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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.% SiO₂, were smelted at 1350 °C with controlled oxygen injection to produce slags containing 

0.93–1.54 wt.% Cu, 30.05–32.30 wt.% SiO₂ and 7.8–9.8 wt.% Fe₃O₄. 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 Fe₃O₄ 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 10⁻¹²–10⁻¹¹ 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 pO₂—

under which copper losses to slag can be reduced to about 0.5 wt.% in industrially relevant fayalite 

slags. 
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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],[4],[5],[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 
[[7],[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 10⁻¹⁰ 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 pO₂.  

Available thermodynamic data suggest that 
decreasing pO₂ below 10⁻¹¹ 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.

Figure 1 - Dependence of the copper content in the slag on the pO₂. 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 10-6 
to 10-8 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.% SiO₂, 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 + 3O₂ → 2FeO + 2SO₂   (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 Kα 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, 50×–
1000× 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: 

Fe3O4+C→3FeO+CO↑    (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 Fe₃O₄ 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 pO₂ 
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.% SiO₂, 37.3–37.4 
wt.% total Fe and 7.8–7.95 wt.% Fe₃O₄, 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 (R² = 0.82), indicating that an 
increase in Fe₃O₄ 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) 

Figure 3 - Dependence of copper content in the slag on the magnetite content in the slag 
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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 
liquefying 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.% SiO₂ and 7.8–9.8 wt.% 
Fe₃O₄. 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 

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]: 

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

where Cu is the copper content in the slag, % by 
weight, and pO₂ is the partial pressure of oxygen, 
atm., we obtain the pO₂ 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 
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under deeply reducing conditions, at pO₂  < 10-11 
atm. Under such conditions, the dissolved copper 
losses from the slag are restored, as well as the 
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slag reduction treatment, it is known that the 
presence of magnetite in slag can increase its 
viscosity, which negatively affects the mechanical 
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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],[33]]. 

X-ray diffraction analysis indicated that the slag 
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of more than 85% fayalite with an admixture of iron-
containing sphalerite (Figure 7). 
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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 
FeCl2, FeO, Fe2O3, 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 < 10⁻¹¹ atm). Slags with 0.93–1.54 wt.% Cu, 

30.05–32.30 wt.% SiO₂ and 7.8–9.8 wt.% Fe₃O₄ 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 pO₂ 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. 
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ТҮЙІНДЕМЕ 
Мыс балқыту өндірісінің қождарын терең тотықсыздандыру олардың құрамындағы түсті 

металдарды бөліп алудың және әрі қарай қайта өңдеуге жарамды қождар алудың 

перспективалы тәсілі болып табылады. Бұл жұмыста екі аймақты Ванюков пешінің тотығу 

және тотықсыздану аймақтарын имитациялайтын жағдайларда мыс концентраттарын 

автогенді балқыту кезінде түзілетін фаялит-магнетитті қождарды жұтаңдануы  зерттелді. 

Массасы 100 г шихта үлгілері (құрамында 14,63–16,82 % Cu, 25,6–27,6 % Fe, 30 % S және 15 % 

SiO₂) 1350 °C температурада оттегімен реттелген үрлеу жағдайында балқытылып, құрамында 

0,93–1,54 % Cu, 30,05–32,30 % SiO₂ және 7,8–9,8 % Fe₃O₄ бар қождар алынды. Кейінгі 

тотықсыздандыру 1300 °C температурада магнетитке қатысты стехиометриялық мөлшерден 

бес есе артық енгізілген активтендірілген көмір қатысында, оттегі құрамды үрлеу шығыны 5 

л/сағ және ұстау уақыты 1 сағат жағдайында жүргізілді. Химиялық талдау нәтижелері 

бойынша қождағы Fe₃O₄ мөлшері 7,8–7,95 %-дан 2,5–2,6 %-ға дейін, ал мыс мөлшері 0,93–

1,033 %-дан 0,43–0,50 %-ға дейін төмендегені анықталды (оттегінің парциалдық қысымы 

