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Abstract: This article presents a study on the selective extraction of copper and zinc compounds
from metallurgical bronze production slags using a hydrometallurgical approach. The relevance of the
work is associated with the depletion of mineral resources and the increasing environmental burden of
bronze production slags. The aim of the study was to evaluate efficient and environmentally friendly
methods for recovering copper and zinc from these slags. Leaching experiments were conducted using
nitric acid, ammonia solutions, and sulfuric acid, and their efficiencies were compared. The chemical and
phase compositions of the slags were determined using inductively coupled plasma optical emission
spectrometry, infrared spectroscopy, and X-ray phase analysis. The “hot leaching” method with 25%
sulfuric acid at 80°C was applied for the selective separation of copper and zinc. The results demonstrated
that sulfuric acid provides the most economical and environmentally effective separation. The process
yielded tin precipitate, high-purity metallic copper via chemical and electrochemical methods, and zinc-
rich solid residues. The proposed technological scheme reduces metal consumption, enhances the
recyclability of bronze slags, and offers a practical, resource-saving approach to processing metallurgical
waste.
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1. Introduction

The rapid development of technology has significantly expanded the
applications of non-ferrous, rare, and precious metals, as well as their alloys.
However, the extraction of these metals from ore raw materials presents several
complex challenges. In particular, ore reserves of many metals are limited and
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irreplaceable, the metal content in mineral raw materials is decreasing, large
capital investments are required for developing new deposits, and bronze
production slag from industrial operations poses a negative environmental impact.
These factors collectively hinder the expansion of metal production [1].

Non-ferrous and ferrous metals are present in large quantities in industrial
bronze slag from the mining and metallurgical industries. Due to the lack of
economical and environmentally friendly technologies for processing and
recycling, these secondary raw materials are often stored and accumulated [2].
Comprehensive processing of bronze slag, aiming for maximal extraction of
valuable components, is particularly important when it contains non-ferrous and
rare metals, given the diverse composition of secondary raw materials [3,4]. A
clear classification of secondary bronze slag is necessary to ensure efficient
processing and utilization of metal-containing materials [5].

Bronze slag containing precious metals can be classified according to its
origin: either as slag from the production of a specific product or as slag formed
during a particular process. Non-ferrous metals in the original raw materials may
be present in metallic form, as simple or complex oxides, or in various salts,
among which sulfates, chlorides, chalcogenides, and arsenides are most common,
with sulfides being particularly representative [6-9]. Typical raw materials with
metals in elemental form include ores containing native metals (gold, silver,
platinum group metals, and less commonly copper), secondary raw materials, and
semi-finished products such as cementation precipitates and cinders after reducing
roasting [10-13].

The chemical properties of electronegative metals (e.g., zinc, cadmium,
aluminum) determine their high solubility in acidic and alkaline solutions:

Me + nH'—Me™ + “H,
Me + 2nOH™ — MeOy, + %Hz

Aeration is used to prevent the accumulation of explosive hydrogen
concentrations. Electropositive metals dissolve only in the presence of both a
solvent and an oxidizing agent. When the solvent has complexing or acidic
properties and exhibits oxidizing activity (or when a mixture is used), the leaching
process is significantly accelerated:

Cu + 2H" + 0.50, — Cu*" + H;,0
Ni + nNH;z + 0.50; + H,0 — [Ni(NH3),]*" + nOH™

Certain metals (e.g., nickel, cobalt) are prone to passivation in air due to the
formation of oxide films; therefore, leaching efficiency is higher for freshly
reduced cinders [14,15]. The dissolution rates of alloys decrease in the presence
of components that form insoluble films. The most rational method to prepare
metallized raw materials for leaching is melting and spraying the melt, which
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removes non-metallic inclusions and ensures homogeneity in chemical and phase
composition, as well as a developed surface area [16].

In this study, the object of investigation was bronze slag obtained after
smelting operations at a machine-building enterprise. The material represents a
heterogeneous metallurgical residue consisting of oxidized phases and residual
metallic inclusions. Throughout the manuscript, the term “slag” refers exclusively
to this material.

