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Abstract. The study proposes a zero-waste pyrometallurgical technology for the comprehensive recycling of copper
smelting slag dumps to extract valuable components and obtain marketable products. Thermodynamic modelling in the
temperature range of 600—1750°C confirmed the feasibility of producing three target products: zinc oxide, iron-carbon alloy,
and silicate slag. Experiments demonstrated that using thermal coal instead of scarce coke as a reducing agent achieves a high
degree of iron recovery, forming metallic nodules of 20-50 um. Subsequent melting of reduced briquettes yields cast iron or
ferrosilicon suitable for foundry applications. The resulting metal contains copper and sulfur, limiting its use in high-grade
metallurgy but making it suitable for producing grinding cast iron balls with hardness up to 59 HRC, corresponding to class
IV per GOST. The slag phase is processed into proppants and construction aggregates. A technological scheme of a microplant
is proposed, ensuring integrated slag processing with minimal capital and operational costs. The development is supported by
the Ural Scientific and Educational Center and aligns with the priorities of resource conservation, environmental safety, and
import substitution in the metallurgical industry.
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Introduction

Copper smelting production is accompanied by the formation of significant amounts of slag
containing residual quantities of non-ferrous and ferrous metals, as well as oxide compounds with
potential for secondary use. In particular, dump slags retain considerable amounts of iron, zinc, copper,
silicon, aluminum, and other components. Despite the accumulated volume of these technogenic wastes,
effective technologies for their complete processing, ensuring the extraction of all valuable components
and the safe disposal of residual phases, are implemented only to a limited extent in practice.

Traditional approaches to the processing of copper smelting slags involve only the partial
extraction of metals, while the residual slag is sent for further disposal or temporary storage, leading to
resource losses and environmental pollution. Considering the increasing demands for environmental
safety and resource conservation, the development of a zero-waste technology for processing copper
smelting slags, aimed at the comprehensive utilization of all components, is a highly relevant task.

The aim of this study is to develop a rational pyrometallurgical technology for processing copper
smelting slags with the extraction of zinc, the reduction of iron, and the subsequent use of the residual
slag in the production of construction ceramic products. It is proposed to organize micro-scale production
that does not require significant capital investments and ensures the production of marketable products.

In regions with a developed non-ferrous metallurgy industry, there is a large amount of copper
smelting slag accumulated in dumps, the total mass of which can hardly be accurately determined.
According to estimates, copper smelting enterprises in Russia have accumulated over 110 million tons
of slag. For instance, around the city of Karabash in the Chelyabinsk region alone, approximately 30
million tons of industrial waste are stored, containing around 40%, or about 10 million tons, of iron.
Storing such waste not only requires vast areas but also has a negative impact on the environment.
Furthermore, significant funds are spent on maintaining the dumps and paying environmental taxes,
which underscores the relevance of their rational utilization [1]. Currently, there are no fully developed
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methods for recycling copper smelting slags. However, several underdeveloped approaches are actively

studied and applied in some industrial technologies [2].

Copper smelting slag mainly consists of oxides of iron, silicon, calcium, and aluminum. In smaller
amounts, it contains copper, zinc, selenium, arsenic, and several other elements. Among these, iron has
the highest value due to its quantity. Zinc is the second most valuable component in the slag. While there
is not enough raw materials to meet the growing demand for zinc in Russian industry, copper smelting
slag contains about 2.5% zinc [3].

The technology for processing any complex material should aim at extracting all valuable
components to conserve resources and increase production efficiency with minimal costs for concentrate
preparation. Using thermal coal as the reducing agent instead of scarce coke in the reduction of iron is
more efficient. Therefore, a potential solution for recycling copper smelting slag is the establishment of
small-scale production (a micro-plant) for extracting zinc and iron from the slag while simultaneously
utilizing the remaining components to produce valuable commercial products [4-5].

The objective of this study is the development of a rational technological scheme for processing
copper smelting slag obtaining commercially viable products.

Materials and methods of research

Copper smelting slags collected from the dumps of metallurgical enterprises in the Ural region
were used as the initial raw material. The chemical composition of the slags was determined using X-ray
fluorescence analysis (XRF) and confirmed by inductively coupled plasma mass spectrometry (ICP-MS).
The main components of the investigated slags were oxides of Fe, Si, Al, and Mg, as well as residual
amounts of Cu and Zn.

