol/I.

The 3rd stage of the experimental work
consisted of melting the resulting cakes in order to
get lead and noble metals into a separate phase. All
previously obtained cakes were combined and
averaged, thus, the average composition of the
cakes was used for the melts. Meltings were carried
out in the same furnaces as sintering at the first
stage. The temperature of the melts varied between
1150-1250 °C, and the heating rate to the
experimental temperature was 10 °C /min. The
exposure time at the experimental temperature was
30 minutes for all experiments. The cake was melted
with soda ash and activated carbon in various ratios.

Conditions for smelting:

- smelting No. 1: temperature 1150 °C, heating
rate 10 °C /min, holding time 30 min; charge
composition: 100 g cake, 25 g soda ash, 9 g activated
carbon;

- smelting No. 2: temperature 1200 °C, heating
rate 10 °C /min, holding time 30 min; charge
composition: 100 g cake, 30 g soda ash, 11 g
activated carbon;

- smelting No. 3: temperature 1200 °C, heating
rate 10 °C /min, holding time 30 min; composition of
the charge: 100 g cake, 30 g soda ash, 5 g activated
carbon.

The results of the analysis of the compositions of
the resulting products are shown in Table 3.

During the smelting, a metallized phase was
obtained, consisting mainly of lead (90-91 %), and
slag was obtained with a residual content of lead and
copper of no more than 0.5 %. Thus, the optimal
conditions for the processes of sintering slags with
sodium sulfate and sodium carbonate in the
presence of a reducing agent, leaching of cakes in a
sodium sulfide solution and the process of melting

leaching cakes with soda ash and activated carbon
were determined.

Table 3 — Results of chemical analysis of cake leaching

Smelting Content in metal Content in slag, %
no. Pb,% | Au, Ag, Pb | Cu Zn
g/t | s/t
90.81 0.8 144 | 0.2 | 0.3 | 0.02
91.79 0.9 141 | 0.5 | 0.4 | 0.02
91.85 | 0.85 | 13.8 | 0.3 | 0.3 | 0.01

Conclusions

The results obtained indicate the formation of
metal thiosalts during sintering in the presence of
sodium sulfate and carbonate and a reducing agent
at a temperature of 800 °C. An increase in
temperature leads to the melting of individual
components of the charge and a slowdown in the
process of sulfidization of slag components. At lower
temperatures, a decrease in the activity of the
charge components is observed. The best results
were obtained with the addition of Na;SO,— 27 % of
the slag weight, and Na,CO; — 8.5 % of the slag
weight. Reducing agent consumption is 27 % of the
slag weight, sintering time is 2 hours.

The optimal parameters for leaching the
resulting cakes are temperature 90 °C, L:S ratio = 3:1,

leaching duration 2 hours, sodium sulfide
concentration 2 mol/I.
The best results for cake melting are

temperature 1200 °C, heating rate 10 °C /min, and
holding time 30 minutes. Charge composition: cake,
30 % soda ash by weight of cake, 11 % activated coal.
During the smelting, a metallized phase was
obtained, consisting mainly of lead (90-91 %), and
slag was obtained with a residual content of lead and
copper of no more than 0.5 %.
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TYWIHAEME

ANAbIH ana XyprisinreH Taxipubenep MbiC-31eKTPOAUTTI BaNKbITy KOXKAAPbIH KalTa eHAeyaiH
3KOIOMUANBIK MICENECIH LWelly cynbouaTey, OAaH KeWiH WwaliMmanay *aHe oAaH KeliH epiTiHaigaeH
CeneH, TENNYP, MbIWbAK, CypbMaHbl 66N any apKbl/bl Ky3ere acbipyfa 601aTbIHABIFbIH KOPCETTI.
YKoFapbl CeNeKkTUBTINIKTI KamTamacbi3 eTeTiH 6yn TexHonorusaHblH,  BipiHWi onepaumAcs
KylexeHTeKTey 60/1bIn Tabblnagbl. AnbiHFaH HaTUxKenep 800 °C TemnepaTypasa HaTpuit cynboatbl
MeH KapbOHATbIHbIH, OHe TOTbIKCbI3AAHABIPFLIWTHIH, KATbICYbIMEH KYyWEXKEHTEKTEY KesiHae
MeTanN TMOTY3JapbIHbIH, TY3iNeTiHiH KepceTedi. TemnepaTypaHblH, }OFapblaaybl WMKIKYPaMHbIH,
Keke Kypamaac 6enikTepiHiH 6ankyblHa KaHe KOX KOMMNOHEHTTEPIHIH, CyNbOUATEHY NPOLECIHIH,
basynaybiHa aKkenedi. TemeH TemnepaTypaga LWMKIKYpPaM KOMMOHEHTTEpPiHiH, 6enceHainiriHix,
TemeHzeyi 6arikanaapl. Na;SOs OHTalNbl KOCbIHABICHI KOX CanmafblHbiH, 27 %, Na.COs — KOX
canMafblHblH, 8,5 % KypaZbl. TOTbIKCbI3AAHABIPFLIWTBIH, LWbIFbIHbI KOX CanMafbiHbiH, 27 %
Kypanapbl, KyWeXeHTeKTey yaKbITbl 2 cafaT. ANblHFaH Cy3iHAINEpAi WwaimanayaplH, OHTalAbl
napameTpnepi: Temnepatypa 90 °C, L:S KaTtbiHacbl = 3:1, warimanay y3aKTbifbl 2 cafaT, HaTpUii
cyNbdUAiHIH, KOHUEHTPaumAcbl 2 MOb/A. KyWeeHTeKTi waimanayaaH anblHFaH cysiHginepai
6anKbITY YLWIH eH, XKaKCbl HaTUKeNep: TemnepaTtypa 1200 °C, Kbi3apblpy Kbingamabiebl 10 °C/muH,
ycTay yakpiTbl 30 MUHYT KesiHae 6onaabl. LLMKIKypaMHbIH, Kypambl: Cy3iHAj, CY3iHAIHIH, canmarbl
6oibiHWa 30% KanbuuHAaeHreH coga, 11% 6enceHaipinreH Kemip. banKkpITy KesiHae HerisiHeH
KopFacbiHHaH (90-91%) TypaTblH meTangaHfaH ¢pasa, an KopFacbiH MeH MbICTbIH, KanapblK meswepi
0,5 % acnaiTbiH KOXK anblHAbI.