Bronze slag was obtained from [Company/Plant]. Chemical reagents
included sulfuric acid (H.SO4, 98%), hydrogen peroxide (H:0:, 30%), and
deionized water. Copper cathodes (99.9%) and lead or chrome-plated steel anodes
were used for electrolysis.

2. Experimental part

The main alloying element in bronze is tin, while in brass it is zinc; however,
both alloys are copper-based. Depending on their composition, bronzes may be
tin-containing or tin-free, whereas brasses may be binary or multicomponent
alloys. Copper-tin bronzes can be produced by various methods, including
smelting, co-smelting, and cementation.

Due to the depletion of high-grade mineral resources, complex and low-
grade ores, as well as their processing products (slags, cakes, dusts, and
sublimates), are increasingly involved in metallurgical production. In the present
study, slag obtained from bronze smelting at a machine-building enterprise was
used as the raw material.

To determine the chemical composition, the initial samples were crushed and
divided into two fractions: crushed material (sample 1a) and uncrushed metallic
phase (sample 1b). Photographs of the samples are shown in Figure 1.

Figure 1 — Bronze slag samples: 1a — abraded and 1b — non-abraded (metal phase).

The compositional differences between the crushed (1a) and uncrushed (1b)
fractions confirm the heterogeneous distribution of metallic phases in the slag.
Therefore, preliminary particle-size classification and controlled grinding are
important steps in the processing scheme. Finer fractions enriched in copper are
more suitable for oxidative sulfuric acid leaching, while coarser fractions
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containing zinc-rich phases may require additional grinding or thermal treatment
to improve metal accessibility.

The chemical and phase compositions of the slag were determined using
inductively coupled plasma optical emission spectrometry (ICP-OES), infrared
spectroscopy, and X-ray phase analysis (XRD).

Based on the analytical results, a technological scheme for the extraction of
copper and zinc was developed (Figure 2).
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Figure 2 — Hot leaching flow chart for bronze bronze production slag: 1 — classifier,
2 — calcination furnace, 3 — leaching reactor, 4 —filter, 5 — electrolyte collector, 6 — cake collector,
7 — leaching reactor, 8 — filter, 9 — rinse tank, 10 — dryer, 11 — circulation pump.

The process for extracting copper and zinc from bronze slag included the
following stages:

Classification of slag to a particle size not exceeding 0.315 mm.

Calcination at 600°C for 8 hours to remove organic impurities.

Leaching in a reactor with 18-25% sulfuric acid at 80°C for 1 hour under
constant stirring (400 rpm). After 20 minutes, 9-15% hydrogen peroxide was
added as an oxidizing agent. Hydrogen peroxide oxidizes Fe** to Fe**:

2Fe*™ + H.0: + 2H" — 2Fe*" + 2H.0

Under strongly acidic conditions (25% H.SO.), Fe** remains soluble;
therefore, hydrogen peroxide primarily promotes oxidative dissolution of copper
rather than iron precipitation.

After leaching, the suspension was allowed to settle for 20-30 minutes at
80°C. Metallic copper formed via cementation was separated by hot filtration.

The primary filter cake was retained, while the filtrate was allowed to cool
for 30—40 minutes, resulting in tin precipitation. The tin precipitate was filtered,
washed with water, and dried at 80°C.
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The primary cake was returned to the reactor for secondary leaching with
fresh 18-25% sulfuric acid. The deep blue coloration of the solution indicated
further copper dissolution. After refiltration, the secondary filtrate was collected
for electrolyte preparation.

The concentrations of free acid, copper sulfate, and zinc sulfate were
monitored and adjusted prior to electrolysis. Wash waters were recycled back to
the leaching stage.

The electrolyte was prepared from the filtrate containing copper and zinc
sulfates in 18-25% H»SO. and adjusted to 80 g/L Cu?* and 20 g/L Zn*".

Electrolysis was performed at a current density of 5 A/dm? using a copper
cathode and a lead or chrome-plated steel anode for 1 hour at room temperature.

