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ARTICLE INFO ABSTRACT

Keywords: Waste materials such as metallurgical slags can be considered as potential resources of valuable elements,
Cu-Co slags including technologically critical metals. Copper slags from Luanshya, the oldest mining and smelting site in the
Mineralogy Zambian Copperbelt, produced by smelting local Cu ores in reverberatory furnaces between 1932 and 1999, were
g:;:f:;ﬁ:;zs deposited on two large dumps in the vicinity of the former ore processing area. The slags exhibit high concen-
Luanshya trations of Co (247-5990 ppm, median: 2370 ppm) and Cu (1320-95,300 ppm, median: 8550 ppm). This multi-

method mineralogical investigation indicates that the slags are predominantly composed of olivine, clinopyr-
oxene, silicate glass, and spinel-family oxides. Copper-(Fe) sulfides, cobaltpentlandite [(Co,Fe)qSg], Fe sulfides,
and metallic Cu prills embedded in the silicate matrix are the major hosts of Cu and Co. The EU regulatory
leaching test (EN 12457-2) indicated that the release of contaminants is relatively low and only Cu slightly
exceeded the EU limit values for landfilling of inert waste. The secondary phases (Cu hydroxosulfates, Fe
(oxyhydr)oxides) observed on the slag surfaces confirm that the slags undergo a weathering process on the
dumps. Kinetic abiotic extraction tests were carried out in 0.5 mol/1 sulfuric acid at 25 °C and with a pulp density
of 1% to determine the release of metals from the milled Luanshya slags under conditions simulating hydro-
metallurgical recovery via agitation leaching. The Cu and Co extractability correlated with the bulk concen-
tration of these elements, and the highest extraction yields after 24 h of leaching corresponded to 46% of the
total Cu and 67% of the total Co. Despite the dramatic increase in Co prices on the global market, the Co recovery
from the Luanshya slags appears to be non-economical due to the high costs of the necessary mechanical and
chemical processing of the slag materials and the obtained extracts.

Zambian Copperbelt

1. Introduction is the leading global use for Co. The majority of Co on the global market

(>65%) is produced in the central African Copperbelt, with the Demo-

Copper (Cu) slags may contain many elements considered critical
from the technological point of view (Piatak and Ettler, 2021). An
example of a critical metal found in elevated concentrations in Cu slags
is cobalt (Co), which has been listed in many international lists of
strategic and critical minerals (Fortier et al., 2018; European Commis-
sion, 2020; Hofstra et al., 2021). Cobalt has traditionally been used to
produce superalloys or used in the chemical industry (catalyst,
pigment), but currently, it increasingly finds applications in the pro-
duction of batteries (mainly rechargeable lithium-ion batteries), which
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cratic Republic of Congo (DRC) and Zambia being the main producers
(Roberts and Gunn, 2014; USGS, 2021).

Apart from Cu slag reprocessing based on comminution and flota-
tion, various chemical and biological treatments have also been tested
on metallurgical slags to recover valuable metals (Muravyov et al., 2014;
Kaksonen et al., 2017; Potysz et al., 2018; Piatak and Ettler, 2021 and
references therein). Despite the efficiency of these extraction methods,
they have not yet been implemented on an industrial scale (Piatak and
Ettler, 2021). Slags issued from the processing of Cu-Co ores in the DRC
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and Zambia contain elevated concentrations of Co; our previous study
devoted to Cu slags from several sites in the Zambian Copperbelt indi-
cated that the Co contents in the Cu slags varied from 720 to 24,104 ppm
Co (mean: 8390 ppm, median: 7610, n = 18) (Vitkova et al., 2010).
Between 2001 and 2006, the Chambishi smelter processed old slags
originating from the closed Nkana smelter in Kitwe, which were
particularly rich in Co (0.3-2.6 wt%, mean: 0.76 wt%) to recover Co via
a pyrometallurgical technology (Jones et al., 2002; Vitkova et al., 2010;
Kapobe et al., 2019). Hydrometallurgical technologies were also tested
on Co-rich slags (0.7 wt% Co) from Lubumbashi, the DRC, to recover Co
and other base metals (Banza et al., 2002).

This paper follows our broader interest in understanding the envi-
ronmental impact of mining and smelting activities in the Zambian
Copperbelt, where slag dumps have been considered as a source of soil/
water pollution and dust formation (Kribek et al., 2010; Ettler et al.,
2014). Our previous research devoted to the detailed mineralogy and
geochemistry of slags from the Zambian Copperbelt focused on the
Mufulira, Kitwe, and Chambishi sites (Vitkova et al., 2010, 2011).
However, data for the slags from Luanshya, being the oldest Cu smelting
site in the Copperbelt Province, are missing in the scientific literature.
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The aim of this article is to fill this knowledge gap and to use a multi-
method approach to understand the mineralogy, environmental
geochemistry, and potential extraction/recovery of valuable elements
from these old Luanshya slags.

2. Study site

The central African Copperbelt is one of the world's greatest
sediment-hosted stratiform Cu-Co deposits, totaling 140 Mt. Cu and 6
Mt. Co in the Zambian and Congolese parts of the belt (Cailteux et al.,
2005). The Luanshya (previously Roan Antelope) deposit located in the
eastern part of the African Copperbelt was discovered in 1902, and when
opened in 1928, it was the first commercial Cu mine in the Zambian
Copperbelt (Coleman, 1971; Sikamo et al., 2016). The smelter began
operation in 1932 with coal-fired reverberatory furnaces and Peirce-
Smith converters (Mukherjee et al., 1999).

