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ABSTRACT

Metals are important in many modern industries. Due to the depletion of their natural resource
base, it is necessary to adapt, which means developing new and optimizing existing methods of
extraction of valuable components from ore materials. Only comprehensive processing of copper
metallurgical slags will solve the problem of resource recovery and the creation of low-waste
technology, which has great economic, environmental, and social importance. Hydrometallurgical
technologies take into account the specific conditions of the system and the physical and chemical
properties of metals when developing and selecting the method of extraction. This article provides
a review of the current state and prospects of development technologies used for base metal
extraction by leaching with the use of inorganic acids and environmentally safe reagents, the
methods are conditionally divided into two groups. The listed studies have made a significant
contribution to solving the problem of processing metallurgical slags, however, none of the
technologies has gone beyond the scope of laboratory and semi-industrial tests. Noted a tendency
to reduce the concentrations of leaching agents by certain pre-treatment of raw material, as well
as the transition to ubiquitously use "green technologies": such as bioleaching and organic acid
leaching. Directions are suggested to solve the problem of rational use of raw materials and
increase the sustainability of the future material cycle.
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Introduction

The problem of processing mining and

irretrievable losses and make the processing of such
material economically attractive.

Copper smelting slags of different enterprises
vary in their chemical composition and structure and

metallurgical slag dumps is one of the most
complicated and unresolved problems in modern
nonferrous metallurgy. These wastes occupy a large
territory and have a negative impact on the
environment. Each ton of copper produced about
2.2 tons of copper slag [1]. On average, the annual
production of copper-melting slags in the world is
about 25 million tons, which usually contain a
significant amount of valuable components, the
concentration of which often far exceeds their
concentration in the extracted raw materials. The
growing value of non-ferrous metals and reduction
of the mineral resource base do not allow their

usually contain about 1% of copper and 40% of iron,
depending on the type of processing and elemental
composition of ores, concentrates, and fluxes.
Significant amounts of oxides of aluminum,
magnesium, calcium, barium, etc.,, and minor
amounts of other elements (e.g., zinc, titanium, and
lead) are also associated with copper slag. The main
components of copper slag are iron oxide and SiO,,
which are present in copper slag mainly in the form
of fayalite (2FeO - SiO,).

Recently, scientists around the world have paid
special attention to hydrometallurgical processes for
the extraction of valuable components from
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metallurgical slags, and many technologies have
been developed. In these studies, the efforts were
mainly focused on leaching processes with the use
of inorganic acids and environmentally safe reagents
(organic acids and microorganisms), according to the
same principle the methods have been classified in
this review, but it should be noted that this division
is conventional.

The first group includes technologies of leaching
with the use of inorganic acids.

In the work, Banza A.N. et al [2] performed an
extraction of non-ferrous metals using three
different methods (sulfuric acid leaching, leaching at
a constant hydrogen peroxide flow rate, and
leaching at a constant Eh potential) with samples of
milled slag from Lubumbashi, Democratic Republic
of Congo. Metal recoveries of about 60% Cu, 90% Co,
90% Zn, and 90% Fe were obtained after 2 hours
using only H,SO4. Using a combination of H,SO4 and
H,0,, resulted in better metal recovery: 80% Cu, 90%
Co, 90% Zn, and 5% Fe.

Yang, Z. et al [3] investigated the leaching of
copper smelting slag from Guangdong province in
China using the same acid (H2SOs) with NaClOs;
oxidizer and Ca(OH), neutralization to accelerate
sludge filtration. The overall leaching and selective
precipitation process recovered about 98% Co, 97%
Zn, and 89% Cu from this slag, with only 3.2% Si and
0.02% Fe dissolved.

By another technology [4] the authors studied
the extraction of copper and cobalt from converter
slag obtained at Zhongtiaoshan Nonferrous Complex
metallurgical plant, China. Pre-dried slag was
treated with H,0, and H,SO, (120% stoichiometric
amount), and then solidified slag was leached with
water, and as a result, was extracted more than 95%
Co and up to 90% Cu.