Selective copper deposition occurred due to the difference in standard
reduction potentials:

E° (Cu**/Cu) = +0.34 V
E° (Zn*/Zn) = —0.76 V

Under these conditions, copper was deposited on the cathode, while zinc
remained in solution. The cathode deposit contained 98.5% Cu with minor Zn and
Sn impurities (<1%), confirming high copper purity. If higher copper purity is
required, additional purification steps may be applied. These include electrolyte
purification using solvent extraction or ion-exchange methods to remove trace
metal ions, as well as secondary electrorefining under optimized electrochemical
conditions. Such approaches are widely used in hydrometallurgical processing
and can increase the purity of cathode copper to industrial standards.

The zinc-rich solution may be further processed for zinc recovery.

All leaching experiments were performed in triplicate. Extraction efficiencies
are presented as mean values + standard deviation. The analytical error of the
ICP-OES method was +0.5%, confirming reproducibility and reliability of the
results.

3. Results and discussion

The chemical composition of the combined bronze slag sample showed the
following contents (wt.%): TiO2 — 0.07; MnO - 0.46; Na.O — 0.53; K.O - 0.14;
SiO: — 2.66; MgO — 0.93; CaO — 4.40; Fe.0s — 1.94; Al.Os — 2.82; P.Os — <0.1;
Zn —28.49; Ni — 0.38; Cu — 55.69; Cr —0.087; W — 0.006.

The results indicate the predominance of copper and zinc as the principal
metallic components, while other oxides and alloying elements are present in
minor quantities.

Solutions obtained after microwave digestion of crushed (1a) and uncrushed
(1b) samples in a mixture of hydrochloric and nitric acids were analyzed by ICP-
OES. Chemical analysis showed that in sample 1a, zinc (Zn) was 17.08%, nickel
(Ni) 0.37%, copper (Cu) 72.97%, chromium (Cr) 0.036%, and tungsten (W)
0.007%. In sample 1b, zinc was 25.63%, nickel 0.26%, copper 41.57%,
chromium 0.027%, and tungsten 0.005%. These results indicate that sample 1b
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contains a higher zinc content and a lower copper content, reflecting the
heterogeneity of the slag and uneven distribution of its phases.

Sample 1b contains significantly more zinc and less copper than sample 1a,
indicating heterogeneity of the slag and uneven phase distribution.

X-ray diffraction suggested the possible presence of minor phases containing
Ge, Se, and Co. However, chemical analysis showed that these elements were
either below the detection limit or present only in trace amounts.

Therefore, identification of phases such as CusGe and Co- or Se-containing
compounds should be considered tentative. Their appearance in the diffractogram
may be explained by:

e trace micro-impurities,

o overlapping diffraction peaks,

e limitations of automatic database matching (PDF/ICDD).

Phase identification was refined by prioritizing phases consistent with the
bulk Cu—Zn-Sn composition. Minor phases were interpreted cautiously.

Component composition of bronze samples:

¢ Without calcination: Cu 54%, Zn 34%, Sn 5%, Pb 6%;

e Calcined 1 h: Cu 31%, Zn 56%, Sn 1.5%, Pb 4%;

e Calcined 8 h: Cu 26%, Zn 62%, Sn 1.3%, Pb 4%.

Prolonged calcination leads to redistribution of metallic components and
relative zinc enrichment.

Sulfuric acid was selected as the leaching agent because it forms soluble
sulfates of copper and zinc, while avoiding formation of poorly soluble by-
products.

Since bronze is an alloy, dissolution must be considered as independent
reactions of its components.

Zinc dissolves readily:

Zn + H.SOs — ZnS0. + HzT

Tin may react as:
Sn + H.SO4 — SnSOs + Ha?t

Copper does not dissolve in non-oxidizing sulfuric acid. In the presence of
hydrogen peroxide:
Cu + H20:2 + H.SO4 — CuSOs4 + 2H-0

Thus, zinc dissolves through a direct acid attack, reacting readily with
sulfuric acid to form soluble zinc sulfate and release hydrogen gas. In contrast,
copper dissolves via an oxidative mechanism, requiring the presence of an
oxidizing agent such as hydrogen peroxide, which enables the formation of
soluble copper sulfate.