The peak production at Luanshya was in 1960 with 105,000 tons Cu
(Ruffini, 2008). The Cu industry in Zambia was nationalized in 1970,
and the Roan Antelope Cu mine became part of Zambia Consolidated
Copper Mines (ZCCM) in 1982. The mine was privatized in 1997 and

Fig. 1. Slag samples from Luanshya (Zambian Copperbelt). a) Map of southern Africa with the position of Luanshya. b) Aerial photo of the slag dumps and former
smelter/processing area in Luanshya (source: 2-D Google Earth). ¢) View of the southern slag dump formed by pouring the slag melt in layers. d) Slag layers and
fragments with lava-flow textures. e) Various slag textures: lava-flow texture (sample L7-7), glassy slag (sample L8), porous slag with vesicles (sample L10-1), and
weathered glassy slag with secondary Cu sulfates (sample L14-2). Note the presence of secondary Fe(III) (oxyhydr)oxides on the surface of the slag samples. The scale

bar corresponds to 1 cm.
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became property of the Roan Antelope Mining Corporation of Zambia
(RAMCOZ). Despite the planned upgrade and modernization of the
smelter technology designed to increase the production capacity from
42,000 to 60,000 tons Cu anodes per year (Mukherjee et al., 1999;
Moskalyk and Alfantazi, 2003), the smelter was finally closed in 1999
(Ruffini, 2008). The owner mismanaged the mining operations, and
some of the Luanshya shafts were shut down and flooded (Ruffini,
2008). In 2002, the mine was sold to J & W/Enya and renamed to
Luanshya Copper Mine (LCM), but the company failed and closed the
operations again in 2008. In 2009, the Chinese-owned company China
Nonferrous Metal Mining Group (CNMC) bought 80% of the shares of
the LCM, reopened the mines in 2010, and is currently running all the Cu
mining operations in the Luanshya area (Mususa, 2010).

Our study focuses on the old slag materials produced between 1932
and 1999, forming two dumps in the vicinity of the former smelter area
(Fig. 1). The surface of the two slag dumps was estimated to be ca.
200,000 m? (Fig. 1b). Based on the average slag density (3.20 + 0.41 g/
crn3) and the estimated height of the dumps (ca. 8 m), the amount of the
slag has been estimated to be ca. 5.1 + 0.7 Mt. Other studies (Sracek
et al., 2018) and unpublished reports (Kribek, 2010) indicate that sig-
nificant mining-related environmental problems are (i) the contamina-
tion of the soils (with concentrations exceeding 2200 ppm Cu and 60
ppm Co, especially near the former mine/smelter area) and (ii) the
drainage and dust generation in the mining waste disposal sites.

3. Materials and methods
3.1. Sample collection and processing

A total of 21 slag samples were collected from the Luanshya slag
dumps in June 2018 (Fig. 1a, b). Parts of the dumps were formed by
pouring the slag melt in layers, and slag fragments exhibited lava-flow
textures and weathering features, such as the formation of secondary
phases on their surfaces (Fig. 1c—e). Representative parts of all the
samples were embedded in an epoxy resin and prepared as polished thin
sections for the microscopic observations and microanalyses. Aliquots of
all samples were pulverized in an agate planetary mill to <50 pm
(Retsch PM 400, Germany) and used for the bulk chemistry and phase
composition determinations, and for the hydrometallurgical testing.
Based on the chemical and mineralogical analysis results (see below),
four representative slag samples (L7-8, L8, L10-1, L11-1) were selected
for the leaching tests designed to assess the contaminant release; for this
leaching procedure, the slag material was crushed using a jaw-crusher to
<4 mm.

3.2. Chemical and mineralogical investigations

The determination of the major elements was carried out using a
combination of gravimetric, volumetric, and spectrometric analyses as
described in Ettler et al. (2009). The contents of the total sulfur (S¢,t) and
total organic carbon (Cog) were determined using a combination of
ELTRA CS 530 and ELTRA CS 500 TIC analyzers (ELTRA, Germany). For
the determination of the trace elements in the slags, we used an acid
digestion procedure. A mass of 0.2 g of the sample was dissolved in a
closed system (Teflon beakers, Savillex, USA) in a mixture of 10 ml of HF
(49% v/v) and 0.5 ml of HClO4 (70% v/v) on a hot plate (130 °C). The
mixture was evaporated to dryness, and this procedure was repeated
with 5 ml of HF and 0.5 ml of HC1O4. The residue was then evaporated to
near-dryness, dissolved in 2% HNOs (v/v), and diluted to 100 ml before
the analysis. The digests were analyzed for metals and metalloids (Ag,
As, Ba, Bi, Cd, Co, Cr, Cu, Ga, Mo, Ni, Pb, Sb, Se, Sn, Sr, Tl, V, and Zn)
using a combination of inductively coupled plasma optical emission
spectrometry (ICP-OES, Agilent 5110, USA) and quadrupole-based
inductively coupled plasma mass spectrometry (ICP-MS, Thermo-
Scientific, iCAP-Q™, Germany). A modified digestion procedure (HNO3,
65% v/v, instead of HCIO4) was used when preparing the digests for the
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subsequent analysis of Ge by ICP-MS. All the chemicals used during the
digestion procedure were reagent-grade (Merck-Sigma-Aldrich, Ger-
many), and deionized water obtained from a Millipore Academic system
(Millipore, USA) was used for the dilutions. The quality control/quality
assurance (QC/QA) of the bulk digestion procedures and subsequent
analyses was performed by the parallel processing of an SU-1b certified
reference material (Nickel-Copper-Cobalt Ore, certified by CANMET,
Canada) and was found to be satisfactory (Table S1).

