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ABSTRACT

The study examined the behavior of copper, lead, zinc, and arsenic during the reductive-oxidative
processing of a balanced charge under scaled-up technology conditions. The optimal parameters
for ensuring high comprehensive recovery of metals into targeted products were identified: lead
into rough lead, copper into matte, and zinc into slag. The feasibility of conducting reductive-
oxidative smelting of a balanced charge was demonstrated. Optimal technology parameters were
established: gas blowing time with natural gas — 20 minutes; with oxygen — 20 minutes; methane
consumption — 1.7 times higher than that from the stoichiometric requirement for the reduction
of lead compounds; oxygen consumption — 1.4 times higher than that from the stoichiometric
requirement for the oxidation of zinc and iron sulfides; temperature — 1523 K. High rates of
comprehensive selective recovery of metals into targeted products were achieved: lead into rough
lead — 97.6%; copper into matte — 98.6%; zinc into slag — 56.8%, into matte — 1.7%, into dust and
gases — 41.5%; arsenic and antimony into dust — up to 97.4% and 90%, respectively. A balanced
charge processing technology has been developed for processing substandard intermediates of
copper and lead production.
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Introduction

One of the important tasks of sustainable
development of non-ferrous metallurgy in
Kazakhstan is the organization of new productions
(technologies) aimed at the complex processing of
substandard intermediate products and recycled
materials of copper and lead production with
maximum extraction of non-ferrous and associated
valuable metals. This is since the increase in the
content of toxic and carcinogenic arsenic [[1], [2],
[3], [4], [5], 6], [7], [8], [9]] in sulfide concentrates
[[10], [11], [12], [13], [14], [15], [16]] significantly
affected its distribution between the gas, slag and
matte phase in smelting processes [16]. As a result,
large volumes of substandard intermediate
products, recycled materials and man-made waste
with increased arsenic content were formed. On the

one hand, this increased their negative impact on
the environment and public health, which hinders
their further processing. Serious pollution of the
environment and significant harm to human health
are caused by emissions of arsenic, especially As;0s.
Arsenic control has become one of the important
issues for all copper and lead smelters [17].

Based on the above, it can be stated that the
dominant linear model of obtaining lead and copper
from low-quality primary sulphide raw materials in
the production of non-ferrous metals does not meet
modern requirements of today. Industrial
development of technologies for processing
substandard copper-, lead-containing intermediate
products and recycled materials of lead production
is included in the number of the most important
priorities for the innovative development of the
mining and metallurgical industry of Kazakhstan.
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In recent years, the circular economy model has
been widely spread in the global economy within the
framework of the concept of "zero waste". Systems
for managing substandard multi-component
intermediated products and man-made waste in
many countries already meet the principles of a
circular economy [18].

For the economy of Kazakhstan, the task of
primary importance is to transfer the activities of the
mining and metallurgical complex of the republic to
a circular economy within the framework of the
"zero waste" concept using resource-saving and
energy-efficient technologies. The development and
design of new technologies aimed at the complex
processing of multi-component raw materials -
substandard intermediate products and man-made
waste from lead production, seems to be very
relevant.

The objective of the present research is to study
the behavior of copper, lead, zinc and arsenic during
the reductive-oxidative processing of balanced
charge under conditions of technology scaling and to
determine the optimal parameters that ensure high
complex extraction of metals into targeted products:
lead into the rough lead, copper into matte, zinc into
slag.

The main objective of the research is to evaluate
the selective extraction of Pb, Cu and Zn into
targeted products.

Materials and research methods

The compositions of the initial products are
given in Table 1.

The composition of the charge from various
materials was carried out based on the sulfur
content in the initial products, taking into account
the production of matte with a high copper content.
To obtain slag of optimal composition [19, 20],
ensuring the minimum solubility of lead and copper
in it, the required calculated amount of quartz flux
(95% Si0O,) was added to the charge.

The following charge structure was adopted for
calculating the average composition of the charge,
%: lead cake — 30; copper-lead matte — 25; copper

Table 1 - Chemical composition of initial products

slips — 25; converter slag — 10; zinc cake — 5; quartz
flux — 5.

Calculated composition of the average balanced
charge, % by weight: 13 Cu; 43.5 Pb; 5.6 Zn; 7.8 Fe;
5.0S; 1.6 As; 0.6 Sb; 6.0 SiO,, others.

Experimental part: Installation diagram
and procedure for conducting experiments

The experiments were carried out using a
Nabertherm GmbH RHTV 120-150/16 high-
temperature furnace, the general appearance of
which is shown in Fig. 1.