If Cu?* forms, cementation may occur:

Cu** +Zn — Cu| + Zn**

31



KA3AKCTAHHBIH XUMUA >KYPHAJIBI XUMHYECKHUY XKXYPHAJI KA3AXCTAHA

Therefore, metallic copper powder observed during leaching is attributed to
cementation rather than direct acid dissolution.

Leaching was performed at 80°C in 25% H.SO. under constant stirring.

Figure 3 shows the solid products obtained.

Figure 3 — Precipitates formed during leaching of bronze slag with sulfuric acid:
1 —tin powder formed after leaching bronze with sulfuric acid and hydrogen peroxide;
2 —metallic copper obtained after leaching bronze slag with sulfuric acid without hydrogen peroxide.

Metallic copper formed as a brown powder with minor zinc inclusions, as
confirmed by XRD.

The study demonstrates that copper and zinc are the dominant components of
bronze slag, while the particle size and thermal treatment of the material
significantly influence the distribution of its phases. Oxidative leaching with
sulfuric acid allows for the selective dissolution of copper, and the formation of
metallic copper can be explained by the cementation process. Overall, the hot
leaching method provides an effective and practical approach for obtaining high-
purity copper, tin precipitates, and zinc-rich residues.

These findings establish a direct relationship between compositional analysis
and the development of a resource-saving hydrometallurgical process for bronze
slag recycling.

4. Conclusion

The results of this study showed that bronze slag primarily consists of copper
(Cu) and zinc (Zn), with other impurities present in minor amounts. The
multicomponent structure of the slag significantly influences the leaching rate, as
different metals respond differently to chemical treatment. When ammonium
hydroxide and nitric acid were tested as leaching agents, several limitations were
observed. In ammoniacal systems, copper dissolution occurs through the
formation of ammine complexes, which requires strict control of pH and
ammonia concentration. In addition, ammonia volatilization may lead to

32



ISSN 1813-1107, elSSN 2710-1185 MNe 1, 2026

atmospheric emissions and requires additional gas-capture systems. Nitric acid,
although effective as an oxidizing agent, produces nitrogen oxide gases (NOX)
during the leaching process, which require catalytic gas-treatment systems and
increase operational costs. In contrast, sulfuric acid proved to be a much more
efficient reagent, enabling selective extraction of copper and zinc while
minimizing the formation of by-products.

