2028; 345(2):16-28

ISSN-L 2616-6445, ISSN 2224-5243

M= Crossref
DOI: 10.31643/2028/6445.13

@creative
commons

Metallurgy and Metallurgical Engineering

Deep Copper Recovery from Autogenous Smelting Slags under

Strongly Reducing Conditions

Altybayeva D. Kh., *Kenzhaliyev B.K., *Kvyatkovskiy S.A., *'Dyussebekova M.A.,

1Abdikerim B.E., 'Semenova A.S., 2Gemeal A.

1 Institute of Metallurgy and Ore Beneficiation JSC, Satbayev University, Almaty, Kazakhstan
2 Central Metallurgical Research &Development Institute, Cairo, Egypt

* Corresponding author email: m.dyussebekova@satbayev.university

Received: March 17, 2026
Peer-reviewed: April 21, 2026
Accepted: June 1, 2026

ABSTRACT

Deep reduction of copper smelting slags is a promising route to recover entrained non-ferrous
metals and to generate slags suitable for further processing. This work investigates the depletion
of fayalite—-magnetite slags formed during autogenous smelting of copper concentrates in
conditions simulating the oxidation and reduction zones of a two-zone Vanyukov furnace.
Laboratory charges of 100 g, containing 14.63-16.82 wt.% Cu, 25.6-27.6 wt.% Fe, 30 wt.% S and
15 wt.% SiO,, were smelted at 1350 °C with controlled oxygen injection to produce slags containing
0.93-1.54 wt.% Cu, 30.05-32.30 wt.% SiO, and 7.8-9.8 wt.% Fes;0,4. Subsequent reduction at 1300
°C was carried out with activated carbon in a fivefold stoichiometric excess relative to magnetite,
at an oxygen-containing blast flow rate of 5 L/h and a 1 h holding time. Chemical analysis shows
that Fe;04 in slag decreases from 7.8-7.95 wt.% to 2.5-2.6 wt.%, while copper content drops from
0.93-1.033 wt.% to 0.43-0.50 wt.% under oxygen partial pressures of 107210 atm. X-ray
diffraction and electron microscopic studies reveal a transition from fayalite—magnetite slags with
dispersed metallic copper and sulfides to fayalite-dominated matrices containing ferruginous
sphalerite, copper minerals of the bornite—chalcopyrite type, iron oxides and glassy phases.
Simultaneous thermal analysis demonstrates that all major endothermic and exothermic events
are completed by 1300 °C, supporting this as an optimal temperature for deep slag depletion. The
results define an operating window—slag composition, temperature, reductant dosage and pO,—
under which copper losses to slag can be reduced to about 0.5 wt.% in industrially relevant fayalite
slags.

Keywords: copper slag processing, pyrometallurgical treatment, copper-bearing sulfide materials,
reductive melting, sem analysis, metallurgical waste.
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Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

Introduction

Intensive, or deep, reduction of metallurgical
slags is increasingly important for maximising metal
recovery and minimising waste. The effectiveness of
such reduction processes is largely controlled by slag
composition, process temperature and oxygen
partial pressure, all of which influence phase
equilibria,  viscosity and metal solubility
([1],[2],[3),[41,[51,[6]].

The processing of metallurgical waste, including
copper smelting slags, has been the subject of
extensive research in many scientific communities.
Researchers from Kazakhstan have investigated the
thermodynamic modelling of mineral formation
during the processing of toxic metallurgical waste,
including the behaviour of zinc-containing phases
[[71,[8]], and the utilisation of technogenic raw
materials from South Kazakhstan metallurgical
enterprises as secondary resources [[9],[10]]. These
studies highlight the broader challenge of valorising
metallurgical by-products — a context directly
relevant to the present work.

Only a limited number of studies have explored
deep slag reduction at extremely low oxygen
potentials near 107° atm, leaving the kinetics and
mass-transfer mechanisms under such conditions
poorly constrained [11]. This knowledge gap is
critical for  autogenous copper smelting
technologies, where copper losses to slag and
magnetite build-up strongly depend on pO..