~10⁻¹²–10⁻¹¹ атм). Рентгенодифракциялық және SEM зерттеулер фаялит-магнетитті 

қождардың құрамындағы дисперсті металл мыс пен сульфидтерден темірлі сфалерит, 

борнит-халькопирит типті мыс минералдары, темір оксидтері және шынытәрізді фазалар бар 

фаялитті матрицаға өтуін көрсетті. Қосымша термиялық талдау барлық негізгі 

эндотермиялық және экзотермиялық процестердің 1300 °C дейін аяқталатынын көрсетті, бұл 

температураның қождарды терең жұтаңдануы үшін оңтайлы екенін дәлелдейді. Алынған 

нәтижелер қож құрамының, температураның, тотықсыздандырғыш мөлшерінің және 

оттегінің парциалдық қысымының жұмыс диапазонын анықтайды, бұл жағдайда қождағы 

мыс шығындарын шамамен 0,5 %-ға дейін төмендетуге болады, бұл өнеркәсіптік тұрғыдан 

маңызды. 

Түйін сөздер: мыс қожын өңдеу, Пирометаллургиялық өңдеу, Құрамында мыс сульфидті 
материалдар, Тотықсыздандыру балқыту, SEM талдау, Металлургиялық қалдықтар. 
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АННОТАЦИЯ  
Глубокое восстановление шлаков медеплавильного производства является перспективным 

способом извлечения содержащихся в них цветных металлов и получения шлаков, 

пригодных для дальнейшей переработки. В данной работе исследуется обеднение фаялит-

магнетитовых шлаков, образующихся при автогенной плавке медных концентратов в 

условиях, имитирующих зоны окисления и восстановления двухзонной печи Ванюкова. 

Пробы шихты массой 100 г, содержащие 14,63–16,82% Cu, 25,6–27,6 % Fe, 30 % S и 15 % SiO₂, 

плавили при 1350 °C с контролируемой продувкой кислородом для получения шлаков, 

содержащих 0,93–1,54 % Cu, 30,05–32,30 % SiO₂ и 7,8–9,8 % Fe₃O₄. Последующее 

восстановление при 1300 °C проводилось с использованием активированного угля в 

пятикратном стехиометрическом избытке по отношению к магнетиту при потоке кислород 

содержащего дутья 5 л/ч и времени выдержки 1 ч. Химический анализ показал, что 

содержание Fe₃O₄ в шлаке снизилось с 7,8–7,95 % до 2,5–2,6 %, а содержание меди в шлаке 

с 0,93–1,033 % снизилось до 0,43–0,50 % при парциальном давлении кислорода ~10⁻¹²–10⁻¹¹ 

атм. Рентгенодифракционные и SEM исследования выявляют переход от фаялит-

магнетитовых шлаков с диспергированной металлической медью и сульфидами к 

фаялитсодержащим матрицам, содержащим железистый сфалерит, медные минералы 

борнит-халькопиритового типа, оксиды железа и стеклообразные фазы. Одновременный 

термический анализ показывает, что все основные эндотермические и экзотермические 

процессы завершаются при температуре до 1300 °C, что подтверждает оптимальность этой 

температуры для глубокого обеднения шлаков. Результаты определяют рабочий диапазон 

— состав шлака, температуру, дозировку восстановителя и pO₂ — при котором потери меди 

в шлаке могут быть снижены примерно до 0,5 % шлаках, имеющих промышленное значение. 

Ключевые слова: переработка медного шлака, пирометаллургическая обработка, 
медьсодержащие сульфидные материалы, восстановительная плавка, SEM-анализ, 
металлургические отходы. 