To evaluate the efficiency of metal recovery, a material balance was
established for copper, zinc, and tin. The results indicated that 81% of the total
copper in the slag was recovered as a chemical precipitate, 70% of zinc remained
in the solid residue after leaching, 59% of tin was obtained as a precipitate, and
electrochemically deposited copper reached a purity of 98.5%. A total material
balance accounting for all phases, including losses, chemical precipitates,
electrochemical products, and residues, confirmed the transparency and
effectiveness of the selective separation process. Furthermore, the washing
solution from filtration can be reused to prepare fresh sulfuric acid, enhancing the
sustainability of the process. Overall, these findings demonstrate that the
proposed hot leaching method allows for the effective, resource-saving, and
environmentally safe recovery of copper and zinc from metallurgical bronze
production slag.
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KOJIA OHAIPICIHIH KAJIABIKTAPBIHAH MbIPBIII KOCBIJIBICTAPBIH
BOJIII AJIY bl 3BEPTTEY
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Tyiiingeme. by Makana Koila MeH xke3Jii eHAIpy Ke3iHae maifga 00nFaH MEeTaJLTyprUsIIbIK KalJbIKTapIaH
MBIPBIII TI€H MBIC KOCBUIBICTAPBIH THAPOMETAILTYPTHSIIBIK OMICTICH CEJIEKTUBTI 06Ty TEeXHOJOTHSCHIH
3epTTeyre apHajFaH. 3epTTey/IiH ©3CKTiLIIr MUHEPAJIbl IUKI3aTThIH a3al0bIMEH KOHE METAJUTYPTHSIBIK
KaJIABIKTAp/IBIH KOpLIAFaH OpTara THII3eTIH OJKOJOTHSIIBIK JKYKTEMECIHIH apTybIMEeH OaifaHBICTBI.
JKYMBICTBIH MakcaThl - KOJIa MEH )Ke3 NUIAKTapblH ©HIEY Ke3iHIe MBIC HMEeH MBIPBINTH THIMII JXKOHE
9KOJIOTHSUIBIK Ta3a KOJIMEH aly MYMKIHIITIH aHbIKTay. 3epTTey OapbIChIHIA a30T KBIIIKBUIBI, aMMHAK
epiTiHAIep] KOHE KYKIPT KbIIIKbUIbI KOJIAHBUIIbL, OJIAP/IbIH MaiiMaray THIMIUTIr cabICThIpMaIbl Typae
Oaramanppl. IlInakTapABIH XUMHSUIBIK KoHE (pa3aiblk KypaMbl MHIYKTHBTI OalJIaHBICKAH ILIa3MajbIK
ONTHKAJIBIK SMHCCHSUIBIK CIHEKTPOMETpHS, HH(PAKBI3bUI CIHEKTPOCKOMHS JKOHE PEHTTeHMIK (a3aibik
Tanaay apKepUlbl aHbIKTanabl. JKaHa omictemenik Tocin peringe 80 °C rtemmeparypama 25% KykipT
KbIIIKbUIBIH KOJIAHATBIH «BICTBIK IHalMayiay» oMiCi KOJIAHBUIBL 3epTTey HOTHXKENepi KyKipT
KBIIIKBUIBIHBIH MBIC IIEH MBIPBITE 0OIyae 3KOHOMHKAIBIK XKOHE SKOJIOTHMSUIBIK TYPFBINAH TUIMAIPEK
eKeHIH KepceTTi. byn mporecc Kamaibl TYHOACBIHBIH, XUMHSJIBIK JKOHE OSJIEKTPOXHMHSIBIK JKOJIMEH
QJIBIHFAaH JKOFAapbl Ta3a METAI MBICHIHBIH JKOHE MBIPBIIIKA 0ail KaTThl KaJJbIKTApAbIH Haiiia 0oybIHA
oKenzi. ¥CHIHBUIFAH TEXHOJOTWSUIBIK CXEMa METAJl LIBIFBIHBIH a3alTajbl, KaJIbIKTapAbl KaifTa eHaey
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MYMKIHZITIH ~ apTThIpajabl JKOHE a3 KaJIBIKThl, pecypcTapibl YHEMJICHTIH MeTaulyprHsuIbIK
TEXHOJIOTHSIIAP/IbI 3ipJiey YIIIiH MPaKTHKAIBIK MaHbI3Fa He.

Tyiiinai ce3aep: MeTaUTyprUsUIbIK KAIABIKTAP, THAPOMETAILTYPTHSUIBIK OMIiC, KYKIPT KBIIKBUIBIMEH
miaiimanay, MeTanaap/bl JJIEKTPOATAY, PECypC YHEMJIEYII TEXHOJIOTHsI.

Epmyxanosa Ceemnana Tac6onamosna aga OKbIMyulbl
Hasapoga /laypus Cazeinobikosna aga OKbIMyulbl
Axmemosa Qupysa JKanmackpizol PhD
Amanzenoues Meiipamoex Kymamypamynot UHOICEHED
Amyoea Illyzvina Enemeckvizol MaA2UCmpanm

HCCJIEJOBAHUE BBIIEJEHUSI COEAMHEHMI IUHKA U3 OTXO0B
MPOU3BO/CTBA BPOH3bI

C.T. Epmyxanosa®’, /I.C. Hazaposa', @.JK. Axmemosa', M.JK. Amanzenouee?, Ill. E. Amyosa*

! 3anaono-Kazaxcmanckuii azpapno-mexuudeckuii yuusepcumem umenu JXanaup xaua,
Vpanvck, Kazaxcman
2 A0 «3anaomo-Kasaxcmanckas MauuHoCmpoumensuas komnanusy, Ypanock, Kazaxcman