TyliiH ce30ep: KOX, KYNeXKeHTeKTey, KyMeKeHTeK, Warimanay, cysiHgi, 6ankpity.
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AHHOTALUMUA

MpeaBapuTenbHbIMU 3KCMEPUMEHTAMM MOKA3aHO, YTO pelleHMe 3KOorMyeckon npobnembl
YTUAN3ALMM WNAKOB NNAaBKU MEAE3/IEKTPO/IUTHBIX LUIAKOB AOCTUrAeTcA NyTem cyibduamnsaumm c
nocneayoLwmm BblLLEeNauYnBaHNEM U NOCAEAYIOLNM BblAENEHMEM U3 PAaCTBOPA CeNeHa, Tennypa,
MbILWbAKA, CypbMbl. [lepBoi onepauuelt 3TOM TexHoNOrMKM, obecneuvnBalowent BbICOKYIO
Moctynuna: 30 mas 2024 CENEeKTUBHOCTb, ABNAETCA cneKkaHue. MonyyeHHble pe3yabTaTbl CBUAETENbCTBYHOT O MPOXOXKAEHUN
PeveHauposahue: 11 utons 2024 npouecca obpas3oBaHMA TMOCONEN METANIOB NPU CNEKAHWUM B MTPUCYTCTBUM cybdaTa u KapboHaTa
MpuHaTa B neyatb: 10 ceHmabpsa 2024 HaTpua U BoccTaHoBUTENA Npu Temnepatype 800 °C. MoBblweHMe TemnepaTypbl NPUBOAUT K
OMNNABNEHUIO OTAENbHbIX KOMMOHEHTOB LWMXTbl M 3amen/ieHMIo npouecca cynbouamsaumm
KOMMOHEHTOB W/aKa. Mpu 6onee HU3KUX TemnepaTypax HabAOAAETCA CHUMKEHME aKTUBHOCTU
KOMMOHEHTOB WKXTbl. ONTMManbHas gobaska Na;SOs coctasnana 27 % ot Beca wnaka, NazCOs -
8,5 % oT Beca wnaka. Pacxop BocctaHoBUTensa — 27 % OT Beca LWaKa, BpemMa CneKaHua — 2 yaca.
OnTUManbHble NapameTpbl BblIWENAuYMBAHUA MONYYEHHbIX KeKoB - Temnepatypa 90 °C,
cooTHoweHun K:T = 3:1, NPOAO/IKUTENBHOCTb BbILLENAYMBAHMA 2 Y., KOHLEHTpauma cynbduaa

HaTpus 2 Monb/A. Jlydlwme pesynbTaTbl NAaBKM KEKa OT BblLLE/auynMBaHNA CMEKOB — TemnepaTtypa
1200 °C, ckopocTb Harpesa 10 °C/muH, Bblaepka 30 muH. CocTaB wuxTbl: Kek, 30 %
KanbUMHMPOBAHHOM coapl OT Beca Keka, 11 % akTuBMpoBaHHOro yrasa. lMpu nnaBkax 6bina
no/syyeHa MeTannM3vMpoBaHHas ¢asza, COCTOAWAA B OCHOBHOM, M3 cBMHUA (90-91 %) u 6bin
MOJIYYEH LWAAK C OCTAaTOYHbIM COAEPXKAHMEM CBMHLA U meau He 6onee 0,5 %.

Knroyeeble ca06a: WNaK, CNeKaHue, Crek, BbilLeaymBaHune, Kek, naaska.
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