Алтыбаева Динара Ханатовна 

Информация об авторах:    
Магистр, Инженер Лаборатории пирометаллургии тяжелых цветных металлов, АО 
Институт Металлургии и Обогащения, Satbayev  University, 050010, ул. Шевченко, 29/133, 
Алматы, Казахстан. Email: dinara.altybayeva.88@mail.ru; ORCID ID: https://orcid.org/0000-
0002-2132-0076 

Кенжалиев Багдаулет Кенжалиевич 

Доктор технических наук, профессор, Генеральный директор-Председатель Правления 
АО Институт Металлургии и Обогащения, Satbayev University, 050010, ул. Шевченко, 
29/133, Алматы, Казахстан. Email: bagdaulet_k@satbayev.university;  ORCID ID: 
https://orcid.org/0000-0003-1474-8354    

Квятковский Сергей Аркадьевич 

Доктор технических наук, Заведующий лабораторией пирометаллургии тяжелых 
цветных металлов, АО Институт Металлургии и Обогащения, Satbayev University, 
050010, ул. Шевченко, 29/133, Алматы, Казахстан. Email: 
s.kvyatkovskiy@satbayev.university; ORCID ID: https://orcid.org/0000-0002-9686-8642

https://orcid.org/0000-0002-4359-9784
https://orcid.org/0000-0001-5551-2618
https://orcid.org/0000-0003-4054-8268
mailto:agemeal@cmrdi.sci.eg
mailto:Gemil.Akhmad@kaznu.kz
https://orcid.org/0000-0001-6663-2623
https://orcid.org/0000-0001-6663-2623
https://orcid.org/0000-0002-2132-0076
https://orcid.org/0000-0002-2132-0076
mailto:bagdaulet_k@satbayev.university
https://orcid.org/0000-0003-1474-8354
https://orcid.org/0000-0002-9686-8642


Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources 

27 

Дюсебекова Марал Адельбековна 

Ph. D, Старший Научный Сотрудник Лаборатории пирометаллургии тяжелых цветных 
металлов, АО Институт Металлургии и Обогащения, Satbayev University, 050010, ул. 
Шевченко, 29/133, Алматы, Казахстан. Email: m.dyussebekova@satbayev.university; ORCID 
ID: https://orcid.org/0000-0002-4359-9784    

Абдикерим Бекзат Ерубайұлы 

Ph.D, Научный Сотрудник Лаборатории пирометаллургии тяжелых цветных металлов, 
АО Институт Металлургии и Обогащения, Satbayev University, 050010, ул. Шевченко, 
29/133, Алматы, Казахстан. Email: b.abdikerim@satbayev.university, ORCID ID: 
https://orcid.org/0000-0001-5551-2618   

Семенова Анастасия Сергеевна 

Магистр, Научный Сотрудник Лаборатории пирометаллургии тяжелых цветных 
металлов, АО Институт Металлургии и Обогащения, Satbayev University, 050010, ул. 
Шевченко, 29/133, Алматы, Казахстан. Email: a.semenova@satbayev.university; ORCID ID: 
https://orcid.org/0000-0003-4054-8268   

Ahmad Gemeal 
Ph.D, Центральный научно-исследовательский металлургический институт, Каир, 
Египет. E-mail: agemeal@cmrdi.sci.eg, Gemil.Akhmad@kaznu.kz;  ORCID ID: 
https://orcid.org/0000-0001-6663-2623   

References 

[1] Suh IK, Waseda Y, Yazawa A, Davenport WG. Some Interesting Aspects of Non-Ferrous Metallurgical Slags. High 
Temperature Materials and Processes. 1988; 8(1):65–88. https://doi.org/10.1515/HTMP.1988.8.1.65  

[2] Wan X, Taskinen P, Shi J, Jokilaakso A. A potential industrial waste–waste co-treatment process of utilizing waste SO2 gas 
and residue heat to recover Co, Ni, and Cu from copper smelting slag. Journal of Hazardous Materials. 2021; 414:125541. 
https://doi.org/10.1016/j.jhazmat.2021.125541      

[3] Kenzhaliyev BK, Kvyatkovskiy SA, Dyussebekova MA, Semenova AS, Nurhadiyanto D. Analysis of Existing Technologies for 
Depletion of Dump Slags of Autogenous Melting. Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources. 
2022; 323(4):23–29. https://doi.org/10.31643/2022/6445.36  

