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ABSTRACT

Three different residues from Pb recovery (lead slag - LS) and Cu smelting (shaft furnace slag - SFS, and
granulated slag - GS) in Cu foundries, located in the SW Poland, were examined with respect to chemical and
phase composition. The examined materials reveal distinct mineral composition. The LS slag exhibits crystalline
structure, and main phases observed in this slag were sulfides (nukundamite, idaite, sphalerite, troilite), spinel
oxides (magnetite and chromite), intermetallic compounds (Cu, Pb and Fe) and non-stoichiometric olivines. The
SFS slag and the GS slag are amorphous apart from the presence of some crystalline phases such as spinels and
sulfides in the SFS sample. Both SFS and GS slags have metallic Cu and Pb inclusions. The samples are abundant
in potentially toxic elements such as Cu, Pb and Zn, as well as critical elements such as REE, Co, Mo and V (up to
308, 1445, 773 and 1228 mg kg~ !, respectively). Two standardized leaching protocols were applied to illustrate
the leaching potential of selected metal(loid)s. The slags were found chemically resistant to leaching by simu-
lated rainfall or water. Six-step sequential extraction revealed that labile forms of metals are present in

granulated slag, that exhibits mainly vitreous texture.

1. Introduction

Copper is recovered from ores mainly by means of pyr-
ometallurgical processes that are responsible for generating waste slag,
estimated at a level of ca. 2.2 tons of slag for every ton of Cu (Gorai
et al., 2003; Jarosikova et al., 2017). Worldwide production of re-
coverable Cu reached 19.7 Mt in 2017 (USGS, 2018), and was asso-
ciated with at ca 43 Mt of slags in 2017. Copper slags resemble basalt
rocks from chemical and mineralogical point of view. Their chemical
nature and other unique properties (sharp-edged shape, resistance to
corrosion) enable utilization of slags in many ways, for example in road
construction (Murari et al., 2015 and references therein) or as re-
placement of sand in concrete of different applications (Shi et al., 2008;
Wu et al., 2010; Kua, 2013). On the other hand, these materials contain
substantial amounts of potentially toxic elements. These include, Cu,
Pb, Zn, As, Cd, Cr etc., which are proved to pose danger to biotic and
abiotic environments (Kabata-Pendias and Szteke, 2015; Potysz et al.,
2016a, 2017, 2018c). These elements can be released from the slags as
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the result of prolonged exposure to weathering conditions and conse-
quently contaminate nearby ecosystems as proven in numerous studies
(Piatak et al., 2004, 2015; Lottermoser, 2005; Vitkova et al., 2010,
2011; Kierczak and Pietranik, 2011; Kierczak et al.,, 2013;
Khorasanipour and Esmaeilzadeh, 2016; Kaksonen et al., 2017; Potysz
et al., 2018b). Mineralogical and chemical investigations are useful not
only to understand the environmental impacts of slag dumps, but also
to reproduce slag formation conditions (Saez et al., 2003; Puziewicz
et al., 2007; Ettler et al., 2009; Warchulski et al., 2015; Potysz et al.,
2016b; Tyszka et al., 2018).

Copper is recovered from Kupferschiefer ores located in SW Poland.
In 2015, 479,000 Mg of Cu was produced (Kozlowska-Roman and
Oszczepalski, 2016), which was associated with the generation of over
1 Mt of slag. Polish copper deposits contain considerable amounts of
metals that are not recovered in the smelting process, e.g. REE, Co, Mo
and V (Kucha, 2003; Sawlowicz, 2013; Oszczepalski et al., 2016;
Sawtowicz and Sutton, 2017). These metals (except for Mo) are listed as
critical raw materials for the EU (EC, 2017) because they are not
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produced from the EU resources, their availability is limited and the
demand is covered by import, mostly from unstable countries, which
provides high supply risk. Moreover, the use of these metals in modern
technologies is constantly increasing (Du and Graedel, 2013). As a re-
sult, many exploration and recovery projects have been undertaken
seeking for primary and secondary resources of these metals
(Goodenough et al., 2016; Paulick and Machacek, 2017). Secondary
resources can be potentially attractive sources of metals of interest if
the metal recovery rate is high enough (Du and Graedel, 2011;
Binnemans et al., 2013; Schulze and Buchert, 2016; Potysz et al.,
2018a).