The phase compositions of the slags were determined by powder X-
ray diffraction analysis (XRD) using a PANalytical X'Pert Pro diffrac-
tometer (PANalytical, the Netherlands) equipped with and an X'Cele-
rator detector (analytical conditions: CuKa radiation, 40 kV, 30 mA, 2
theta range of 5-70°, a step of 0.02°, counting time 150 s per step). The
diffraction patterns were analyzed by X'Pert High Score Plus 3.0 soft-
ware coupled with the Crystallography Open Database (COD) (Grazulis
et al., 2012). The polished thin sections of the specimens were first
examined under a Leica DM LP polarizing microscope (Leica, Germany).
A JEOL JXA-8530F (JEOL, Japan) electron probe microanalyzer (EPMA)
equipped with a field emission gun source (FEG), energy dispersion
spectrometer (EDS; JEOL JED-2300F), and five wave-dispersion spec-
trometers (WDS) was used for the scanning electron microscopic (SEM)
imaging, EDS analyses, and quantitative analyses. The detailed analyt-
ical conditions, standards and detection limits used for the EPMA mea-
surements are given in Table S2.

3.3. Leaching test for the environmental assessment

Four slag samples were subjected to a simple batch leaching test used
in the European Union (EU) as a regulatory “compliance test”, EN
12457-2 (EN 12457, 1999) for classifying waste materials in view of
potential landfilling (EU, 1999; EU, 2002; Ettler and Vitkova, 2021). The
amount of 4 g of slag (fraction <4 mm) was leached in 40 ml of
deionized water, corresponding to a liquid/solid (L/S) ratio of 10 1/kg.
The leaching test was carried out in duplicate at 20 + 3 °C, and the
reactors were continuously agitated using a horizontal shaker (Heidolph
Promax 2020, Germany) for 24 h. Subsequently, the supernatants were
filtrated through 0.45 pm filters (disposable Millipore Millex-LCR PTFE
membrane filters, USA and Injekt Luer Lock 20 ml syringes, B. Braun,
Germany). The pH and Eh values were immediately measured using a
WTW Multi 3620 IDS multimeter equipped with a WTW SenTix® 940
pH electrode and SenTix® ORP-T 900 redox electrode, respectively
(WTW, Germany). The electrical conductivity (EC) in the leachates was
recorded using a Mettler-Toledo Seven2Go conductometer with a
Mettler-Toledo InLab® 738 ISM conductivity probe (Mettler-Toledo,
Switzerland).

The leachates were analyzed for major cations and trace elements
Ag, Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, Pb, S, Sb, Se,
Si, Sn, Sr, Tl, V, and Zn by ICP-OES and ICP-MS. The accuracy check
(QC/QA) of the measurements was controlled by a parallel analysis of
the SRM NIST 1463f certified reference material (Trace elements in
water, NIST, USA) (Table S1). The alkalinity in the leachates was
measured by back titration (0.05 mol/1 HCI) using a Schott TitroLine
Easy automatic titrator (Schott Gerdtte, Germany). The major anions
(cl, SO42_ and NO3~) were determined by high-performance liquid
chromatography (HPLC; Dionex ICS-2000, USA).

3.4. Extraction test for potential recovery of critical metals

For the laboratory hydrometallurgical testing, three representative
slag samples were selected: L7-8 (crystalline slag), L10-1 (crystalline
slag with vesicles), and L11-1 (glassy slag). On crystalline and glassy Cu
slags, Potysz and Kierczak (2019) compared metal extraction effi-
ciencies obtained by various mineral and organic acids (H2SO4, HNOg3,
HC], oxalic, citric). A comparison of normality equivalent acids (2 N)
indicated that the metal extraction yields were the highest in the HNO3
and HCl extractions for both crystalline and amorphous Cu slags.
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However, due to its price and availability, sulfuric acid (HySOj4) is
considered as the first choice extractant for most hydrometallurgical
processes (Binnemans et al., 2020; Potysz and van Hullebusch, 2021 and
references therein). Moreover, sulfuric acid is produced in large quan-
tities in sulfuric acid plants in many non-ferrous metals smelters, as it is
also the case of a nearby Mufulira smelter equipped with the ISAS-
MELT™ smelting technology (Ross and de Vries, 2005; Schlesinger
et al., 2011). By varying the sulfuric acid strength and pulp densities,
Potysz and Kierczak (2019) demonstrated that the highest metal
extraction yields were observed for 0.5 mol/l HySO4 and at 1% pulp
density, particularly for the amorphous Cu slags.

Based on these indications, the pulverized samples (<50 pm) were
leached in 0.5 mol/1 H3SO4, and the extraction was performed at a 1%
pulp density (L/S = 100 l/kg, i.e., 0.1 g sample into 10 ml of extracting
solution). This experimental protocol was modified from Ettler et al.
(2020), who used the same approach for the extraction of vanadium and
other metals from African slags to simulate the hydrometallurgical re-
covery via agitation leaching. For each extraction time (1, 6, and 24 h),
duplicate reactors were prepared. The suspensions were continuously
agitated using a GFL 3018 horizontal shaker (GFL, Germany; 60 rvs/
min) at the ambient temperature (25 °C). The samples were then
centrifuged at 3000 rpm for 5 min (Hettich UNIVERSAL 320 R centri-
fuge, Germany) and the extracts were filtrated using the 0.45 pm
membrane filters. The pH and Eh values were immediately recorded
using a WTW Multi 3620 IDS multimeter. The extracts were diluted and
measured for the major and trace elements by ICP-OES (Ag, Cd, Pb, and
Sb were systematically below the detection limit for all the extracts).
XRD was used to analyze the slag residues obtained after the 24-h
extraction to determine the changes in the phase compositions.