Thermodynamic modeling of the reduction smelting processes and zinc behavior during heating
was carried out using the HSC Chemistry 10.0 software (Outotec, Finland). The modeling covered a
temperature range from 600 to 1750 °C and included various options for the gas atmosphere (reducing
and oxidizing) as well as types of reductants (thermal coal, coke, and charcoal).

Experimental smelting was carried out in laboratory crucible furnaces of both open and closed
types. Thermal coal with a high volatile matter content was used as the reductant. The temperature regime
was maintained in the range of 1400-1550 °C. After smelting, the samples were subjected to phase
analysis using X-ray diffraction (XRD), as well as metallographic analysis to evaluate the structure of
the obtained alloys.

Zinc released during smelting was captured in the form of oxide on cold condensation surfaces.
The resulting residual slag was used to produce pressed and fired ceramic samples, which were tested
for strength and water resistance in accordance with GOST 530-2012.

Results and its discussion

1. Results of Thermodynamic Modeling.

To develop a processing scheme for copper smelting slag at the initial research stage, it was
necessary to determine the thermodynamic conditions for iron and zinc reduction in order to ensure the
rational utilization of the slags. For this purpose, thermodynamic modeling was carried out using the
Terra software package. As a result of the thermodynamic modeling, it was established that when the
amount of carbon corresponds to the stoichiometry required for iron reduction, within the temperature
range of 650-1250 °C, all the iron in the modeled system is present in the metallic phase, while all sulfur
is bound in compounds such as CaS and Cu.S. Concentrations of primary slag phases such as magnetite,
fayalite, and pyroxene are absent in this temperature range under a reducing atmosphere, as they
decompose at lower temperatures. With an increased carbon concentration exceeding the stoichiometric
requirement, and at a temperature rise up to 1750 °C, metallic silicon begins to form in the system,
accompanied by a decrease in the concentration of silicon oxides (Figure 1).
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Figure 1. Composition of the system depending on temperature under stoichiometric carbon
conditions for the reduction of iron and zinc.

2. Results of Zinc Oxide Extraction.

Zinc extraction was carried out in a laboratory arc furnace with a graphite electrode, which also
served as a collector for zinc. Due to the complexity of temperature measurement, it was only measured
before tapping and averaged around 1600 °C. The smelting process lasted no more than 60 minutes,
including furnace startup. As a result, zinc oxide was deposited on the electrode in the form of a loose
white powder. Upon contact with skin, it smears into a gel-like substance. Chemically, the powder mainly
consists of zinc oxide, but also contains iron and silicon oxides.

Results of Reduction Roasting and Pyrometallurgical Separation of the Reduction Products.

Thermal coal was used as the reducing agent for iron from slag components. Reduction was
performed either using a mixture of slag and reducer powders (<1 mm particle size) or briquettes pressed
from this mixture. The reduction process was conducted in a Tamman furnace. The reduction temperature
was 30-50 °C below the slag melting point. After holding the mixture at 980 °C for 1 hour, iron nuggets
measuring 5-20 um were observed, containing 1.5-2.0% copper but free of sulfur. As a result of the
reduction, magnetite in the slag disappeared.

The rate of iron reduction in briquetted samples was 3—4 times higher than in the mechanical
mixture. For example, after 1 hour of holding at 1020 °C, the iron content in the oxide phase dropped to
10%, and the nugget size increased to 20—50 um. However, further increasing the holding time did not
lead to further reduction in iron content in the oxide phase.

A key distinction of the briquetted samples emerged during melting in a corundum crucible for
separating metal from slag. When heated to 1500 °C, intensive gas release indicated continued active
reduction. After melting, the iron content in the slag dropped below 1%, and the metal began to contain
silicon (0.7%). The potential for additional iron reduction and partial silicon reduction during melting is
attributed to residual carbon particles in the reduced briquettes.

When melting the pre-reduced briquettes in a graphite crucible, cast iron instead of pure iron can
be obtained. Further increasing the temperature and holding time allows for the production of ferrosilicon
containing 10-13% silicon. As the metal composition transitions from steel to cast iron and then to
ferrosilicon, the sulfur content significantly decreases. Initially, the metal contains about 2% sulfur
immediately after melting, while cast iron contains about 1%, and ferrosilicon with 12% silicon contains
only ~0.1% sulfur. Sulfur can be removed during ladle treatment of the molten iron. Copper, however,
cannot be economically removed, so the resulting metal can be used for producing foundry-grade cast
iron, where copper content is not regulated, or copper-alloyed steels.