The aim of this research was to assess chemical and phase compo-
sition as well as geochemical stability of different types of slags from
copper smelting facilities in SW Poland. Slag stability was assessed in
lab-simulated weathering conditions. These goals were achieved by
combining microscopic (reflected light microscopy, scanning electron
microscopy), X-Ray diffraction and chemical studies with standardized
leaching protocols and sequential extraction procedure. The compre-
hensive characteristic obtained during applied research provides es-
sential answers concerning the behavior of these wastes and demon-
strates future research directions.

2. Materials

Three different slag samples were collected from different parts of
the copper production chain and have been characterized with respect
to chemical and phase composition. The examined samples represent
different steps of production and are derived from various technological
processes.

Lead slag (LS) from Glogéw foundry is a waste derived from Dorschl
reverberatory furnace. It is generated in this Pb recovery process from
different wastes, mainly dusts and slimes from flue gas cleaning and the
slag from Kaldo furnace (Muszer, 2006). These by-products applied to
the process are rich in Pb to the extent that its recovery is economically
viable. All above-mentioned wastes used in lead recovery process ori-
ginate from copper processing; thus, LS is also classified as copper
smelting by-product.

Shaft furnace slag (SFS) was derived from Legnica foundry where
ore concentrates in the form of briquettes, as well as converter slag, are
melted in the shaft furnace. This type of slag is representative for the
shaft furnace technology, which is one of two basic Cu smelting tech-
nologies both in Poland and worldwide. The briquettes melted in the
shaft furnace contain mainly concentrates from the black shale
(Kupferschiefer) ore, which is the most metal-rich (e.g. Co, Mo, V, REE)
part of the orebody (Kucha, 2003; Sawtowicz, 2013; Oszczepalski et al.,
2016).

Granulated slag (GS) was collected from Gtogéw foundry. This slag
is generated in a rapid water-cooling process of electric furnace re-
siduum. This slag is the second-stage product of the copper ore en-
richment. The copper concentrates in Glogéw foundry are melted in
flash furnace. This process is associated with the generation of Cu-rich
waste slag, which serves as a feed for the electric furnace. The Cu metal
recovered in the electric furnace is further processed, and the GS is
being rapidly cooled with water on a heap. The granules resulting from
this process are highly vitreous and sharp-edged in shape. For that
reason, GS is being sold as the abrasive material.

3. Methods
3.1. Bulk chemical composition

The chemical composition of slag samples was determined using
inductively coupled plasma optical emission spectrometry (ICP-OES)
after lithium borate/tetraborate fusion and digestion of the melting
product with nitric acid in Bureau Veritas Minerals Laboratories (for-
merly ACME Analytical Laboratories; Vancouver, Canada). Total sulfur
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and carbon contents were determined by LECO combustion (Bureau
Veritas Minerals Laboratories). Loss of ignition (LOI) was determined
by sample sintering at 1000 °C.

3.2. X-ray diffraction

The phase composition was determined using X-Ray powder dif-
fraction (XRD; Rigaku MiniFlex 600 diffractometer with scintillation
counter equipped with lithium iodide detector). The following settings
were used for the analysis: Cu-Ka radiation, 3-75° 26 range, and 0.05°
step. XRD data were processed using XRAYAN software coupled with
JCPDS-ICDD 2013 database.