3.5. Data treatment

The data were plotted using a combination of Prism 9 (GraphPad,
USA) and Graphic for Mac (Picta, USA) software packages. The
PHREEQC-3 geochemical code version 3.3 with a Notepad++ 6.6.9
interface (Parkhurst and Appelo, 2013) was used for the speciation-
solubility modeling to determine the speciation of contaminants in the
leachates and extracts and to calculate the degree of the leachate satu-
ration with respect to potential solubility-controlling phases (saturation
index, SI). The default minteq.v4.dat thermodynamic database was used
for all the calculations, supplemented with thermodynamic data for
some Co minerals (e.g., spherocobaltite, CoCO3) from the llnl.dat
database.

Table 1
Basic statistics for the trace element concentrations (ppm) in the slags from
Luanshya (Zambian Copperbelt). The full dataset is available in Table S3.

Min Max Mean" Median®
Ag 0.5 27 3.65 1.35
Ba 315 1070 538 495
cd 0.95 6.25 2.71 2.00
Co 247 5990 2696 2370
Cr 7.2 2877 388 213
Cu 1320 95,300 17,835 8550
Ga 16 44 27.5 25.4
Ge <5 12 7.69 6.23
Mo 39 367 157 149
Ni 15 93 47.5 40.9
Pb 1.2 305 34.5 17.9
Sb <15 162 61.8 45.7
Sr 125 677 314 268
A% 18 324 86 74
Zn 38 2450 256 126

Below detection limit: As <25 ppm, Bi <25 ppm, Se < 40 ppm, Sn < 15 ppm, Tl
< 20 ppm.
2 Calculated for n = 21 samples, except for Ge (n = 8) and Sb (n = 13).

Journal of Geochemical Exploration 237 (2022) 106987

4. Results
4.1. Geochemistry and mineralogy

The Luanshya slags are predominantly composed of Si (27.15-63.25
wt% SiOy), Fe (4.23-16.81 Fey0O3 and 6.05-39.69 wt% FeO), Ca
(1.87-23.79 wt% Ca0), and Al (3.71-10.50 wt% Al,03) (Table S3). The
major trace elements in the slags are Cu (1320-95,300 ppm, mean:
17832, median: 8550) and Co (247-5990 ppm, mean: 2696, median:
2370) (Tables 1 and S3). Other metals and metalloids, including addi-
tional critical metals (Ga, Ge, Sb), occur in much lower concentrations
(mean values range from ones to hundreds of ppm) (Tables 1 and S3).

The mineralogical composition is rather variable. The combination
of the XRD data, optical microscopy, and scanning electron microscopy
revealed that the glass is a ubiquitous phase indicating the rapid cooling
of the slag melt (Fig. 2, Table S4). Clinopyroxene, olivine, and spinel are
also typical phases in most of the studied slags. Clinopyroxene forms
fine-grained crystallites (Fig. 2b, c), laths (Fig. 2d), or skeletal crystals
(Fig. 3a) embedded in the glass. Olivine generally occurs as skeletal laths
(Figs. 2e, 3c, e, f). Spinel commonly forms large blebs several hundreds
of um in size (Fig. 3b) or smaller euhedral crystals (<20 pm in size;
Fig. 3c-e). Leucite and melilite are relatively rare within the studied
slags with generally large prismatic crystals up to hundreds of pm in size
(Fig. 3d). Non-melted residual grains of silicates from the gangue
(feldspars, SiO2 phases) were also found in some samples, indicating
that, in some cases, the temperatures in the furnace were not sufficiently
high enough to melt the furnace charge completely (Fig. 2a; Table S4).

Sulfides and metallic phases are common in all the studied samples.
They form rounded or oval inclusions and blebs of variable size (Figs. 2f,
3b—f). The EPMA indicated that the Cu and Cu-Fe sulfides, such as
chalcopyrite (CuFeSy), chalcocite (CusyS), digentite (CugSs), covellite
(Cuy4S), bornite (CusFeSy) or their solid solutions, predominate (Fig. 3;
Table S5). Many of these phases were not perfectly stoichiometric
(Table S5), and the compositional data plotted in a Cu-Fe-S diagram in
comparison with Cu-Fe sulfides from other Copperbelt slags (Vitkova
et al., 2010) also indicate that these phases formed under non-
equilibrium conditions by quenching the melt (Fig. S1). Cobaltpen-
tlandite [(Co,Fe)gSg] and pyrrhotite (Fe;«S) are less common in the
studied slags (Fig. 3e, f), but they are key hosts of Co with 40.40 wt%,
and 3.53 wt%, respectively (analyses 2 and 3 in Table S5). Elevated Co
concentrations were also detected in chalcopyrite (2.60 wt%) and in the
identified Fe-Cu sulfide (2.32 wt%) (analyses 29 and 30 in Table S5).
Metallic Cu, forming droplets of variable size, embedded in silicate
matrix or sulfides (Fig. 3b, e, f) is an important Cu-bearing phase in the
slags.