B)
1 — crucible with charge; 2 — alundum tube for blowing
the melt; 3 — quartz reactor; 4 — plug; 5 — gas outlet hose

Fig. 1 - General view of the high-temperature furnace (A)
and the design of the assembled installation (B)

Product Name Cu Pb Zn As Sb Fe S 0] SiO2 Others
Lead cake 0.41 87.53 | 0.11 | 0.05 0.58 | 0.78 | 8.24 2.3
Copper-lead matte 20.85 19.5 11.4 1.1 | 056 | 16.7 | 11.1 | 3.81 14.98
Converter slag 3.83 335 454 | 23 | 094 | 15.0 10.3 | 21.66 7.93
Copper slips 29.0 36.0 4.00 | 3.87 1.4 8.77 16.96
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The use of a large-capacity furnace made it
possible to conduct experiments with the maximum
amount of the initial charge, which was constant in
all experiments — 500 g.

Technological experiments were carried out in
two stages: the first was the reduction smelting of
the charge by blowing with natural gas to obtain
rough lead, slag and intermediate matte, and the
second was the oxidizing blowing of the matte with
atmospheric oxygen to obtain commercial copper
matte and slag.

The experiments determined the influence of the
consumption of natural gas, oxygen and the
duration of melt blowing on the technological
parameters of smelting.

Preliminary experiments have shown that at a
charge melting temperature of 1473 K, the
production of a fluid slag that would ensure the
complete flow of physical and chemical processes of
product formation and separation is not achieved.
For complete homogenization of the melt, it was
necessary to increase the holding time of the
melting temperature regime to 20 minutes. From a
practical point of view, an increase in the melting
time leads to a decrease in the productivity of the
technology as a whole, therefore, to optimize the
process, all experiments were carried out at a higher
temperature - 1523 K.

In the first stage, upon reaching the set
temperature (1523 K), the melt was held for 10
minutes to obtain a homogeneous melt, after which
the melt was blown with natural gas for a set time.
The natural gas consumption varied within the range
from 1 to 1.7, in fractions of the stoichiometric
required amount (SRA) for the complete reduction
of lead and zinc compounds (sulfates, sulfides,
ferrites) to oxides with their subsequent conversion
to slag. The melt blowing time was 5, 10, 15, 20
minutes. Upon completion of the melt blowing for a
set time, the tube was raised (position above the
melt), and the furnace was cooled in a stream of
natural gas. After the furnace cooled, the crucible
with the sample was removed from the quartz
reactor. The resulting smelting products: rough
lead, matte and slag were separated from each
other and each product was subjected to elemental
analysis for metal content.

The intermediate mattes contained increased
levels of lead, zinc and iron sulphides. In order to

reduce their content in the mattes and obtain a high-
copper matte, the intermediate matte was purged
with oxygen in the second stage. The procedure for
conducting the experiments was the same as in the
case of blowing the melt with natural gas. The
temperature of the experiments was 1523 K.

The dust yield in all experiments was calculated
based on the difference between the amount of the
initial sample and the sum of the amount of
obtained smelting products.

Each experiment was repeated three times. After
the experiments, the products were subjected to
elemental analysis. The parallel
experiments on the metal content showed good
convergence (error +/- 0.5% abs.). Based on the
averaged results of the product yield and the metal
content in them, the material balances of the
reducing and oxidizing smelting of the charge, as
well as the consolidated material balance of the
general technology for processing the balanced
charge, were calculated.

results of

Results and discussion

The results of the conducted technological
experiments on the reduction smelting of the charge
are presented in Fig. 2-5.

It should be noted that the consumption of
natural gas and the duration of the melt blowing
process are complementary. Research could focus
solely on the influence of natural gas consumption,
leading to the establishment of its optimal value.
However, determining the time dependence of
metal extraction allows for a qualitative assessment
of the kinetic patterns of the interaction between
the charge components and natural gas.

It has been established that the extraction of
copper into the matte demonstrates a high recovery
rate of over 98% at a natural gas consumption level
of 1.0 times its stoichiometric requirement for the
reduction of lead compounds (see Fig. 2).

Further increasing the consumption of natural
gas for copper extraction into the matte has only a
minor effect. This established pattern aligns well
with the theory of the process. In the context of
reductive smelting of the charge with natural gas,
the reduction of lead sulfates and sulfides appears
to be more advantageous.
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Figure 2 — Impact of natural gas consumption CHa (ratio of SRA)
and the melt blowing time (T, min) on the extraction of copper into smelting products
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and the melt blowing time (t, min) on the extraction of lead into the smelting products
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Figure 5 — Impact of natural gas consumption CH4 (ratio of SRA)
and the melt blowing time (t, min) on the extraction of arsenic into the melt products

Considering that the main matrix of the charge
is a lead cake consisting of lead, zinc and copper
sulfates when developing the technology, we
proceeded from the condition of ensuring their
complete recovery by purging the melt with natural
gas at high temperatures (1200 ° C). This approach is
a fundamental difference from previous studies,
where during the processing of a charge consisting
of various lead production materials with a high
arsenic content, the melt was first subjected to
oxidative purging to maximize its removal, and only
then to reductive purging to form liquid phases:
rough lead, matte and slag.