3.3. Microscopic observations

Slag samples were crushed and sieved through 1 mm sieve, collected
and embedded in resin in 1-inch diameter metal rings. Subsequently,
the rings were polished with 1 pm diamond polishing paste, using oil as
a lubricant. The polished rings were investigated in reflected light using
Nikon Eclipse LV100POL microscope. Selected areas of samples were
observed using scanning electron microscope (SEM; FEI Quanta 200
FEG) coupled with EDAX energy dispersion spectrometer (EDS).
Following parameters were used: low vacuum mode, 20 kV accelerating
voltage, 10 nA beam current, 50 s counting time, 34° take-off angle.
Total of 103 analyzes has been performed by EDS. The calculation of Fe
(ID) and Fe(Ill) in spinels was performed by charge balance.

3.4. Leaching experiments

Two standardized leaching tests were performed on all slag samples
to evaluate their characteristics concerning their contamination po-
tential. Each of the protocols was dedicated to explain the behavior of
waste exposed to different environmental conditions. Both tests were
performed in duplicates with procedural blanks.

European norm EN 12457 (EN 12457, 2002), transferred to Polish
normative system as PN-EN 12457, was used to demonstrate potential
of water to extract toxic substances from waste materials. The 1g of
each slag (fraction < 1 mm) was mixed with 10 cm® of distilled water
(according to EN 12457-2:2002 part of protocol) and shaken on an
orbital shaker for 24 h at 100 rpm.

The US EPA 1312 Test Method — Synthetic Precipitation Leaching
Procedure (SPLP; US EPA, 1994) method was applied to simulate
rainfall and to assess release of contaminants from waste materials, e.g.
deposited on dumps or tailings (Lackovic et al., 1997). The extraction
liquid consisted of distilled water, acidified to pH 4.2 *= 0.05 with
mixture of sulfuric and nitric acid (60:40 wt ratio). The extracting agent
in amount of 20 cm® was mixed with 1 g portion of each slag sample
(fraction < 1 mm) and the solutions were shaken for 18 h on an orbital
shaker at 100 rpm.

The geochemical forms of metals were examined using a six-step
sequential extraction procedure. The procedure used in this study is a
modified version of the six-step extraction proposed by Kersten and
Forstner (1986). The 0.5 g portions of slag samples (< 1 mm grain size)
were put in Falcon tubes and filled with extracting solution. The de-
tailed description of liquid-to-solid ratios, extraction time and reagents
used are presented in Table 1.

After leaching experiments, the solutions were centrifuged
(3500 rpm, 10 min) to settle the particles. The supernatants were col-
lected by syringes, filtered through Pureland” syringe 0.45um filters
and acidified to pH < 2 with 0.1 cm® of 65% nitric acid.

The concentrations of selected elements (As, Cd, Cr, Cu, Pb, Zn)
were determined using inductively coupled plasma mass spectrometry
(ICP-MS) with Perkin Elmer ELAN 6100 apparatus, according to
17294-2 ISO Standard (2016). Limits of quantification were (mg
dm™3): 0.001 for As, Cu and Zn; 0.0003 for Cd, 0.005 for Cr and 0.0001
for Pb. Sigma-Aldrich multielement ICP standards were used as internal
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Parameters of sequential extractions with targeted fraction. Note: targeted fraction is obtained in routinely leached samples (e.g. soils); in waste materials, the

dissolution of mineral phases might be slightly different.

Step  Chemical agent pH SSR Conditions Time [min] Fraction
I 40 cm® 1M C,H40, 7 1:80 Shaking 120 Exchangeable + carbonate (F1)
11 40cm® 0.1 M [NH3;0H]ClL 2 1:80 Shaking 30 Mn oxides (F2)
111 25 cm® 0.2 M (NH)2C204%H,0 + 25 em® 0.2 M CyH,04%2H,0 3 1:100  Shaking in the dark 240 Amorphous Fe oxides (F3)
v 35cm® 0.2 M CgHsNazO, + 5 cm® 0.2M CgHgO, + 0.5 g NaS,04  ns 1:80 Ultrasound mixing, 45 °C 30 Crystalline Fe oxides (F4)
\% 2 x 10 cm® 30% H,0, Heating (85 °C) 2 X 60
1M C,H,NO, 2 1:100  Shaking (to complete the reaction) 30 Sulfides (F5)
VI 10 cm® aqua regia ns  1:20 Digestion (130 °C) 120 Residual (F6)