The compositions of clinopyroxenes are rather variable, ranging
from almost pure enstatite (MgsSioOg) to a diopside (CaMgSizOg)-
hedenbergite (CaFeSizOg) solid solution (Table S6). The EPMA results
showed that some Co can substitute for Mg and Fe in the clinopyroxene
structure (0.03-0.10 wt% CoO). Copper was only rarely detected in the
clinopyroxene (up to 0.04 wt% CuO). Olivine-family phases mainly
exhibit compositions in a forsterite (MgsSiO4)-fayalite (Fe2SiO4) solid
solution with the fayalite end-member accounting for up to 92%
(Table S6). Calcium-rich olivines with compositions close to kirsch-
steinite (CaFeSiO4) were found in sample L13-2 in association with
melilite (Fig. 3d; analysis 46 in Table S6). The Co concentrations in the
olivines were higher than in the clinopyroxenes, ranging from 0.15 to
0.85 wt% CoO (Table S6). Compared to Co, Cu was found in substan-
tially lower concentrations in the olivines (up to 0.06 wt% CuO)
(Table S6). The dominant presence of melilite in one slag sample shows
that the slag melt was substantially richer in Ca compared to other slags
(Table S6; Fig. 3d). The EPMA data obtained from the melilite and
leucite crystals indicated that these phases were not important hosts of
Cu and Co (<0.09 wt% CuO or CoO, respectively) (Table S6). Given that
the glass occurs in all the studied slag samples, it is a volumetrically
important host of Cu and Co with concentrations up to 0.26 wt% CuO
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Fig. 2. Textures of the Luanshya slags. a) Melting texture composed of glass (Gl) schlieren with non-melted crystals of sanidine (Sa) (sample L7-1). b) Rounded shape
composed of clinopyroxene (Cpx) microcrystallites embedded in the glass containing micrometric inclusions of sulfide/metallic phases (sample L7-2). ¢) Clino-
pyroxene micro-crystallites in a glassy matrix (sample L7-3). d) Lath-type and euhedral clinopyroxene crystals (sample L7-7). e) Skeletal olivine (Ol) in glassy matrix
(sample L13-1). f) Large sulfide/metallic inclusion composed of bornite (Bn), covellite (Cv), pyrrhotite (Pyh) in association with metallic Cu and embedded in a
complex silicate matrix (sample L10-1). Phase abbreviations according to Warr (2021).

and CoO, respectively (Table S7). Spinel-family oxides exhibit consid-
erable variability in their compositions ranging from almost pure
magnetite (Fe3O4) (analysis 19 in Table S8) to complex spinels with a
predominance of Mg-Fe-Al-Cr-rich end-members (analyses 23, 24, 40,
and 41 in Table S8). Copper was not detected in many spinels, but some
exhibited up to 0.55 wt% CuO. All the analyzed spinels were important
hosts of Co with concentrations ranging from 0.02 to 0.97 wt% CoO
(Table S8).

4.2. Environmental stability and weathering

The results of the regulatory leaching test EN 12457-2 and compar-
isons with the EU limit values for inert, non-hazardous, and hazardous
waste are reported in Table 2. Except for samples L7-8 and L10-1, where
the leached Cu exceeded the limit concentrations values for inert waste

(2 mg/kg), the leachabilities of the other screened contaminants were
relatively low. In terms of the waste classification according to the EU
legislation, slag samples L7-8 and L10-1 are classified as non-hazardous
waste, other samples are classified as inert waste (Table 2). According to
the PHREEQC-3 geochemical modeling, the slag leachates are (over)
saturated with respect to Fe(Ill) oxyhydroxides (ferrihydrite, Fe
(OH)3(am), SI = —0.29 to 0.65; goethite, FeOOH, SI = 2.41 to 3.35). The
secondary formation of Fe(IIl) oxyhydroxides was macroscopically
visible on many slag fragments (Fig. le) and, due to their efficient
sorption properties, they are likely key phases controlling contaminant
leaching from the Luanshya slags. The leachates were all undersaturated
with respect to other potential solubility controlling phases, such as Cu
hydroxocarbonates (malachite, Cuy(CO3)(0OH)y; azurite,
Cu3(CO3)2(0OH)3), Co carbonates (spherocobaltite, CoCO3) and Cu
hydroxosulfates (brochantite, Cu4(SO4)(OH)g; antlerite, Cu3(SO4)
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Fig. 3. Scanning electron micrographs in back-scattered electrons (BSE) of the Luanshya slags. a) Skeletal crystals of clinopyroxene (Cpx) embedded in the glass (GI)
with chalcopyrite (Ccp) inclusions (sample L7-7). b) Zoned spinel crystal (magnesiochromite [Mchr] core, chromite [Chr] rim, and magnetite [Mag] dendrites) in
silicate matrix composed of glass with clinopyroxene crystallites. Note the presence of the sulfide inclusions (chalcocite, Cc) in the glass and exsolutions of metallic Cu
in the spinel (sample L11-1). ¢) Euhedral spinel crystals and skeletal olivines in a glassy matrix associated with Fe-Cu sulfide inclusions (see analysis 30 in Table S5)
(sample L10-1). d) Crystalline slag composed of euhedral melilite (Ml1l) and clinopyroxene crystals in a glassy matrix with kirschsteinite (Kir), spinel (Spl), and bornite
(Bn) (sample L13-2). e) Large sulfide inclusion composed of bornite and covellite (Cv) symplectite, crystals of pyrrhotite (Pyh), cobaltpentlandite (Copn), and
metallic Cu in a silicate matrix (sample L7-8). f) Pyrrhotite, magnetite and pyrrhotite-magnetite symplectite embedded in a bornite inclusion (sample LL7-8). Phase

abbreviations according to Warr (2021).

(OH)4) as revealed by the PHREEQC-3 calculations. Moreover, the for-
mation of these phases can hardly be accomplished within 24 h of the
leaching test used, probably due to relatively low Cu concentrations in
the leachates. Nevertheless, the secondary phases of greenish color have
been macroscopically documented on many slags from Luanshya
(Fig. 1e), and the SEM-EPMA data confirmed that phases precipitating in
the vesicles and on the surfaces of the slag fragments have compositions
close to Cu hydroxosulfates, such as brochantite and/or antlerite
(Fig. S2). These microscopic observations confirm that the Cu hydrox-
osulfates are direct weathering products formed during the dissolution
of the primary Cu-(Fe) sulfides (Fig. S2).