Pe3tome. JlanHas cTaThsl MOCBSIIEHA M3YyYEHUIO TEXHOJOIMH CEJIEKTUBHOIO DPA3AENCHUS COSJUMHEHUH
IMHKa U MEAW M3 METAUTypPrHYECKUX OTXOJIOB, 00pa3yIOIIMXCs MPU MPOU3BOJCTBE OPOH3BI U JIATyHU
THJPOMETAJUTyPTHYECKUM ~ METOAOM. AKTyaJbHOCTh  HCCIEJOBAaHMSA CBs3aHA C  HMCTOLICHHEM
MUHEPAIBHOTO CHIPhSI M BO3PACTAIONIEH 3KOJOIMYECKON HArpy3KoW MeTauTyprHuecKux oTxojoB. llems
paboThl — OMpPEAEUTh BO3MOXKHOCTh 3(PPEKTUBHOTO M IKOJOTMYECKH OE30IMacHOr0 MOJYYCHUS MEIH U
LIMHKa NpU TepepadoTKe OpOH30BBIX M JIATYHHBIX MIIaKOB. B Xojie ucciemoBaHUs HMCIONB30BAJIHCh
a30THasi KUCIIOTa, PACTBOPbI aMMHaKa U CepHasi KUCJIOTa, a TAKXKE MPOBOAUIACH CPABHUTEIIbHAS OLICHKA
ux 3((GEKTUBHOCTH BbIIIEIAUMBaHUS. XUMHYECKHI U (Pa30BBI COCTaB IIIAKOB ONPEAENSIICS METOAAMU
ONTHUYECKOH OMHCCHOHHOM CIIEKTPOMETPHM C WHIYKTHBHO CBS3aHHOH IUIa3Moi, WH(QpakpacHOH
CHEKTPOCKOIIMM W PEHTreHO(a30BOro aHanu3a. B  kadecTBe HOBOrO METOAMYECKOTO IOIX0Aa
HCTIOB30BANICSl METOJl «TOPSYETO BBIIICIIAUYMBAHUSI» C HpPUMEHEHHEM 25% CepHOW KHCIOTHI IpU
temneparype 80 °C. PesynbraThl HCClieOBaHHs IIOKa3alM, YTO CepHas KUCIIOTa SBIseTCs Oolee
9KOHOMHUYECKH M KOJIOTMYecKH d(PPEKTUBHOI MpHU pa3/esiecHMH MEAU M IIMHKa. B pesynbraTe mporecca
oOpaszoBajicss OCaJIOK OJIOBA, XHMHUYECKH W 3JCKTPOXUMHYECKH W3BJICUCHHAss BBICOKOYMCTAsS
MeTaJUTHYecKasl Mellb, a Takke TBEepIble OTXOABI, OoraTble HUHKOM. [Ipe/ioxkeHHas TEXHOIOTHYecKas
CXeMa CHIDKAeT pacxo] MeTa/ula, YBEJIMYHMBA€T BO3MOXKHOCTH NEpepabOTKH OTXOHZOB M HMeEET
MPAKTUYECKOE 3HA4YCHHE JUIS Pa3BUTHS MaJOOTXOIHBIX, PECypCOCOEpEerarInx MEeTaLTypPruYecKuxX
TEXHOJIOTHH.

KiroueBbie cioBa: METAJTYPrudeCKrue OTXO0blI, FPIJIpOMeTaJ'[J'[prHLIeCKI/Iﬁ MCTO/, BBIIICIAYNBAHUC
cepHoﬁ KHCHOTOﬁ, DJIEKTPOOCAXKACHNUE METAJIJIOB, pecypcoc6epera}omaﬂ TCXHOJIOTHUA.

Epmyxanoea Céemnana Tacéonamosna cmapwiuil npenodasamels
Hasapoga /laypus Cazeinovikosna cmapuiuii npenooasamens
Axmemosa Qupysa Kanmacoena PhD

Amanzenoues Meiipamoex Kymamypamoeuu uHdHCEHED

Amyoea Illyzvina Enemecoena Mazucmpanm
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