In the method developed at Firat University,
Turkey [5] was shown that roasting with Fe,(SO.); at
500°C, duration of 120 minutes and ratio
(Fez(S04)3:xH,0: slag = 1: 1) followed by water
leaching resulted in copper, cobalt, nickel and zinc
recovery respectively: 93%; 38%; 13% 1 59%. Copper
converter slag from Ergani Copper Plant, Maden,
Elazig, Turkey was investigated.

In the work of the previously mentioned
university [6], the extraction characteristics of
copper, cobalt, zinc, and iron from converter slag
obtained at Ergani Copper Plant, Maden, Elazig,
Turkey were investigated. Studies were carried out
by oxidative leaching with a leaching agent based on
potassium dichromate (K:Cr.O7) and sulfuric acid
(H2SO4). Experimental results showed that the

presence of dichromate has a great influence on the
extraction of base metals. The process extracted
81.15% Cu, 12.0% Co, 3.15% Fe and 10.27% Zn.

Arslan and Arslan [7] focused on the recovery of
copper, cobalt, and zinc from smelter and converter
slags by sulfuric acid roasting. This study used
leaching experiments to investigate the effect of
firing time, acid: slag ratio, and firing temperature on
the degree of metal dissolution. In 2 hours of firing
at 150°C and acid: slag ratio = 3: 1, the metals
recovered were: 88% Cu, 87% Co, 93% Zn and 83%
Fe. Moreover, increasing the firing time to 4 hours
increased the copper recovery to 95%.

In work [8] the influence of the degree of
grinding of copper smelting slags Kazakhmys
Smelting, Balkhash, Kazakhstan on the degree of
extraction of non-ferrous metals by sulfuric acid at
room temperature in the presence of potassium
dichromate was studied. Grinding in a planetary ball
mill and an abrasion mill was used for mechanical
activation of copper extraction. Figure 1 compares
SEM images of slag subjected to dry grinding in a
planetary (Fig. 1a) and an abrasion mill (Fig. 1b) for
20 minutes at 600 rpm, a ball : powder ratio =20: 1.
The figure shows that the planetary grinding
produces finer particles.

Figure 1 - SEM images of crushed slag samples [8]

When conducting leaching experiments under
optimal conditions for milled slag, and with optimal
parameters for copper extraction and copper
selectivity, the maximum copper extraction was
87.3%, and the maximum copper selectivity was
97.9%.

The second group includes technologies using
environmentally safe reagents.

Sukla et al [9], described a leaching process,
using a strain of Aspergillus niger, copper converter
slag from M/S Hindustan Copper Limited, Gatsila,
India, isolated from Sukinda laterite nickel ore. The
bacteria were pre-enriched with 2% - potato
dextrose broth and the pulp density was varied by
dextrose concentration from 2 to 10%. At the same
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time, good results were obtained by trial
experiments with oxalic, acetic, and succinic acids
(1M) for 72 hours on a rotary vibrator at 37°C. The
maximum recoveries of copper, cobalt, and nickel
were 47%, 50%, and 23%, respectively.

Mehta et al [10] investigated the recovery of
copper, cobalt, and nickel from converter slag at
room temperature by biological leaching using
Thiobacillus  ferrooxidans, and iron-oxidizing
bacteria from two copper converter slag samples
from the Indian Copper Complex (ICC) in Gatsil, India
on a laboratory scale. The slag treatment optimized
parameters such as the degree of grinding of the
material, acidity of the medium, solid: liquid ratio,
Fe(l1)/Fe(lll) ratio, and the amount of Fe(ll) and
additives. Metal recovery from slag under sterile and
biological leaching conditions was 80.0% and 99.0%
Cu (80 days), 18.0% and 22.0% Ni (70 days), and
16.0% and 30.0% Co (50 days).

Selective leaching of lead and copper by citric
acid solutions from the slag of suspended copper
smelting was proposed in the work [11]. In the work,
the optimal conditions for the transition of lead into
solution (85%) were determined, while the leaching
of copper into solution was minimal (26%). In the
next step, the solid residue could be treated using
H,SO, solutions to extract the copper.