SSR - sample-to-solvent ratio; ns - not specified.

standards. Internal standards and samples were analyzed in triplicates,
and the level of precision was < 5%. Calibration of the apparatus was
done after every 10 analyzed samples. Randomly chosen samples were
analyzed again to confirm the correctness of the analysis. Obtained
results were compared to Polish environmental regulations concerning
levels of metals in wastewaters (RME, 2014) and levels of metals in
leachates from waste directed to dispose of at non-hazardous waste sites
(RMEc, 2015).

4. Results
4.1. Chemical composition

The chemical composition varies from one type of slag sample to
another (Table 2). Per major elements, main components of every
sample are SiO,, Al,03, Fe;03, MgO and CaO. Chemical composition of
SFS is characterized by the highest concentration of SiO, as compared
to other samples (43.72 wt%). The composition of LS and GS samples is
also dominated by SiO,, but its content is lower (33.05 and 38.27 wt%,
respectively). The concentrations of Al,O03 (12.45 and 12.39 wt%, re-
spectively) and MgO (6.48 and 6.33 wt%, respectively) are virtually the
same in SFS and GS; LS is slightly impoverished in MgO (4.99 wt%) and
notably impoverished in Al,O3 (5.73 wt%) compared to other two slag
samples. SFS and LS samples contain the same amount of CaO (11.57
and 10.37 wt%, respectively); GS sample is rich in CaO (23.56 wt%). LS
sample is also enriched in Fe,O3 (33.42 wt%) when compared to SFS
and GS (18.91 and 11.53 wt%, respectively). Other constituents are also
present in slags, but their content is below 4 wt% (Table 2). Note-
worthy, LS is enriched in Cr,03, MnO and total sulfur, compared to SFS
and GS. LOI values for all 3 samples were negative, which could be
explained by Fe oxidation during sample sintering (Vandenberghe

Table 2

et al., 2010).

In case of minor elements, LS sample is the most abundant in Cu, Pb
and Zn (0.74, 0.89 and 4.6 wt%, respectively). The reason behind this is
the fact that LS sample is derived from the lead recovery process in
Dorschl reverberatory furnace, where the feed is rich in metals (e.g. Pb,
Cu, Zn) not recovered in other parts of the process. Among minor ele-
ments, very abundant are metals that are potentially attractive from
resource perspective. All three slags (LS, SFS and GS) are enriched in Co
(187, 1446 and 627mgkg™ !, respectively), Mo (164, 773 and
296 mgkg ™!, respectively) and V (598, 1228 and 1168 mgkg ™!, re-
spectively) compared to crustal average values of these elements
(Taylor, 1964). Rare earth elements (REE) are abundant in slags as well
(94, 255 and 308 mg kg ™! for LS, SFS and GS, respectively). The LS and
SFS slags contain some amounts of Au (3200 and 1600 ppb, respec-
tively). The patterns of REE shown on Fig. 1 indicate an enrichment in
LREE compared to HREE for all samples, especially when normalized
against chondritic meteorites, where the enrichment factor is equal to
ca. 300 for La and ca. 200 for Ce (Fig. 1C). After normalization against
North American shale composite (Fig. 1A) patterns for all samples show
negative Eu and Tb anomalies and positive Gd anomaly, which is most
visible for the SFS and LS, although REE content in LS is the lowest
(enrichment factors < 1). The negative Eu anomaly is also visible after
normalization against chondrites (Fig. 1C), again for SFS and LS. The
reasons for negative europium anomaly are connected with changing
oxidation state of Eu from + 3 to + 2 and substitution for Ca®>* in other
minerals that crystallized first (Bau, 1991). On the other hand, REE
pattern for GS after normalization against the upper continental crust
(Fig. 1B) shows a small positive Eu anomaly. This might be derived
from accumulating crystals before solidification, which is apparent in
case of GS as amorphous material.