Available thermodynamic data suggest that
decreasing pO; below 10™ atm, and at the same
time, at low iron contents in the alloy, leads to a

noticeable reduction in copper activity and its
solubility in slag [4]. Moreover, earlier studies
[[12],[13],[14]] show that deep slag reduction is a
complex and sensitive process that is strongly
dependent on oxygen potential. This underlines the
need for additional experimental and theoretical
investigations to improve both the efficiency and
economic performance of copper recovery
[[15],[16],[17],[18]].

Several approaches have been proposed for
copper recovery from smelting slags. Flotation is a
widely used method; however, its efficiency is often
limited by the fine dissemination of copper-bearing
phases, and copper recovery under standard
conditions typically does not exceed 45-50% [19],
although higher values may be achieved with
intensive grinding and optimised reagent conditions.

Electrothermal reduction represents an
alternative route, yet it is constrained by the
absence of bath agitation and the strongly
endothermic nature of reduction reactions, which
cause rapid temperature decrease, while electrode
power is often insufficient to maintain stable
thermal conditions, negatively affecting reaction
kinetics and phase separation [[20],[21],[22]].

In contrast, the approach investigated in the
present study employs intensive gas injection
(bubbling) within a Vanyukov (PV) furnace
configuration, which promotes bath mixing,
enhances mass transfer, and stabilises the thermal
regime. These conditions are more favourable
compared to conventional methods, enabling more
efficient reduction and improved separation of
copper-containing phases.
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Figure 1 - Dependence of the copper content in the slag on the pO,. Adapted from [23]
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Figure 1 illustrates how the partial pressure of
oxygen influences the copper concentration in the
slag. In autogenous smelting, processes are
conducted under oxidising conditions, with the
oxygen partial pressure usually in the range of 10°
to 108 atm. By contrast, establishing a deep reducing
atmosphere (by adding coal or natural gas)
significantly  increases the  thermodynamic
possibility of reducing metal oxides.

For a Vanyukov (PV) furnace, achieving such
deeply reducing conditions requires sufficient heat
to enable effective interaction between the reducing
agent and the slag. The present study focuses on
experimentally defining the conditions for deep
copper recovery from autogenous smelting slags,
and on characterising the resulting slag structure
and properties.

Experimental part

Laboratory experiments were conducted on
100 g charges smelted in a pre-calcined alund
crucible (4) at 1350 °C in a silite furnace (1) designed
to model autogenous smelting with gas purging
(Figure 2). The charge consisted of copper
concentrate containing 30 wt.% S and 27.0-27.6
wt.% Fe and a quartz flux with 70 wt.% SiO,, added
in an amount of 21.2 g per 100 g charge to form
fayalite slags. For selected samples, experiments
were carried out in triplicate to ensure
reproducibility, and the reported values correspond
to the average results.

After complete melting, oxygen was blown into
the bath through an alund tube (3-5 mm inner
diameter) at 1.0 L/min. The total oxygen input (43 L
per 100 g charge) was calculated to oxidise iron
sulfide and sulfur completely according to the
reaction:

2FeS + 30, = 2Fe0 + 250, (1)

and to convert FeO to fayalite in the presence of
silica. After purging, the crucibles were held for 30
min and air-cooled.

Slags and mattes were studied using X-ray
diffraction with a Bruker D8 Advance diffractometer
(Cu Ko radiation); phase identification and
quantification were carried out using DIFFRAC.SUITE
EVA Version 5.2.0.5 (Bruker AXS, 2020) with the PDF-
2 (2023) reference database applying the RIR-based
S-Q method. Scanning electron microscopy with
microanalysis (JEOL JXA-8230), simultaneous
thermal analysis (NETZSCH STA 449 F3 Jupiter,
processed  with Proteus  software), and
reflected-light petrography (OLYMPUS BX-51, 50x—
1000x magnification).

For depletion experiments simulating the
reduction zone, slags obtained in the first stage were
reheated to 1300 °C using activated carbon (74.3
wt.% C) as a reducing agent. The reduction of
magnetite proceeds according to the reaction:

Fe;04+C>3Fe0+COD (2)

1 —silite furnace; 2 — alund glass; 3 — Pt-Pt-Rh thermocouple; 4 —alund crucible; 5 — alund tube;
6 — millivoltmeter; 7 — rubber hose; 8 —rheometer; 9 — gasometer

Figure 2 - Diagram of a laboratory installation for modelling autogenous melting with purging of a melt
with an oxygen-containing mixture
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The amount of carbon added (2.5 wt.%)
corresponds to approximately a fivefold excess
relative to the stoichiometric requirement for
magnetite reduction, considering the Fe30, content
of the slag and the carbon purity of the reducing
agent. An oxygen-containing blast of 5 L/h was
maintained, and the melt was held for 1 h before
cooling. The experimental procedure was based on
our previous study [3], in which the reduction-stage
methodology was described in detail.