[4] Rusen A, Derin B, Geveci A, Topkaya YA. Investigation of copper losses to synthetic slag at different oxygen partial 
pressures in the presence of colemanite. JOM. 2016; 68(9):2316-2322. https://doi.org/10.1007/s11837-016-1954-6     

[5] Bellemans I, Cnockaert V, De Wilde E, Moelans N, Verbeken K. Metal Droplet Entrainment by Solid Particles in Slags: An 
Experimental Approach. Journal of Sustainable Metallurgy. 2018; 4(1):15-32. https://doi.org/10.1007/s40831-017-0145-1  

[6] Kongoli F, McBow I, Yazawa A. Phase relations of ferrous calcium silicate slag and its possible application in the industrial 
practice. High Temperature Materials and Processes. 2011; 30(4):491–504. https://doi.org/10.1515/HTMP.2011.072   

[7] Kolesnikov AS, Sapargaliyeva BO, Bychkov AY, Alferyeva YO, Syrlybekkyzy S, Altybaeva ZK, Suigenbayeva AZ. 
Thermodynamic modeling of the formation of the main minerals of cement clinker and zinc fumesin the processing of toxic 
technogenic waste of the metallurgical industry. Metallurgy. 2022; 15(3):2181-2187. https://doi.org/10.31788/RJC.2022.1536230  

[8] Kenzhaliyev B, Berkinbayeva A, Baltabekova Z, Moldabayeva G, Smailov K, Saulebekkyzy S, Tolegenova N, Karim D, 
Omirbek T. Investigation of Phase Transformations in Technogenic Raw Materials Under Microwave Treatment for Enhanced Zinc 
Leaching. Processes. 2025; 13(4):1099. https://doi.org/10.3390/pr13041099    

[9] Khudyakova TM, Kolesnikov AS, Zhakipbaev BE, Kenzhibaeva GS, Kutzhanova AN, Iztleuov GM, Mynbaeva E. Optimization 
of raw material mixes in studying mixed cements and their physicomechnical properties. Refractories and Industrial Ceramics. 
2019; 60(1):76-81. https://doi.org/10.1007/s11148-019-00312-2  

[10] Akhmadiyeva N, Abdulvaliyev R, Gladyshev S, Sukurov B, Abikak Y, Manapova A, Bakhytuly N. Optimizing technological 
parameters for chromium extraction from chromite ore beneficiation tailings. Minerals. 2025; 15(6):555. 
https://doi.org/10.3390/min15060555  

[11] Ushakov AV, Karpov IV, Fedorov LY, Goncharova EA, Brungardt MV, Demin VG. Investigation of the Effect of Oxygen Partial 
Pressure on the Phase Composition of Copper Oxide Nanoparticles by Vacuum Arc Synthesis. Technical Physics. 2024; 69 (4):1069-
1074. https://doi.org/10.1134/S106378422403040X  

[12] Ulianov VV, Koshelev MM, Kremlyova VS, Kharchuk SE. Investigations of the regularities of the accumulation of slags 
reduced by hydrogen in the loops with lead-containing coolants. Izvestiya Wysshikh Uchebnykh Zawedeniy, Yadernaya Energetika. 
2021; 2021(2):119–131. https://www.doi.org/10.26583/npe.2021.2.11   

[13] Dosmukhamedov NK, Fedorov AN, Zholdasbay EE.  Termodinamika vosstanovitel'nykh suspenzionnykh sistem CU-ME-FE-
O-SIO2 (ME - PB, ZN, AS) na prirodnom gaze [Thermodynamics of Restorative Suspension CU-МЕ-FE-O-SIO2 (МЕ - PB, ZN, AS) Systems 
By Natural Gas]. Mezhdunarodnyy zhurnal prikladnykh i fundamental'nykh issledovaniy [International journal of applied and 
fundamental research]. 2019; 9:62–68. (in Russ.). 