Chemical composition of the studied slags (LS - lead slag, SFS - shaft furnace slag, GS - granulated slag).

Chemical components [wt%] Major elements

Chemical components [ppm]

Minor elements Chemical components [ppm] Rare earth elements

LS SFS GS LS SFS GS LS SFS GS

SiO, 33.05 43.72 38.27 Cu 7415 2795 7067 Y 13.0 30.2 38.8
Al,O3 5.73 12.45 12.39 Pb 8959 2950 7990 La 22.4 60.8 77.6
Fe,03* 33.42 18.91 11.53 Zn 46020 15407 5046 Ce 36.5 110 129
MgO 4.99 6.48 6.33 Ni 77.4 90.3 110 Pr 4.57 11.5 13.5
CaO 10.37 11.57 23.56 As 273 44.8 170 Nd 17.9 41.2 49.7
NaO 3.43 0.80 0.98 Cd 44.4 0.80 2.60 Sm 2.95 7.57 9.69
K0 2.87 3.45 3.43 Sb 5.70 1.90 0.40 Eu 0.63 1.69 2.57
TiO2 0.30 0.66 0.69 Sn 232 78.0 7.00 Gd 2.98 7.38 8.62
P05 0.13 0.20 0.14 Bi 10.3 <0.01 0.20 Tb 0.38 1.03 1.26
MnO 0.48 0.26 0.28 Ag 8.90 6.70 1.80 Dy 2.51 5.64 7.00
Cry03 0.58 0.18 0.05 Au [ppb] 3200 1600 =0.5 Ho 0.49 1.07 1.43
S total 2.67 0.21 0.05 Co 187 1446 627 Er 1.31 3.01 3.80
LOI -350 -2.00 -1.10 Mo 164 773 296 Tm 0.18 0.39 0.51
* - total Fe \% 598 1228 1168 Yb 1.02 2.46 2.92

w 19.9 19.7 3.70 Lu 0.17 0.38 0.42

Sr 205 361 487 YREE 94.0 255 308

Rb 134 140 148 YREE + Y 107 285 347
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Fig. 1. REE patterns of lead slag (LS), shaft furnace slag (SFS) and granulated
slag (GS) normalized against: A) North American shale composite (NASC; after
Gromet et al., 1984), B) upper continental crust (UCC; after Taylor and
McLennan, 1985) and C) meteoritic chondrites (CI; after Evensen et al., 1978).

4.2. Mineralogy

In this paper, phase components are referred to natural equivalents
of minerals. The reason for that is the difference in “mineral” definition
in pure and applied mineralogy. This time, authors followed the defi-
nition proposed by A.N. Winchell and H. Winchell (1964) and
Szymariski (1989), who stated that minerals are not only geologically
formed phases, but also the constituents of synthetic materials and
metallurgical residues. Mineral abbreviations used in Figs. 3-7 (except
for Cu sulfides) are after Whitney and Evans (2010).

4.2.1. Slag petrography

The studied slags demonstrate distinctly different mineralogical
compositions. In all samples, the silicate glass is the main constituent,
as expressed on XRD patterns (Fig. 2). LS slag is composed of glassy
matrix, but in this material the number of crystalline phases is sub-
stantial (Fig. 2A). Among crystallites, silicates (such as olivines) and
sulphides (e.g. bornite, sphalerite, pyrrhotite) are most abundant. Some
metallic inclusions (Cu, Pb, Fe) and spinel oxides were also determined
in the LS sample. In case of SFS and GS, the metal silicate glass is vir-
tually sole component (Fig. 2B and C), along with metallic inclusions
(Cu, Pb, Co-Ni-Fe-Cu-As alloy) and some sulphides (bornite, sphalerite)
present in SFS sample.