Oxygen partial pressures were calculated from
measured copper contents in slag using a published
empirical relationship between Cu in slag and pO,
for such systems [[13],[24]].

Results and Discussion

Table 1 summarises the compositions of charge,
slag and matte. Each value represents the average of

three independent experiments conducted for each
sample. Within the narrow variation of charge
composition, slag chemistry remained stable: 0.93—
1.033 wt.% Cu, 31.3-32.05 wt.% SiO,, 37.3-37.4
wt.% total Fe and 7.8-7.95 wt.% Fes04, with matte
copper contents around 46 wt.% A modest increase
in magnetite from 7.80 to 7.95 wt% was
accompanied by a rise in slag Cu from 0.93 to 1.03

wt.%. This relationship demonstrates a strong
positive correlation (R? = 0.82), indicating that an
increase in Fes04 content is associated with higher
copper losses in slag (Figure 3), which is further
supported by structural analysis. XRD of slag from
test No. 2 (0.97 wt.% Cu) show a fayalite—magnetite
matrix with small metallic copper inclusions (Figure
4). Elemental mapping reveals copper, lead and zinc
sulfides dispersed in the silicate matrix, with
magnetite associated with Fe—O-rich regions and
fayalite prominent along grain boundaries (Figure 5).

Table 1 - Principal key components in the charge, slag, and matte (average values)

Fe;0,, wt.%

Figure 3 - Dependence of copper content in the slag on the magnetite content in the slag

Chemical composition, % Slag
Test No. Cu Fe Cu Si0, Fetotar | FesOs Cu mass, g
in charge in charge in slag in slag in slag in slag in matte
1 16.82 27.00 0.930 32.05 374 7.80 46.30 44.0
2 16.73 27.60 0.970 31.90 37.3 7.90 46.20 43.6
3 16.35 27.10 1.033 31.30 37.3 7.95 45.90 44.6
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Figure 4 - Diffractogram of a slag sample containing 0.97% copper

Figure 5 - Elemental mapping of the slag sample from test No. 2 containing 0.97% copper (WDS, x500)
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Figure 6 - Thermograms of a slag sample containing 0.97% Cu during heating (a) and cooling (b)

The distribution of elements within the slag
sample obtained from test No. 2 is presented in
Figure 5. The bright regions observed in the
micrographs correspond to areas with elevated
concentrations of specific elements. Based on these
features, it can be inferred that the slag contains
copper, lead, and certain zinc sulfides. The zones
enriched in iron coincide with oxygen-rich areas,
indicating the presence of magnetite. Fayalite is
predominantly observed along the peripheral
regions of the sample.

Thermal analysis of this slag indicates complete
melting between 1280 and 1300 °C. Endothermic
peaks at 1057.6 and 1130.4 °C correspond to the
melting of major phases, with remaining phases
liguefying around 1229.9 °C; during cooling, an
exothermic effect near 1066.6 °C is accompanied by

mass gain, consistent with crystallisation and
oxidation (Figure 6).

Slags selected for depletion contained 0.93-1.54
wt.% Cu, 30.05-32.30 wt.% SiO, and 7.8-9.8 wt.%
Fes04. Such slags require reduction treatment in
order to decrease the content of non-ferrous metals.