4. Production of Cast Iron and Steel Products.
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For establishing a plant to process copper smelting slag, the production of finished metal goods
should be organized. However, the extracted metal contains copper. Therefore, the authors consider a
rational direction to be the production of cast iron grinding balls, as wear-resistant white cast irons used
for grinding balls typically contain around 1.5 wt% copper.

To produce white wear-resistant cast iron for grinding balls from copper slag, preliminary
thermodynamic modeling was conducted to predict alloy composition (copper and silicon) by adjusting
the carbon-iron phase diagram. The Thermo-Calc software package was used for modeling. The results
showed that copper additions alter the solubility of carbon in austenite. Adding 3.5% silicon, while
maintaining 1 wt% copper in the melt, increases the ferrite region due to silicon’s solubility in ferrite and
reduces carbon solubility in austenite, shifting the eutectic point of ledeburite from 4.3 to 3.2 wt% carbon.

Based on the thermodynamic modeling results, the target composition for producing eutectic cast
iron was determined as 3.2 wt% carbon, 3.5 wt% silicon, and 1 wt% copper. Using this predicted
composition, laboratory experiments were conducted to produce grinding balls. The chosen production
method was permanent mold casting. However, this method failed to produce white cast iron due to
insufficient heat extraction.

In industrial settings, white cast iron is typically produced with the addition of “whitening”
elements such as chromium and manganese. However, these alloying elements significantly increase the
cost of grinding balls. Additionally, sulfur in the metal extracted from copper slag requires further
processing for removal. Therefore, additional experiments were conducted to study the effect of sulfur
on white cast iron formation. These experiments revealed that increasing sulfur content to 1 wt%
enhances the whitening of grey cast iron from 2% to 95%.

Based on these findings, grinding balls were produced with a hardness of 59 HRC (Rockwell),
which corresponds to Class IV hardness per GOST 7524 «Steel Grinding Balls for Ball Millsy and ST
RK 2310-2013 «Cast Iron Grinding Balls». Drop tests from a height of 4 meters onto a cast iron plate
revealed no cracks or dents.

Thus, a high sulfur content (1%) did not negatively affect the mechanical properties of the cast iron.
The presence of 1% copper, dissolved in the ferrite phase, improves the ductility of the metal and the
overall properties of the products. Based on these studies, a technology for industrial production of cast
iron for grinding media was developed, and a set of standard production equipment was selected
(manufacturer: Shanghai Minggong Heavy Equipment Co., Ltd).

a A
Figure 2. Experimental samples of grinding balls (a) and proppants (b).

5. Utilization of Smelting Slags.
A simple and effective technology has been developed for the production of proppants based on
smelting slags. The batch for proppants consists of a mixture containing approximately 50% slag, with
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the addition of quartzite and aluminum oxide-containing waste. The technological process includes
melting the slag with additives, centrifugal spraying to form granules of a specified size range, thermal

treatment, and separation.

Slags with a wide range of chemical compositions can be used as raw material; however, slags with
low iron oxide content and a high silica content are preferred.

Proppant samples have been produced that meet all the requirements of GOST R 54571-2011
«Magnesia-Quartz Proppants.»

The crush resistance of the proppants complies with American standards of 5,000, 7,500, 10,000,
and 12,500 psi.

Acid solubility in hydrochloric acid solution is less than 1%, and in a mixture of hydrochloric and
hydrofluoric acids it is less than 10%, which meets regulatory requirements.

Other steelmaking slags, with relatively low iron oxide content, can be granulated and used as sand
in the construction industry, particularly as aggregates for concrete.

Based on the obtained results, a general technological scheme for the processing of copper smelting
slags and sludges is proposed. The scheme includes the extraction of iron—the most valuable
component—for the production of high-demand metallic products, along with the recovery of zinc and
deep processing of slags to produce proppants for the oil and gas industry and sand for construction.

The initial slag is dried, mixed with pre-ground reducing agent and binder. The resulting mixture
is then briquetted or pelletized. The briquettes are dried and fed into a rotary kiln, where they are heated
in a reducing atmosphere at temperatures ensuring maximum iron reduction. Zinc oxides are captured
from the exhaust gases of the rotary kiln.

The hot reduced products are directed into an arc furnace. In the arc furnace, cast iron is produced
from the reduced materials for casting grinding media. The slag formed during melting in the arc furnace
is chemically adjusted and then atomized to produce granules, which are used as proppants.
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Figure 3. Technological scheme for the processing of copper smelting slags.