[14] Anindya A, Swinbourne DR, Reuter MA, Matusewicz RW. Distribution of elements between copper and FeOx–CaO–SiO2 
slags during pyrometallurgical processing of WEEE: Part 1 – Tin: Part 1 – Tin. Mineral Processing and Extractive Metallurgy: 
Transactions of the Institutions of Mining and Metallurgy: Section C. 2013; 122(3):165-173. 
https://doi.org/10.1179/1743285513Y.0000000043       

[15] Ospanov K, Smailov K, Nuruly Y. Patterns of non-traditional thermodynamic functions ΔrG0/n and ΔfG0(averaged) 
changes for cobalt minerals. Chemical Bulletin of Kazakh National University. 2020; 96(1):22-30. 
https://doi.org/https://doi.org/10.15328/cb1005  

[16] Wang Y, Zhang SA, Wang L, Qin W, Han J. An unconventional approach for the efficient recovery of iron, cobalt, copper 
and silicon from copper slag. Journal of Hazardous Materials. 2024; 476:135168. https://doi.org/10.1016/j.jhazmat.2024.135168  

[17] Abdulvaliev RA, Surkova TYu, Baltabekova ZhA, Yessimova DM, Stachowicz M, Smailov KM, Dossymbayeva ZD, 
Berkinbayeva AN. Effect of amino acids on the extraction of copper from sub-conditional raw materials. Kompleksnoe Ispolzovanie 
Mineralnogo Syra = Complex Use of Mineral Resources. 2025; 335(4):50-58. https://doi.org/10.31643/2025/6445.39 

https://orcid.org/0000-0002-4359-9784
https://orcid.org/0000-0001-5551-2618
https://orcid.org/0000-0003-4054-8268
mailto:agemeal@cmrdi.sci.eg
mailto:Gemil.Akhmad@kaznu.kz
https://orcid.org/0000-0001-6663-2623
https://doi.org/10.1515/HTMP.1988.8.1.65
https://doi.org/10.1016/j.jhazmat.2021.125541
https://doi.org/10.31643/2022/6445.36
https://doi.org/10.1007/s11837-016-1954-6
https://doi.org/10.1007/s40831-017-0145-1
https://doi.org/10.1515/HTMP.2011.072
https://doi.org/10.31788/RJC.2022.1536230
https://doi.org/10.3390/pr13041099
https://doi.org/10.1007/s11148-019-00312-2
https://doi.org/10.3390/min15060555
https://doi.org/10.1134/S106378422403040X
https://www.doi.org/10.26583/npe.2021.2.11
https://doi.org/10.1179/1743285513Y.0000000043
https://doi.org/https:/doi.org/10.15328/cb1005
https://doi.org/10.1016/j.jhazmat.2024.135168
https://doi.org/10.31643/2025/6445.39


 2028; 345(2):16-28                  ISSN-L 2616-6445, ISSN 2224-5243  

28 

[18] Kenzhaliev BK, Kvyatkovskii SA, Kozhakhmetov SM. Determination of Optimum Production Parameters for Depletion of 
Balkhash Copper-Smelting Plant Dump Slags. Metallurgist. 2019; 63(7):759–765. https://doi.org/10.1007/s11015-019-00886-9  

[19] Milanović D, Stanujkić D, Ignjatović MR. Comparative results of copper flotation from smelter slag and granulated smelter 
slag. Mining and Metallurgy Engineering Bor. 2013; (2):167-194. https://doi.org/10.5937/MMEB1302167M   

[20] Svantesson J, Kojola N, Ersson M. Numerical study on the effect of material parameters and process conditions on the 
melting time of hydrogen-direct reduced iron. Metallurgical and Materials Transactions B. 2025; 56(3):2846-2872. 
https://doi.org/10.1007/s11663-025-03504-z  

[21] Coursol P, Cardona VN, Mackey P, Bell S, Davis B. Minimization of copper losses in copper smelting slag during electric 
furnace treatment. Jom. 2012; 64(11): 305-1313. https://doi.org/10.1007/s11837-012-0454-6  

[22] Pancnehko SV, Dli MI, Borisov VV, Panchenko DS. Analysis of thermalphysic processes in near-electrode zone of 
electrothermal reactor. Non-ferrous metals. 2016; 2:57-64.  