During reduction at 1300 °C with activated
carbon, two phases were formed: a slag phase and a
bottom phase, whose compositions were similar to
those of the matte phase formed during simulation
of the oxidation zone of a two-zone PV furnace.
Chemical composition of the obtained slag samples
is presented in Table 2. These data indicate that
magnetite was partially destroyed during smelting,
with its content decreasing by 5.3-6.5 wt.%, which
resulted in a lower copper concentration in the slag
after reduction.
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Table 2 — Chemical composition of major components after reduction of the slag
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Figure 7 - Diffractogram of a sample of slag from test No. 12 containing 0.47% Cu

The results of the slag analysis after treatment
with activated carbon revealed a substantial
reduction in copper content, decreasing to 0.43-
0.50 wt.% compared with the initial 0.93-1.033 wt.%
in slags prior to reduction treatment. This decrease
in copper concentration is attributed to the
transformation of magnetite and other iron oxides
into fayalite under reducing conditions. As a result,
the magnetite content in the slag decreases to 2.5—
2.6 wt.%, whereas before reduction it ranged from
7.8 to 7.95 wt.%.

Having calculated the partial pressure of oxygen
according to the formula [13]:

Ig (Cu) =0.221 Ig PO2 +2.09 (3)

where Cu is the copper content in the slag, % by

weight, and pO; is the partial pressure of oxygen,

atm., we obtain the pO, values (Table 2) in the slag

under conditions of reducing the depletion of the
slag by coal.

Based on the calculations performed, the
obtained low oxygen partial pressure values indicate
that the processes of depletion of copper slags occur

under deeply reducing conditions, at pO, < 10
atm. Under such conditions, the dissolved copper
losses from the slag are restored, as well as the
magnetite is restored. The reduction of magnetite
has a beneficial effect on the viscosity of the slag.
Reducing the viscosity of the slag, in turn, helps to
reduce the mechanical losses of copper with the
slag. Because, from studies conducted in the field of
slag reduction treatment, it is known that the
presence of magnetite in slag can increase its
viscosity, which negatively affects the mechanical
losses of copper [[25],[26],[27],[28],[29],[301,[31]].
However, the reduction processes occurring under
deeply reducing conditions contribute to the
transformation of magnetite and a decrease in
thecontent of iron oxides, which favourably affects
the physico-chemical properties of the slag,
including its viscosity, which contributes to a more
efficient removal of copper from the slag phase
[[32],[331].

X-ray diffraction analysis indicated that the slag
sample of test No. 12, containing 0.47% Cu, consists
of more than 85% fayalite with an admixture of iron-
containing sphalerite (Figure 7).
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Pb —— 20um

Figure 8 - Elemental mapping of the slag sample from test No. 12 containing 0.47% copper (WDS, x500)

According to the analysis data, the host matrix in
the sample is fayalite, which contains iron oxides
FeCl,, FeO, Fe,0s, ferruginous sphalerite, and an
isotropic glass phase in the form of inclusions. The
distribution of the elements in the slag sample of
test No. 12 is shown in Figure 8.

The presented thermograms (Figure 9) show
that during heating, low-temperature effects (=350—
500 °C) are associated with minor structural changes
and removal of physically bound components. At
higher temperatures (=870-980 °C), broader
thermal effects indicate progressive phase
transformations within the silicate system. More
pronounced peaks in the range of =1090-1130 °C
correspond to the onset of melting, while the strong

effect near =1240-1250 °C is associated with the
completion of melting and formation of a liquid
phase.

During cooling, a distinct exothermic peak at
=1067 °C corresponds to crystallisation of the melt.

It is observed that all significant endothermic
and exothermic effects occur below 1300 °C. This is
further supported by the absence of additional
thermal effects above =1250 °C and the stabilisation
of the thermal curves, indicating that the main phase
transformations are completed within this
temperature range. Therefore, this temperature
range is considered optimal for the slag reduction
process.
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Figure 9 - Thermograms of the slag sample of test No. 12, during heating (a) and during cooling (b)

Conclusions

The study demonstrates that fayalite slags
produced from the autogenous smelting of copper

concentrates can be effectively depleted in a
two-zone Vanyukov-type process when operated at

1300 °C and under strongly reducing conditions
(pO2 < 10™™ atm). Slags with 0.93-1.54 wt.% Cu,
30.05-32.30 wt.% SiO; and 7.8-9.8 wt.% Fe304 are

suitable feed for depletion; after reduction with
activated carbon, magnetite decreases to 2.5-3.3
wt.% and copper to 0.43—-0.80 wt.%.

The results revealed that ensuring sufficient
heat input and controlling pO, are key to achieving
deep reduction of metal oxides, lowering slag
viscosity via magnetite destruction, and reducing
both chemical and mechanical copper losses in
industrial practice.