Conclusion

Thermodynamic modeling conducted in this study demonstrated the feasibility of obtaining three
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products from copper smelting slag via pyrometallurgical processing in the temperature range of 600

1750 °C:

* zinc,

« iron-carbon-silicon alloys, and

* slag composed mainly of silicon, aluminum, and magnesium oxides.

Experimental work confirmed the possibility of producing cast iron, steel, and iron-silicon alloys,
as well as slag with a low iron oxide content and zinc oxide, which forms through oxidation of zinc by
oxygen in an oxidative atmosphere during melting in open furnaces.

Based on the results of pyrometallurgical separation of the reduction roasting products, a method
is proposed for obtaining grinding media from the metal and proppants from the slag.

A zero-waste, resource-efficient pyrometallurgical processing scheme for copper smelting slag has
been developed based on theoretical analysis and experimental results.

This work was supported by Agreement No. 604 dated December 22, 2022, on the provision of
subsidies for the implementation of scientific and technical projects in the Chelyabinsk region, included
in the list of projects of the Ural Interregional Research and Educational Center of World-Class Level
«Advanced Manufacturing Technologies and Materials,» which confirms the relevance of the study.
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MBIPBIII OKCUJITH )KOHE IOMBbIH MEH KEPAMUMKAJIBIK BYHBIMJIAPJIBI AJIA
OTBIPBII MbBIC BAJIKBITY OHJIIPICTHIH YHIH/II KOXKJIAPBIH TOJIBIK KAMTA
OH/IEY

AJUIOBT A.

“Anusos Tanabivkan AnndekoBnd — TeXHUKa FHUILIMIAPHIHBIH KaHIUIaThI, «MeTayprusiarbl CyTeri TEXHOJIOTHSIIAPH»
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AngaTna. byn KyMeicTa MbIC GalKbITy OHIIpiCiHIH YHiHAI IITAKTApbIH KEIICHII KaWTa OHICYIH KalIbIKChHI3
MUPOMETAILTYPTMSIIBIK TEXHOJIOTHSICHl YCBHIHBUIAAbI, HOTHIKECIHIEC KYHIBl KOMIIOHCHTTED AaJbIHBIN, HAPBIKTHIK OHIMIEp
eHmipineni. 600—1750°C Temmeparypa quamna3oHBIHAA KYPTi3UITeH TePMOAMHAMHUKAIBIK MOAEIIHICY MBIHAIal YIII MaKCaTTHI
OHIMII aNlyIIH MYMKIHIOITIH pacTafbl: MBIPBII OKCHII, TEMip-KOMIpPTEeKTi KOpBITIIA JKOHE CHJIMKATTHI IUIAK.
DKcnepuMeHTTepAe Ae(UIUTTI KOKC OPHBIHA YHEPTeTUKAIBIK KOMIp/Ii KaJlllbIHA KeNTIPYIIi PeTiHAe KOJIaHy TeMipai THIM/I
KaJIlbIHA KeNTipyre MyMKiHAIK Oepim, 20-50 MKM MeepiHie MeTaul TYHipHIIKTepiH Ty3eTiHi kepcerinai. KamnbiHa
KeNTipiireH OpHKeTTepAi OalKbITYy HOTHXKECIHIE KyiiMa eHIIpyre »apamabl HIOWBIH Hemece (eppOCHIMLUIA albIH/IBI.
AJBIHFaH MeTaJll KypaMbIHJa MBIC IIeH KYKIPT 0ap, OyJ1 OHBIH JKOFaphl canalbl METALTYPrusiia KOJJaHbUTYbIH IEKTEeH I,
6ipak muipmenzep ywid 59 HRC karTeuiblFbl 6ap yHTaKTaWTHIH LIOMBIH LIapiiapblH IIbIFapyFa skapamasl. 1llnak ¢asace
MPONAHTTap MEH KYPBUIBIC TOJTHIPFBIITAPBIHA OHIEe . MUHUMANIbl KaluTaJIbIbIK JKOHE ONEepPalMsUIBIK HIBIFbIHAAPMEH
IDTaKThl KeIICHIl KallTa eHIeyAi KaMTaMachl3 €TeTIH MHKPO3ayT TEXHOJOTHSJIBIK CXEeMachl YCBHIHBUIIOBL. 3epTrey Ypai
FBUIBIMU-01TIM Oepy OpTaJbIFBIHBIH KOJAAybIMEH OPBIHIANbIN, METALTYpPTrUSIaFbl PECypCThl YHEMJCY, SKOJOTHSIIBIK
Kayilci3iK ®KoHe UMIIOPTTHI alIMacTHIPy OachIMIBIKTaphIHA COMKEC KeJeIi.