[23] Chen M, Avarmaa K, Taskinen P, Michallik R, Jokilaakso A. An experimental study on the phase equilibria of FeOx-
saturated iron silicate slags and metallic copper alloys at 1200–300°C. Calphad. 2022; 77:102418. 
https://doi.org/10.1016/j.calphad.2022.102418  

[24] Yazawa A, Takeda Y. Equilibrium Relations between Liquid Copper and Calcium Ferrite Slag. Transactions of the Japan 
Institute of Metals. 1982; 23(6):328–333. https://doi.org/10.2320/matertrans1960.23.328 

[25] Zuo Z, Yu Q, Wei M, Xie H. Thermogravimetric study of the reduction of copper slag by biomass: Reduction characteristics 
and kinetics.  Journal of Thermal Analysis and Calorimetry. 2016; 126(2):481–491. https://doi.org/10.1007/s10973-016-5570-z  

[26] Selivanov EN, Tyushnyakov SN, Gulyaeva RI. Viscosity of the Slags of the Autogenous Smelting of Copper–Zinc 
Concentrates. Russian Metallurgy (Metally). Pleiades journals. 2020; 2020(9):959–963. 

[27] Zhou S, Wei Y, Zhang S, Li B, Wang H, Yang Y, Barati M. Reduction of copper smelting slag using waste cooking oil. Journal 
of Cleaner Production. 2019; 236:117668. https://doi.org/10.1016/j.jclepro.2019.117668 

[28] Kucharski M, Nowak D, Czerwinski A, Saternus M. A study on the copper recovery from the slag of the Outokumpu direct-
to-copper process. Metallurgical and Materials Transactions B: Process Metallurgy and Materials Processing Science. 2014; 45(2): 
590–602. 

[29] Sun J, Zhang T, Dong L, Zhu H, Shen P, Liu D. Eco-friendly recovery of copper from copper slag via magnetic separation 
followed by flotation: Experimental and mechanistic insights. Journal of Environmental Chemical Engineering. 2025; 13(2):115746. 
https://doi.org/10.1016/j.jece.2025.115746 

[30] Zhang C, Zhang Y, Zhang Z, Zhang G. Effective separation and recovery of valuable metals from copper slag: A 
comprehensive review. Environmental Research. 2025; 283:122145. https://doi.org/10.1016/j.envres.2025.122145 

[31] Akhmadiyeva N, Gladyshev S, Abdulvaliyev R, Abikak Y, Imangaliyeva L, Kasymzhanova A, Ruzakhunova G. Activation of 
Mineral Composition via Thermochemical Disintegration. Minerals. 2025; 15(9):1000. https://doi.org/10.3390/min15091000 

[32] Zhang B, Xiao W, Yang Y, Zhou S, Wei Y, Li B, Wang H. Copper separation from slag in varying oxygen partial pressures 
during converting. Metallurgical and Materials Transactions B. 2024; 55(1):495-511. https://doi.org/10.1007/s11663-023-02972-5  

[33] Ospanov YA, Kvyatkovskiy SA, Kozhakhmetov SM, Sokolovskaya LV, Semenova AS, Dyussebekova M, Shakhalov AA. Slag 
heterogeneity of autogenous copper concentrates smelting. Canadian Metallurgical Quarterly. 2023; 62(3):594-601. 
https://doi.org/10.1080/00084433.2022.2119495  

https://doi.org/10.1007/s11015-019-00886-9
https://doi.org/10.5937/MMEB1302167M
https://doi.org/10.1007/s11663-025-03504-z
https://doi.org/10.1007/s11837-012-0454-6
https://doi.org/10.1016/j.calphad.2022.102418
https://doi.org/10.2320/matertrans1960.23.328
https://doi.org/10.1007/s10973-016-5570-z
https://doi.org/10.1016/j.jclepro.2019.117668
https://doi.org/10.1016/j.jece.2025.115746
https://doi.org/10.1016/j.envres.2025.122145
https://doi.org/10.3390/min15091000
https://doi.org/10.1007/s11663-023-02972-5
https://doi.org/10.1080/00084433.2022.2119495