4.3. Potential recovery of Co and other critical metals

The extraction tests were carried out in 0.5 mol/l H;SO4 on three
contrasting slag samples having different mineralogy, crystallinity, and
content of metallic elements (Cu: 4420-49,900 ppm; Co: 1470-4780
ppm). Within the first 6 h of the experiment, the release kinetics are
relatively rapid, then the extractability slows down and almost attains a
steady-state (Fig. 4). The extractability of valuable elements in mg/kg is
positively correlated with their total concentrations in the original ma-
terial; the highest Cu leaching was obtained for sample L10-1 (18,612 +
66 mg/kg), and the highest Co leaching was observed for sample L7-8
(4146 + 148 mg/kg), whereas the lowest values for both elements
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Table 2
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Leached concentrations of the selected metal(loid)s (mg/kg; mean values =+ standard deviation, n = 2), values of the pH and the electrical conductivity (EC, in pS/cm)
in the leachates as obtained by the EN 12457-2 leaching test.

Code As Ba cd Cu Cr Ni Pb Sb Zn pH EC

L7-8 ND 0.044 + 0.0036 0.0004 + 0.00005 2.69 + 1.46 ND 0.066 + 0.013 0.001 + 0.0003 0.0003" 0.107 + 0.006 5.81 22.7
L8 ND 0.030 + 0.0007 0.0001 + 0.00005 0.07 £+ 0.005 ND 0.003 + 0.001 ND 0.0004 + 0.0001 0.012 + 0.0008 6.69 8.1
L10-1 ND 0.036 + 0.0143 0.0006" 3.60 + 0.83 ND 0.026 + 0.005 ND 0.0001° 0.053 + 0.004 5.70 13.6
L11-1 ND 0.016 + 0.0019 0.0001 + 0.00005 0.64 £ 0.15 ND 0.015 + 0.003 ND 0.0004 + 0.0002 0.034 + 0.0003 6.30 3.3
Limit values” As Ba cd Cu Cr Ni Pb Sb Zn

w 0.5 20 0.04 2 0.5 0.4 0.5 0.06 4
NHW 2 100 1 50 10 10 10 0.7 50
HW 25 300 5 100 70 40 50 5 200

ND - not detected; detection limits were: As (0.004 mg/kg), Cr (0.003 mg/kg), Pb (0.0001 mg/kg).

@ Detected only in one replicate.

b Limit values for the inert waste (IW), non-hazardous waste (NHW) and hazardous waste (HW) according to the EU (2002) legislation. The values exceeding limits

for the IW are indicated in bold.
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Fig. 4. Extractability of Cu and Co in 0.5 mol/1 H,SO4 as a function of time expressed as leached concentrations in mg/kg (a) and the percentage of the total content
(b) for three slag samples from Luanshya. The small error bars are obscured by the symbols.

corresponded to sample L11-1 (cf. Tables S3 and 3). The highest
extraction yields are 46% of the total Cu and 67% of the total Co after 24
h of the experiment (Fig. 4 and Table 3). Other trace elements exhibit
relatively low extractabilities in the order of ones to tens of mg/kg, and
many of them have not been detected in the extract at all (Ag, Cd, Pb,
and Sb). The PHREEQC-3 calculations suggested that barite (BaSO4) and
SiO5 phases of various forms should precipitate from the extracts. The
secondary formation of barite during the extraction test (SI in the range

1.18-1.41) may explain the very low extractabilities of Ba from the slags
(2-3% of the total) (Table S8). Amorphous SiO, and chalcedony
exhibited an SI ranging from —0.81 to 0.73 and from 0.00 to 1.51,
respectively, indicating that a silica gel can form during the hydromet-
allurgical acid extraction.

The XRD patterns of slag residues after 24 h of extraction (Fig. S3)
show substantial changes in mineralogical compositions. Olivine
completely disappears from the samples, whereas clinopyroxene is

Table 3
Extractabilities (mg/kg and % of the total) of selected elements in 0.5 mol/l H»SO4 solutions from Luanshya slags as a function of time (mean =+ standard deviation).
mg/kg Time (h) Ba Co Cr Cu Mo Ni Sr \% Zn
Sample mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg
L7-8 1 9.8+ 0.3 1912 + 27 <10 1558 + 29 109 + 0.4 12.1 £ 0.2 9.2+ 0.2 <6 97.6 £1.2
8.8 +0.1 2838 + 10 10.4 £ 0.2 2935 + 19 243 +0.8 18.8 £ 1.0 13.9 £ 0.05 6.1 + 0.0 149 +£ 0.2
24 9.8+ 0.6 3217 £ 107 253+ 1.6 4146 + 148 42.2 +£ 0.6 20.9 £ 0.2 18.5+ 0.7 13.5+ 0.9 177 £ 9
L10-1 1 6.8 £0.2 850 + 12 18.3 £ 0.1 6509 + 92 10.8 + 0.3 14.9 £ 0.7 6.6 + 0.2 <6 58.8 £ 0.6
7.8+ 0.2 1308 + 53 76.3 + 3.3 11,807 + 463 24.7 £ 0.0 20.0 £ 0.7 8.7+ 0.4 6.1 +£0.1 92.0 + 3.8
24 9+0.2 1459 £ 5 176 £ 2.0 18,612 + 66 38.15+ 0.6 26.4 £ 2.2 10.4 £ 0.0 12.7 £ 0.3 107 £ 0.6
L11-1 1 11.2+0 42.7 £ 2.0 <10 524 + 33 3.65 + 0.3 <10 9.7 +0.4 <6 7.4+0.4
88+15 49.0 £ 0.3 12.5 + 0.05 768 + 4 4.40 £ 0.2 <10 10.9 £ 0.2 <6 8.3+ 0.6
24 10.4 £ 0.3 58.8 + 1.9 17.5 £ 0.8 1074 + 39 515+ 0.4 <10 12.3 £ 0.5 <6 8.8 +£0.3
% Time (h) Ba Co Cr Cu Mo Ni Sr \" Zn
L7-8 1 2+ 0.06 40 + 0.6 <5 15+ 0.3 5+0.16 25+ 0.3 3+ 0.05 <9 48 + 0.6
6 2 £0.02 59 £ 0.2 5+0.10 28 +£0.2 11 +£0.3 39+20 5+ 0.02 9 £ 0.00 73+0.1
24 2+ 0.13 67 +£ 2.2 13+0.8 39+14 19+ 0.3 44 + 0.4 7 +0.25 19+ 1.3 87 + 4.5
L10-1 1 2 +0.05 27 +£ 0.4 1+ 0.00 13+ 0.2 4 +0.11 16 + 0.8 4+ 0.09 <6 47 +£ 0.5
6 2 +0.05 41 +£1.7 3+£0.11 24+09 9 £+ 0.00 21 +0.8 5+0.22 6 £ 0.10 74+ 3.1
24 3+ 0.06 46 + 0.2 6 + 0.07 37 £0.1 14 £ 0.2 28 + 2.4 6 + 0.00 12+ 0.3 86 + 0.5
L11-1 1 2 +0.00 3+0.14 <1 12+ 0.8 3+0.21 <48 3+0.11 <6 9 £+ 0.51
6 2 £ 0.05 3+£0.13 2+0.10 17 £ 0.9 4 +0.30 <48 3+0.14 <6 11 £ 0.4
24 2+ 0.05 4+0.13 2+0.10 24+09 4 +0.30 <48 3+0.14 <6 11 £ 0.4
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relatively stable. The dissolution of olivine, being an important Co-
bearing phase (Table S6), can also contribute to high Co extraction
during our simulated hydrometallurgical process. Rhomboclase
[HFe3*(S04)2-4H,0] and/or szomolnokite (Fe?TS0,4-H,0), typically
occurring in highly acidic sulfate-rich environments (cf. Ettler et al.,
2020), form in the slag residues as the alteration products (Fig. S3).