During the reduction purge of the melt with
natural gas, favorable conditions are created for the
reduction of sulfates by reaction:

MeSO4+CHs = MeO+CO, P + SO, + H.01,
Me — Pb, Cu, Zn. (1)

The resulting metal oxides, interact with the
components of sulfide materials (copper-lead matte,
copper slips), by reactions (2), (3):

2PbO + PbS = 3Pb + SO, (2)
Cu,0 + FeS = Cu,S + FeO, (3)

— 100 ——
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The liquid phases of rough lead and matte are
formed.

At the temperatures involved in the process,
while lead sulfide is present in the melt, other
sulfides are not reduced by natural gas.

Under conditions of intensive bubbling of the
melt with natural gas, lead compounds are reduced
to metal, resulting in the formation of a liquid phase
of raw lead. The completeness of raw lead formation
depends on the amount of natural gas used for the
reduction of lead compounds.

In the smelting of a balanced charge, the main
losses of lead are related to its solubility in the
matte. Experiments have shown that the minimum
lead content in the matte is achieved when the
resulting final copper matte contains the least
amount of lead and iron sulfide. In Cu,S-MeS alloys
with a high content of copper sulfide, the solubility
of lead is minimal and is primarily determined by its
physical solubility. As the content of PbS and FeS in
the sulfide alloy increases, the solubility of lead in
them rises, with the proportion of chemical losses of
lead dominating due to the reactions between lead
and iron sulfide [21].

The final extraction of copper into matte is
affected by the distribution of copper between
matte and rough lead. Under conditions of reductive
smelting of a balanced charge with natural gas, an
intermediate matte with a copper content of 55.3%
was obtained. With further oxidative smelting of
matte with air, due to the creation of conditions for
the complete oxidation of iron and zinc sulfides, the
copper content in the matte increased to 76.3%.

Based on the results of large-scale laboratory

melts, the following optimal technological
parameters are recommended for practical
application:

— melt blowing time: with natural gas — 20 min;
with oxygen — 20 min;

-gas consumption: CHs — 1.7 times exceeding its
consumption from the SRA for the reduction of lead
compounds; oxygen — 1.4 times exceeding its
consumption from SRA for the oxidation of zinc and
iron sulfide;

— melting temperature — 1250 °C.

With optimal technological parameters, the
following technological indicators were achieved:

— vyield of smelting products, % of the total
charge:

e rough lead —38.3;

e copper matte — 15;

e slag—31.2;

e dust, gases — 15.5.

— composition of melting products, % by weight:

= rough lead — 99.34 Pb; 0.18 Cu; 0.08 Sb;
others.

= copper matte — 76.3 Cu; 0.93 Pb; 0.52 Zn;
0.23 Fe; 20.4 S; 0.05 As; 0.03 Sb; other.

= slag—22.03 Fe; 20.2 SiOy; 4.0 Ca0; 9.12 Zn;
0.19 Cu; 0.55 Pb; other.

— extraction of metals into targeted products:
lead into rough lead — 97.6%;

e copper into matte — 98.6%;

e zincinto slag — 56.8%; into matte — 1.7; into
dust, gases —41.5.

e arsenic and antimony into dust - 97.4% and
90%, respectively.

Conclusions

The possibility of implementing reductive-
oxidative smelting of a balanced charge is
demonstrated. The optimal parameters of the
technology are established: time of blowing the melt
with natural gas — 20 min; with oxygen — 20 min; CH,4
consumption -1.7 times exceeding its consumption
from the SRA for reduction of lead compounds;
oxygen consumption — 1.4 times exceeding its
consumption from the SRA for oxidizing zinc and iron
sulfide; temperature — 1523 K.

With optimal process parameters, the following
product yield was obtained, % of the total charge:
rough lead — 38.3; copper matte — 15; slag — 31.2;
dust, gases — 15.5. Copper matte with a high copper
content (more than 76%) and a minimum impurity
content were obtained: 0.93 Pb; 0.52 Zn; 0.23 Fe;
0.05 As; 0.03 Sh.