In another paper [12], an environmentally
friendly hydrometallurgical process for the recovery
of copper, nickel, and cobalt from copper-enriched
converter slag using organic acids was proposed. In
order to optimize copper leaching, the authors of
the work varied such parameters as acid
concentration, slurry density, temperature, and
process time. Optimal extraction of 99.1% Cu, 89.2%
Ni, 94% Co and 99.2% Fe was achieved in 9-10 hours
at 35°C, pulp density 15% using 2N citric acid, and
particle size <45 um.

The authors of [13] studied the characteristics of
Cu, Co, Zn, and Fe extraction from Kiire-Kastamonu
Historical Copper Slag (KHS) by oxidative leaching
under pressure using a sulfuric acid-based leaching
additive. The samples used in the leaching tests
averaged 0.84% Cu, 0.34% Co, 0.23% Zn, 2.90% Al,
0.70% Ca, 1.30% S and 42.80% Fe. It was found that
metal recovery increased with increasing

temperature and sulfuric acid concentration.
However, high acid concentrations led to gel
formation, which caused filtration problems. Under
optimal conditions, the recovery efficiency of cobalt,
copper, and zinc from KHS was 96.82, 92.85, and
93.44%, respectively.

S.N. Vinogradov Institute of Microbiology of the
Russian Academy of Sciences proposed the process
of non-ferrous metals leaching [14] from slag by
trivalent iron sulfate obtained with the help of iron-
oxidizing chemolithotrophic bacteria, which allowed
fully enough convert non-ferrous metals to the
liquid phase for 1.0 hour at 70°C. At the same time
extraction of copper in the solution reached 90%,
nickel - 88%, cobalt - 67%, and extraction of iron in
the solution was only about 30%.

As a result of the analysis of studies in the field
of technologies aimed at extraction of valuable
components from copper production slags by
hydrometallurgical methods the following was
revealed:

— in recent years, domestic and foreign
scientists have proposed a large number of
promising methods for extracting valuable
components from copper slag, but none of them has
gone beyond the laboratory and semi-industrial
tests;

— the main trend in the processing of copper
slag with inorganic acids is a certain pretreatment of
the material, which will ensure the use of low
concentrations of leaching agents, which is intended
to make the process more environmentally friendly;

— much emphasis is now being placed on
introducing "green technologies" into production:
this is an environmentallv safe and economicallv
competitive approach to the extraction of non-
ferrous metals from cooper slag. in which organic
acids and microorganisms are preferred to inorganic
acids.
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TYAIHAEME

Kasipri 3amaHgafbl 6ap/iblk cananapaa metanaapablH, MaHpi3bl eTe 30p. MUHepanablK-WMKi3aT
6a3acblHblH, CapKplaybiHa 6GalNaHbICTbl KeHAEPAEH KyHAbl KOMMOHEHTTEPAi anyAblH, KaHa
a4icTepiH  23ipney KoaHe KO/NAaHbICTafbl dicTepAi OHTalMNaHAbIPY KaxKeT.  MbICTbIH,
MEeTaNTYPruAblK KOKAAPbIH KEWeHAi KaiTa eHAey faHa pecypcTapAbl KainbiHa KeNTipy KaHe
KaNAblFbl a3 TEXHONOTUANAP ¥KacayFa MYMKIHAIK 6epegi, ByHbIH opacaH 30p 3KOHOMMWKa/bIK,
3KONOTUANBIK KaHE dNeYMEeTTiK MaHbI3bl 6ap. MMApPOMeTannyprusanbiK TEXHONOTMANAP MeTanapl
OHAIpY BAICIH a3ipaey XKaHe TaH4ay KesiHAe XKYWeHiH, epeKLue )afaainapblH JKaHe MeTangapabiH,
bOU3MKa-XMMUANDBIK KacueTTepiH eckepeai. byn makanaga 6eilopraHuMKanblk KblWKbIALAP MEH
3KONOTMANBIK Ta3a peareHTTepai KoigaHa oTbipbin, epiTiHaginey (walimanay) apKblabl Mbic any
YWiH KONAAHbINATbIH TEXHONOTUANAPAbIH, Ka3ipri ¥KaFaaibl MeH gamy nepcneKkTuBanapbiHa Wony
»Kacanagpl. D4iCTep WapTTbl TYPAE eKi TonKa 6eniHreH. AiTbinFaH 3epTTeyaep MeTannyprusablk
KOXAbl OHAEY MICeneciH Wewyre aluTapablKTali yaec KOCTbl, AEreHMEH TEXHONOrUANApAbIH,
€LUKANCbIChl 3ePTXaHANbIK, KIHE KapTblaali OHEPKACINTIK CbiHAKTap LWeHOepiHEeH LUbIKKAH YKOK.
Kasipri kesge maTtepuangbl anablH ana benrini 6ip eHaey KesiHAe KONAaHbINATLIH epiTiHainey
areHTTepiH narganaHyblHbIH, TEMEHAEY YPAICi, COHbIMEH KaTap "Kacbln TexHonoruanapabl" KeH,
TypAe nakipanaHy 6aikanasbl. MyHblH 69pi KEH WKKI3aTbIH YTbiMAbl NaliganaHy npobnemacbiH
LWeLlyre }aHe MaTepuanaapablH, alHaNbIMbIHbIH, TYPAKTbINbIFbIH apTTbIpyFa BafbITTanfFaH.
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AHHOTALUMUA