5. Discussion

The Luanshya slags are composed of phases typical for Cu slags as
previously reported from various sites around the world: olivine, cli-
nopyroxene, silicate glass, and spinel-family oxides (Vitkova et al.,
2010; Kierczak and Pietranik, 2011; Rozendaal and Horn, 2013; Piatak
etal., 2015; Potysz et al., 2016; Piatak et al., 2021). However, melilite, a
Ca-rich phase crystallizing from Ca-rich melts, is rather typical for air-
cooled Pb and/or Zn slags (Ettler et al., 2009; Warchulski et al., 2016)
and much less frequent in Cu slags (Kadziolka et al., 2020), was observed
only in one sample from Luanshya (sample 13-2 with an anomalous CaO
content of 23.8 wt%; Tables S3 and S4). Similarly, leucite was also
relatively rare in the Luanshya slags (found only in 5 of 21 samples).
However, this phase has been previously found as a minor compound in
Cu slag from various sites, including the Zambian Copperbelt and Old
Copper Basin in Poland, and indicates that the slag melt was K-rich and
Si-undersaturated (Vitkova et al., 2010; Kadziolka et al., 2020). The Cu
and Co concentrations in the silicates, glass, and oxides in the Luanshya
slags are relatively low (<1 wt% CuO or CoO). In contrast, Vitkova et al.
(2010) reported that Co-bearing Cu slags from other sites in the Zambian
Copperbelt exhibit much higher concentrations of these metals in the
silicates (e.g., up to 7.15 wt% CoO in the olivines) and oxides (up to 4.11
wt% CuO and 5.12 wt% CoO), which might be related to the processed
ore and/or smelting technology used.

The major hosts of Cu and Co in Luanshya slags are sulfides (e.g.,
bornite, chalcopyrite, covellite, chalcocite, digenite) and metallic Cu
(Table S5), which agrees well with other studies devoted to the miner-
alogical characterization of Cu slags originating from various sites
around the world and different Cu smelting technologies (Vitkova et al.,
2010; Rozendaal and Horn, 2013; Potysz et al., 2016; Jarosikova et al.,
2017; Piatak et al., 2021 and references therein). Cobaltpentlandite and
Fe-sulfides are typically the most Co-enriched phases in the Cu slags
from the Zambian Copperbelt in general (Table S5; Fig. 3e; cf. Vitkova
et al., 2010). Other phases can also host Co (Tables S6-S8), and espe-
cially glass and olivine are volumetrically important in the studied slags.
To better understand the modal compositions (% of phases) and
deportment of Co and other metals in the slags, it would be helpful to use
the mineral liberation analysis (MLA) carried out by an automated
scanning electron microscope (autoSEM) (Wang et al., 2015; Gabasiane
et al., 2021). However, recent studies devoted to the application of
autoSEM on complex slag particles demonstrated that there are several
limitations: (i) problems with an adequate database of reference EDS
spectra leading to difficulties in the slag phase identification (Pietranik
et al., 2018) and (ii) difficulties in setting of the concentration bound-
aries (e.g., highly variable compositions of the slag glass), which then
closely affects the results of the deportment calculations (Tuhy et al.,
2020).

The EU regulatory leaching test suggests that all the monitored
contaminants are released from the Luanshya slags to a low degree,
except for Cu, which exceeded levels for inert waste for two of the four
investigated slag samples (Table 2). However, the test duration of 24 h is
relatively short to describe the long-term leaching of metal(loid)s from
slags in natural environments (Ettler and Vitkova, 2021 and references
therein). Using 12-year leaching experiments on Pb-Zn slags, Ettler and
Johan (2014) demonstrated that contaminants bound in silicates and
oxides continue to leach over the long term because of the slow kinetics
of their dissolution in an aqueous environment. The actual situation,
which also considers the proximity to water bodies, where the slag is
partly submerged in water for a substantially more extended period (see
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Fig. 1b), should be modeled using other types of leaching experiments
such as column tests, flow-through tests, pH-dependent tests, or tests
conducted on monolithic samples (Ettler and Vitkova, 2021 and refer-
ences therein). Nevertheless, the formation of secondary phases
observed on the surface of the majority of the studied slag samples in-
dicates that these materials underwent intensive weathering (Figs. 1 and
S2), which is a typical feature in humid subtropical areas, as also re-
ported on slags from other smelting sites in the Zambian Copperbelt
(Vitkova et al., 2010).