High rates of complex selective extraction of
metals into target products have been achieved:
lead in the rough lead — 97.6%; copper in matte —
98.6%; zinc in slag — 56.8%, in matte — 1.7%, in dust,
gases —41.5%; arsenic and antimony in the dust —up
to 97.4% and 90%, respectively.

The developed technology for processing
balanced charge can be used for processing
substandard intermediates of copper and lead
production.
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KypambiHAa mbic, KOpFacbiH 6ap eHimaep HerisiHae TeHAecTipinreH WUXTaHbI

KaiiTa eHAey TeXHOOrMACbI

nocmyxamepnos H.K., 2onpac6aii E.E., 2ApfbiH A.9., 2Nuesa 10.6., *KypmaHceiitos M.B.

1Cam6aes yHusepcumemi, Aamamel, Kazakcmax

26.A. balikoHblpos ambiHOaFbI e3KasraH yHusepcumemi, XeskasraH, Kazakcmax

Makana kengi: 12 kapawa 2024
CapantamagaH eTTi: 26 Kapawa 2024
KabbingaHabl: 17 xceamokcaH 2024

TYAIHAEME

KyMbICTa TEXHONOMMAHBI MaclUTabTay KafaalblHAA TEHAECTIPINTeH WMXTaHbl TOTbIKCbI3AAHABIPY-
TOTbIKTbIPY Ke3iHAE MbIC, KOPFACblH, MbIpPbIW }K3HE MbIWbAKTbIH, 6eniHin Tapanybl 3epTrenin,
MeTangapapl MakcaTTbl eHimaepre: KOpfacbiHAbl — Kapasbl KOPFacbiHFA, MbICTbl — LUTEWHrE,
MbIPbIWTHI — WAAKKA KOFapbl KeweHai 6enin anyabl KamTamachi3 eTeTiH OHTalbl NapameTpaep
aHbIKTangpl. TeHAEeCTipiNreH WWXTaHbl TOTbIKCbI3AAHABIPbIN-TOTbIKTbIPA 6anKbITyapl »Ky3ere
acblpy MYMKiHAir KepceTinreH. TeXHONOMMAHbIH, OHTalbl NapameTpaepi benrineHai: 6ankbimaHbl
Tabufn rasbeH ypney yakpiTbl — 20 MUH; oTTerimeH - 20 MUH; KOpPFfacblH KOCbINbICTAPbIH
TOTbIKCbI3AaHApIPY ywiH CKM wbifbiHbiHAH 1,7 ece acatblH CHa WbIFbIHBI; MbIpbIW NEH Temip
cynbdUAiH TOTbIKTbIPY YwiH CHK wWhifbiHbIHAH 1,4 ece acaTbliH OTTEri WbIFbIHLI; TeMMepaTypa —
1523 K. HbicaHanbl eHimgepre metangapabl KelweHai cenektusTi 6enin any 6olbiHWa XofFapbl
KepCeTKiluTepre KON XeTKi3inai: KopFacbliH Kapasbl KopfacbiHFa— 97,6%; mbic wTeliHre— 98,6%;
MbIpbIW WAAKKa— 56,8%, wreiHre — 1,7%, waHfa, razgapfa — 41,5%; MbllUbAK NeH CypbMa WaHfa
— 97,4% aHe 90% pfeMiH, TuiciHwe. MbIC }XaHe KOpfacblH OHAIPICIHIH, KOHAULMANLIK emec
JKapTbiNal eHimAepiH KalTa eHAeyre apHanfaH TeHAECTIpiNreH wWuxTaHbl KakTa eHAaey
TeXHONOTUACHI 33ipneHai.

TyliiH ce30ep: mbiC, KOPFaCbiH, MbIpbIL, TabUFK ras, 6ankbiTy, any, KaiTa eHaey.

Aocmyxamedoe HypnaH Kanueesuy

Aemopnap mypansi aknapam:
T.F.K., npogpeccop, Cambaes yHusepcumemi, 050013, Aamamel, Camnaes kew. 22, KazakcmaH. E-
mail: nurdos@bk.ru; ORCID ID: https.//orcid.org/0000-0002-1210-4363

Mondacbali EpycaH EceHbaliynbl

PhD, 6.A. balikoHbipo8 ambiHAaFLl Me3KkasraH yHusepcumemi, 100600, }e3xa3raH, AnawaxaH
Kew. 16, KazakcmaH. E-mail: zhte@mail.ru; ORCID ID: https://orcid.org/0000-0002-9925-4435

AprbiH Alidap 860inmanikynel

PhD, 6.A. balikoHbipos ambiHOarbl Me3KkasraH yHusepcumemi, 100600, }e3xkas3raH, AnawaxaH
Kkew. 16, KazakcmaH. E-mail: aidarargyn@gmail.com; ORCID ID: https.//orcid.org/0000-0001-
5001-4687

WNyeesa IOnuaHHa bopucosHa

T.f.K., ©.A. balikoHbipos ambiHOarbl }e3KasraH yHusepcumemi, 100600, *e3Kka3raH, AnawaxaH
Kew. 16, KazakcmaH. E-mail: isheval967@mail.ru

Kypmarceiimoe Mypam BaybipycaHynel

Maaucmp, Combaes yHusepcumemi, 050013, Aamamel, Cambaes kew. 22, Ka3akcmaH.