MeTannbl BaXkHbl BO MHOTUX COBPEMEHHbIX OTPAc/sAX. [0 NPUYMHE UCTOLLEHUA UX MUHEPaNbHO-
cblpbeBOi  6asbl, HEOOXOAMMO afanNTMPOBaTbCs, 3HAYMT  paspabaTbiBaTb HOBblE W
ONTMMM3MPOBATL CYLLECTBYIOLLME METOAbl M3BJEYEHUSA LEHHbIX KOMMOHEHTOB W3 PYAHbIX
maTtepuranos. TONbKO KOMM/IeKCHan nepepaboTka MeaHbIX METaNyPruyeckmx WAaKos No3BOAUT
pewunTb 3a4a4y BOCCTAaHOB/IEHMA PECYPCOB M CO3AaHMA MAsIOOTXOAHbIX TEXHOOTUIA, UMEIOLLYIO
OrPOMHOE 3KOHOMMWYECKOE, IKO/IOTUYECKOE U COLMANbHOE 3HayeHue. [MapomeTannypruyeckme
TEXHONOTMK, MpU pa3paboTke M BbIGOpPe MeTofa M3BNEYEHWA, YYMTLIBAIOT chneumduyeckme
YCNOBUA CUCTEMbI U GU3NKO-XMMMUYECKME CBOWMCTBA MeTan/oB. B gaHHOM cTaTbe npeacTasneH
0630p COBPEMEHHOIO COCTOAHWA M MNEPCNeKTUB Pa3BUTUA TEXHOIOMMMI, WUCMONb3yeMbIX ANA
M3BJIeYEHU Meau BbllenadnBaHMemM C NPUMEHEHNEM HEOPraHUYECKUX KMCIOT U SKONOMMYECKM
6e30MnacHbIX pPeareHToB, MeTOAbl YCIOBHO MNOAENEHbl Ha [ABe rpynnbl. [lepeyncneHHble
MCCNea0BaHMA BHEC/IU CEPbE3HBIN BKAAZ B pelleHne npobaemsl nepepaboku MmeTannypruyecknx
WNAKOB, OAHAKO HM OAHAa M3 TEXHONOMM He BblWAa 33 PaMKM NabopaTopHbIX W
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NONYNPOMBIWNEHHBIX ~ UCMbITaHWA.  OTMeYaeTcs TEHAEHUMA  CHWKEHWS  KOHUEHTpauui
NPUMEHAEMbIX BbILLENAYMBAIOLIMX ArEHTOB, NYTEM OnpeaeieHHOM NpesABapuTeNbHOM 06paboTKm
mMaTepuana, a TakxKe NoBCEMECTHOE BHeApeHMe «3e/eHbIX TeXHOoMMit». BCé 3To HanpaBneHo Ha
peweHne npobaembl PaUMOHANbHOTO MCMNOAb30BAaHMA PYAHOMO Cbipb W MOBbILWEHUA
yCTOMUMBOCTU ByAyLLEro KPYyroBopoTa MaTepmasos.
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