The elevated concentrations of valuable elements in the Luanshya
slags (e.g., Co: up to 5990 ppm, Cu: up to 95,300 ppm) suggest that these
materials can be considered as potential resources of these elements.
Even though Vitkova et al. (2010) reported slightly higher Co concen-
trations in other slags from the Zambian Copperbelt, the median con-
centrations in the Luanshya slags (Co: 2370 ppm; Cu: 8550 ppm) are
similar or even higher than for the Cu slags from other sites, which have
already been tested in view of any potential recovery (Bulut, 2006;
Kaksonen et al., 2017; Mikoda et al., 2019; Meshram et al., 2020). The
maximum extraction yields obtained after 24 h of extraction in 0.5 mol/1
H2SO04 were 46% of the total Cu and 67% of the total Co (Fig. 4 and
Table 3). Potysz and Kierczak (2019) found similar Cu extractability (ca.
50% of the total) from amorphous Cu slags leached under identical
conditions (0.5 mol/1 HySOy4, 1% pulp density, 24 h; Potysz and Kierc-
zak, 2019). A higher yield can be obtained at higher temperatures and
higher acid strengths (e.g., Bulut, 2006; Potysz and Kierczak, 2019).
However, under such conditions, the problem of silica gel formation
acting as a newly formed adsorbent for the leached metals and hindering
the extraction efficiency can occur (Potysz and Kierczak, 2019; Potysz
and van Hullebusch, 2021). A longer leaching time can also result in the
higher extractability of metals (Mikoda et al., 2019), but time frames
longer than 48 h can hardly be expected in real-scale hydrometallurgical
operations based on agitation leaching.

Given the growing global demand for Co, its recovery from second-
ary resources provides an alternative stream of supply. These secondary
resources include spent catalysts, magnets, superalloys, rechargeable
batteries, and mining and metallurgical wastes, which can be processed
by pyrometallurgical, (bio)hydrometallurgical, or pyro-
hydrometallurgical route (Chandra et al., 2022 and references
therein). Cobalt is also a key critical metal potentially recoverable from
the Luanshya slags. Its price dramatically increased from $32,000/t in
December 2020 to more than $70,500/t at the beginning of 2022 (tradi
ngeconomics.com/commodity/cobalt). Considering a 50% extraction
efficiency for Co (Fig. 4 and Table 3), the profit related to extracted Co is
estimated to be ~$0.095 per kg of slag. Mikoda et al. (2019) calculated
that the Co extracted from Polish slags could correspond to a profit of
$0.051 (granulated slags) and $0.124 (shaft furnace slag) per kg of slag,
which is in good agreement with our estimates. However, the costs for
the mechanical operations (milling/crushing) correspond to $5.5 per kg
of treated slag (Potysz et al., 2018), and the additional costs for the
chemicals (sulfuric acid) can attain up to $1 per kg of treated slag (Ettler
et al., 2020). It is also important to stress that additional chemical and
metallurgical processes should be applied to separate the Co from the
extracts, which contain other metals and major elements with only
limited economic value. Similar to the production of Co from Cu-Co ores
via hydrometallurgy, successive processes, such as the solvent extraction
of Cu, the step-by-step removal of Fe, Al, Mn, and Zn impurities by
precipitation, the pre-final precipitation of Co hydroxide, the redis-
solution of Co(OH),, and Co electrowinning should be carried out
(Crundwell et al., 2011). All these processes would generate additional
costs related to the Co recovery from the slags. As a result, despite the
increasing price on the global market and the relatively high Co reserves
in the Luanshya slags (a total of about 12 kt of Co as calculated from the
median Co concentration), such a recovery operation appears to be
currently (beginning of the year 2022) non-economical.


http://tradingeconomics.com/commodity/cobalt
http://tradingeconomics.com/commodity/cobalt
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6. Conclusions

Cobalt-bearing Cu slags from Luanshya, the oldest mining and
smelting site in the Zambian Copperbelt (smelter operated between
1932 and 1999), are chemically and mineralogically complex waste
materials with high concentrations of valuable metals (Cu: up to 95,300
ppm; Co: up to 5990 ppm). The slags are predominantly composed of
olivine, clinopyroxene, silicate glass, and spinel-family oxides, but all
these phases contain relatively low concentrations of Co and Cu (<1 wt
% CoO or CuO). The major hosts of Co and Cu are Cu-(Fe) sulfides,
cobaltpentlandite, Fe sulfides, and metallic Cu forming droplets and
blebs embedded in the silicate matrix. The EU regulatory leaching test
EN 12457-2 indicated that relatively low amounts of contaminants are
leached from the slags, and only Cu exceeds limits for landfilling of inert
waste in several cases. Nevertheless, the occurrence of secondary phases
such as Cu hydroxosulfates and Fe (oxyhydr)oxides indicates that the
slags undergo weathering processes, and metallic contaminants can be
released over the long term. The extraction tests in sulfuric acid designed
to simulate the hydrometallurgical processing of slags to recover valu-
able metals indicated that up to 46% of the total Cu and 67% of the total
Co were extracted. However, despite the dramatic increase in the Co
prices on the global market in 2021, the Co recovery from Luanshya
slags seems to be currently non-economical when considering all the
costs related to the mechanical treatment of the materials and the
chemical processing and Co separation from the obtained leachates.
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