TexHonorna nepepaboTku c6anaHCMPOBAHHOMN LLUNXTbI
Ha OCHOBe MepAb-, CBUHEeLCoAepKalUX NPOAYKTOB

tnocmyxamepos H.K., 2Konaac6aii E.E., 2AprbiH A.A., 2Muesa 10.6., 'KypmaHceiitos M.B.

1 Satbayev University, Aamamel, KazaxcmaH

2}KeskazeaHcKkuli yHusepcumem umeHu O.A. balikoHypoea, e3kaszaH, KazakcmaH

— 102——


https://doi.org/10.31643/2026/6445.09
mailto:nurdos@bk.ru
https://orcid.org/0000-0002-1210-4363
mailto:zhte@mail.ru
https://orcid.org/0000-0002-9925-4435
mailto:aidarargyn@gmail.com
https://orcid.org/0000-0001-5001-4687
https://orcid.org/0000-0001-5001-4687

KomnnekcHoe Mcnonb3oBaHne MuHepansHoro Coipbs. N21(336), 2026 ISSN-L 2616-6445, ISSN 2224-5243

AHHOTALMUA

B paﬁoTe M3ydyeHbl noseaeHnA megu, CBMHUA, UMHKA M MbllbAKA NPU BOCCTAaHOBUTE/IbHO-
OKMCAUTENBbHOM nepepa60TKe c6anch14pOBaHH017| WKXTbl B YCNOBUAX MaCLLlTaﬁMpOBaHMH
TexHonorum n onpegesieHbl ONTUMa/ibHble NapameTpsbl, o6ecneqm3a|ou.|,mx BbICOKOE KOMMNJIEKCHOEe
n3snevyeHmne mMeTannos B UenieBble NPOAYKTbl: CBUHUA — B LIepHOBOl‘;I CBUHeU, meaun — B mTeFIH,

Moctynuna: 12 HoA6psa 2024 UMHKa — B WAaK. [okasaHa BO3MOXHOCTb OCYLLECTBJIEHUA BOCCTAaHOBUTE/IbHO-OKUCNTE/IbHOM
PeueH3unposaHue: 26 Hoabps 2024 nnaBkn cb6anaHCMPOBaHHOM LWUMXTbI. YCTaHOBNEHbI ONTUMAaJIbHbIE MapaMeTpbl TEXHOIOTMK: Bpema
MpuHATa B Nnevatsb: 17 dekabpa 2024 nNpoAyBKM pacnnasa NpMpoaHbIM rasom — 20 muH; kucnopogom — 20 muH; pacxod CHs — 1,7 pasa

npesbiwatowmii ero pacxog ot CHK ans BOCCTaHOBNEHWA COEAMHEHMI CBUHLLA; PAacXo KUCI0poaa
— 1,4 pasa npesblwatowmii ero pacxod ot CHK ans okucneHuna cynbduia UMHKA U Kenesa;
Temnepatypa — 1523 K. JoCTUrHyTbl BbICOKME MOKa3aTeNM NO KOMMIEKCHOMY CeeKTUBHOMY
M3BJIEYEHUIO META/INIOB B LieNeBble NPOAYKTbI: CBUHL,A B YePHOBOM CBUHeL, — 97,6%; Meau B LWUTENH
— 98,6%; UMHKa B WNaK — 56,8%, B wTeiH — 1,7%, B Nbinb, rasbl — 41,5%; MbllbAKa U CypbMbl B
neinb — o 97,4% u 90%, cooTBeTCTBEHHO. PaspaboTaHa TexHonorua nepepaboTku
cbanaHcMpPOBaHHOW WKXTbl ANA NepepaboTKM HEKOHAWMLMOHHbIX NOAYNPOAYKTOB MEeAHOro
CBMHLLOBOrO NPOM3BOACTBA.

Kntoveabie cnoea: meab, CBUHEL, LMHK, MPUPOAHDbIN ras, NaaBKka, u3siedeHve, nepepaborka.
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