—— 4 ——
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TYRIHAEME

Mbic 6ankpITy OHAIPICIHIH, KOXKAAPbIH TEPEH, TOTbIKCbI3AAHABIPY ONapAblH, KYPamblHAAFbl TYCTi
meTangapabl 6enin anyablH, KaHe 9pi Kapail KaWTa eHJeyre Kapamgpl KoOXAap anyablH
nepcnekTuBanbl Tacini 6onbin Tabbinagpl. byn KymbicTa eki ailmaKTbl BaHIOKOB NeLwiHiH, TOTbIFy
JKOHe TOTbIKCbI3AaHy aiMaKTapblH MMWUTALMANANTbIH KaFAaWnapha MbIC KOHLEHTPATTapbiH
asToreHai 6ankbITy KesiHae Ty3ineTiH GasNUT-MarHeTUTTI KOXAAPAbl XKyTaHAaHybl 3epTrengi.
Maccacbl 100 r wuxTa yarinepi (KypambiHaa 14,63-16,82 % Cu, 25,6-27,6 % Fe, 30 % S xaHe 15 %
Si0,) 1350 °C TemnepaTypaga OTTerimeH peTTesreH ypsey afaanblHaa 6ankbiTbIbIM, KypambiHAA
0,93-1,54 % Cu, 30,05-32,30 % SiO, kaHe 7,8-9,8 % Fe30, 6ap Koxaap anbiHAbl. KediHri

TOTbIKCbI3AaHAbIpY 1300 °C TemnepaTypasa MarHeTUTKE KaTbICTbl CTEXMOMETPUSANLIK MeLWepaeH
Makana kengi: 17 Haypei3 2026
CapantamagaH eTTi: 21 cayip 2026
Kabbinganapl: 1 mayceim 2026

6ec ece apTbIK EHri3iNIreH aKTUBTEHAIPINTEH KOMIP KaTbICbIHAA, OTTEr Kypamabl Yp/ey LWbifbiHbl 5
N/caF KaHe ycray yakbiTbl 1 cafaT »afAaublHAa XKYPrisingi. Xumuanoik Tangay HaTuxesnepi
6oibIHWa KoxKaafbl FesOs menwepi 7,8-7,95 %-aaH 2,5-2,6 %-fa aeiiH, an mbic menwepi 0,93—
1,033 %-paH 0,43-0,50 %-fa peiiH TemeHAereHi aHbiKTanabl (OTTEriHiH, Napuuangbik KbiCbiMbl
~1072-10" atm).
KOXAAPAbIH KypamblHAaFbl AUCNEPCTi MEeTasn MbIC NeH cynbduatepaeH Temipai chanepurt,

PeHTreHoandpPaKkumMANbIK KaHe SEM 3epTteynep ¢GasanuT-marHeTUTTI
6OPHUT-XaNIbKONMPUT TUNTI MbIC MUHEPAAAPbI, TEMIP OKCUATEPI KaHE WbIHbITAPI3Ai dasanap 6ap

basnuTTi  maTpuuara eTyiH KepceTTi. Kocbimwa TepmuanblK Tangay 6apabik  Herisri
3HAOTEPMUANDBIK KIHE IK30TepMUANBIK NpouecTepaid, 1300 °C geliiH aaKkTanaTbiHbIH KepceTTi, by
TemnepaTypaHblH, KOXKAAPAbl TEPEH, KyTaHAAHYbl YILiH OHTaWAbl eKeHiH Aanengensi. AnbiHFaH
HaTMXKeNep KOX KypaMblHbIH, TeMnepaTypaHblH, TOTbIKCbI3AAHABIPFbIL MOJLEpPiHiH, KaHe
OTTeriHiH, NapumManabik KblCbIMbIHbIH, *KYMbIC AMAMNA30HbIH aHbIKTalAabl, 6yN Kafaanaa KoKaafbl
MbIC WbIFbIHAAPbIH WamameH 0,5 %-fa aeiiH TemeHaetyre 6onaabl, 6yn eHepKacinTik TypFblgaH

MaHbI3apbl.