Tyiiin ce3aep: MbIC KOXKIapbl, THPOMETAIUTYPrHsIIBIK OHACY, MBIPBIII OKCHIIH YCTay, TEMIp/i TOTHIKCHI3AaHIBIPY,
IOWBIH OYHBIMIAPHI, KepaMUKaJbIK OyibIMAap, MUKPO3ayBITTap, KaJABIKCHI3 TEXHOJIOTHsIIap

ITOJIHAA IEPEPABOTKA OTBAJIBHBIX IIVIAKOB MEJEIIJIABHJIBHOI'O
IMPOU3BOJACTBA C YJIABJINBAHUEM OKCHU/10OB IUHKA, IIOJTYYEHUEM
YYI'YHHBIX U KEPAMUYECKUX U3JEJUNA
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AHHoTanusi. B pabote mnpeioxkena 6e30TX0JHAs MUPOMETAJUTypTHUECcKas TEXHOJOTHS MepepadOTKH OTBAJIbHBIX
IIJJAKOB MEJCIUIaBHJIBHOTO TPOU3BOJICTBA C KOMIUICKCHBIM H3BJICYCHHEM IIEHHBIX KOMIIOHEHTOB M IIOJyYCHHEM
BOCTpeOOBAaHHBIX NMPOAYKTOB. IIpoBeneHO TepMOAMHAMHYECKOE MOEIHPOBaHME B Auama3oHe temmepatyp 600—1750°C,
MIOJITBEpMBIIICE BO3MOXKHOCTh BBIICICHUS TPEX IIETIEBBIX MPOIYKTOB: OKCHJA I[MHKA, XXKEJIe30yIJIepOJUCTOTO CIUiaBa U
CIJIMKAaTHOTO [IUIaka. OKCIEePUMEHTAJIBHO II0Ka3aHO, YTO IPHU BOCCTAHOBHUTEIBHOM OOXXHI€ C HCIOJIB30BaHHEM
YHEPreTUYECKOTO YIJI BMECTO Ie(PUIIMTHOTO KOKCA IOCTUTAeTCsl BRICOKAs CTEIIEHb BOCCTAHOBJICHUS XKeJe3a ¢ 00pa3oBaHUEM
KopoibkoB pazmepoM 20-50 mkm. IIpu mocnexmyromieM IUIaBICHHHM BOCCTAHOBJIEHHBIX OPHKETOB BO3MOKHO IIOJIyYCHHUE
YyTryHa Win (peppOoCHINLNs, IPUTOTHBIX I IPOU3BOJICTBA TUTEHHON MPOAYKINH. [10dydeHHBIH MEeTaT COIEPIKUT MeIb U
cepy, 4TO OrpaHMYMBAaET €ro NPUMEHEHUE B KayeCTBEHHOM MeETaJUTypruM, OJHAKO II03BOJIAET MCIHONb30BATH AT
M3rOTOBJICHHS MEJIIOIINX YYTYHHBIX 1apoB ¢ TBEpAocThIo 10 59 HRC, coorBerctBytomeii IV kinaccy [OCT. IllnakoBas dasa
nepepabaTbiBaeTCs B NPOIMAHTHI M CTPOMTENIBHBIE 3aNOMHMTENH. [IpeiioskeHa TEXHOJIOTHMYECKash CXeMa MHMKPO3aBoja,
obecrieunBaroniero KOMIUIEKCHYIO IepepaboTKy IIAaKOB ¢ MUHMMAJIbHBIMU KallUTAJILHBIMH U OTIEPAIIMOHHBIMU 3aTpaTaMu.
PaszpaboTka moanepkaHa  YpalbCKMM — HAay4HO-OOpa3oBaTENbHBIM  IIEHTPOM M COOTBETCTBYET HPHOPUTETaM
pecypcocOepexeHHs1, IKOJIOrnIecKoi 0€30MaCHOCTH U UMIIOPTO3aMEIEHUS B METAJTYPrHIE€CKOH IPOMBIIIIIEHHOCTH.
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