TyliiH ce30ep: MbiC KOXbIH eHaey, MpomeTannypruanbik eHaey, KypambiHaa mbic cynbbuari
maTepuangap, ToTbIKcbi3aaHaplpy 6ankpity, SEM Tangay, Metannyprusnbik Kanapikrap.
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AHHOTAUMA
Tnybokoe BOCCTaHOBNEHME LUNAKOB MeAenIaBu/bHOMO NPOU3BO/CTBA ABNAGTCA NEPCNEKTUBHbIM

CNocoboM M3BMEYEHUA COAEPIKALLMXCA B HUX LBETHbIX METa//ioB M MOMYYEHMUS LUNAKOB,
NPUroAHbIX ANA AanbHeWwen nepepaboTkun. B gaHHoM paboTe uccneayercs obegHeHne paanut-
MarHeTUTOBbIX LUAKOB, O6pasyloWMXcA NpPW aBTOTEHHOM MAaBKe MeAHbIX KOHLEHTPAToB B
YCNOBUAX, UMUTUPYIOLLMX 30Hbl OKWUC/IEHUA WM BOCCTAHOB/EHMA [ABYX30HHOW neyn BaHiOKoBa.
Mpo6bl WwuxTbl maccoit 100 r, cogepxalyme 14,63-16,82% Cu, 25,6—27,6 % Fe, 30 % S 1 15 % SiO,,
nnasmuan npu 1350 °C ¢ KOHTPOAMPYEMOM NPOAYBKOM KUCIOPOAOM A/1A MOJYYEHUS LUNAKOB,
cogepxawmx 0,93-1,54 % Cu, 30,05-32,30 % SiO, n 7,8-9,8 % Fes0,. MMocneayouee
BoccTtaHoBneHne npu 1300 °C npoBOAMNOCH C WMCMNO/Nb30BaHMEM aKTUBMPOBAHHOIO Yrnsa B
NATUKPATHOM CTEXMOMETPUYECKOM U36bITKE MO OTHOLIEHWUIO K MarHeTuUTy Npu NOTOKE KUCNOPOZ,
coaepalero Aytea 5 /4 v BpeMeHu BblAEpKKM 1 4. XMMWUYECKMI aHa/sM3 MoKasas, uto
copepraHue Fe;04 B Wwaake cHusmnoch ¢ 7,8-7,95 % o 2,5-2,6 %, a coaepaHme meam B LWaaKe
€0,93-1,033 % cHuaunnock Ao 0,43-0,50 % npu NapumanbHOM AaBAeHUM Kucnopoaa ~107'2-10™"
aTm. PeHTreHoaudpakumoHHble M SEM uccnepoBaHuA BbIABNAIOT nepexos OT  Gasnut-
MarHeTUTOBbIX LUJAKOB C AWCNEPrMPOBAHHOW MeTaNMYeckon megplo U cynbbdugamu K
dasnuTcogepKalMM MaTpULAM, COAEPNKALUMM Kenesuctblit chaneput, mefHble MUHepasbl
B6OPHUT-XaNbKONUPUTOBOTO TUMA, OKCUAbI Kese3a U cTeknoobpasHble dasbl. OfHOBPEMEHHDIN
TEPMUYECKMIA aHaNU3 MOKa3blBaeT, YTO BCE OCHOBHblE 3HAOTEPMUYECKME U 3K30TEPMUYECKUE
npouecchl 3aBepLiatoTcs npu Temnepatype go 1300 °C, 4To noATBEPXKAAET ONTUMANbHOCTL 3TOW
TeEMnepaTypbl ANA ry6oKoro obefHeHUs WnakoB. Pe3ynbTaTel onpegenstoT pabounii AmanasoH
— COCTaB LW/1aKa, TemnepaTtypy, A03MPOBKY BoccTaHOBUTENA U pO, — NPU KOTOPOM NoTepun meau
B LUIAaKe MOTYT BbITb CHUMXKEHbI NPpUMepHO A0 0,5 % LWnakax, UMetoLLLMX NMPOMbILNEHHOE 3HAYEeHMe.

Kniouyesbie cnosa: nepepaboTka MeAHOro LWAaKa, MUMPOMETAIypruyeckas obpaboTka,
MeabcofepiKalime CcynbouaHble MaTepuanbl, BOCCTAHOBUTENbHAA MnaBka, SEM-aHanus,
MeTaNypPruyeckmne oTxoabl.
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