Lead slag (LS). Microscopic study shows that olivine forms euhedral
crystals from several to 250 um (Fig. 3A-C). The olivine crystals are
either of regular (Fig. 3A and C), elongated (Fig. 3B) or needle-like
(Fig. 3A) shape. Oxides represented by spinels are either found as in-
clusion in olivine (Fig. 3A) or form euhedral, isometric crystals (cir-
cular, orthogonal or hexagonal) but irregular grains are also common
(Fig. 3A). Their size is up to 20 um in diameter. Crystals display zona-
tion (Fig. 3A and B), sometimes accompanied by magnetite rims
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Fig. 2. X-Ray diffraction patterns of lead slag (A), shaft furnace slag (B) and
granulated slag (C).

(Fig. 3B and D). Magnetite was also found as dendrites in the vicinity of
bigger zoned spinel crystals (Fig. 3D). Sulfides are either found as
droplets in silicate matrix (Fig. 3A—C) or as solitary grains of up to
1 mm in size (Fig. 4). The sulfide grains were found to be formed by
bornite with intergrowths of pyrrhotite (Fig. 4A, B1, 4E, 4F) or as
pyrrhotite-sphalerite mixtures (Fig. 4C). Sphalerite was found as soli-
tary grains (up to 100 um) encapsulated in bigger sulfide aggregates
(Fig. 4A, B1, 4E). Metallic aggregates, consisting of Cu and Pb spher-
ules, are commonly found in sulfide grains (Fig. 4A-D). The assemblage
of pyrrhotite and 16llingite was also observed near Pb metallic grains
(Fig. 4B2). Metallic Fe is present as droplet inclusions within sphalerite
(Fig. 4D) and are accompanied by metallic Pb inclusions.

Shaft furnace slag (SFS) and granulated slag (GS). Both the SFS and
GS samples were found to be composed mainly of glassy silicate solid
solution. In case of SFS, sulfides were found as solitary grains up to
120 um in the studied sample (Fig. 5A and C) or as spherule inclusions
in glass (Fig. 5B and D). Sulfide grains, composed of bornite, are ac-
companied by intergrowths of sphalerite and tiny metallic inclusions of
Co-Ni-Fe-Cu-As alloy and metallic Pb (Fig. 5A-C). Metallic Cu was
found as tiny intergrowths within bornite-sphalerite spherules
(Fig. 5D1). Bornite spherules are also accompanied by Co-Ni-Fe-Cu-As
alloy (Fig. 5D2). Spinels in GS occur as ca. 200-um inclusions in glassy
matrix and are not zoned (Fig. 5E and F). Metallic Cu was also found in
the form of droplets within spinels (Fig. 5E). The Cu-Pb droplets in GS
sample are the only crystalline phases found within the glass matrix
(Fig. 6). The metallic droplets (up to 15um in size) are composed of
metallic Cu with metallic Pb intergrowths (Fig. 6B2).

4.2.2. Chemistry of phases

4.2.2.1. Glassy matrix. The glass silicate phase was observed in all
three examined materials. The chemical composition of the glass matrix
(Table 3) is slightly different in each slag. The glass is rich in Fe, Al and
Ca. The content of Fe and Al is similar for each material; however, GS is
most rich in Ca (up to 30 wt% CaO, 24 wt% average). Glass from all
studied slag samples is rich in Zn, mostly in LS (up to 8.75wt% ZnO).
Cu is present in glass from both SFS and GS (up to 3.38 wt% CuO,
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2.33 wt% average).

4.2.2.2. Silicates. Crystalline silicate phases occur only in LS, forming
euhedral crystals of various shapes (Fig. 3A-C). Chemically, these phases
are close to olivine (Table 4). Three different types of olivine were
recognized in terms of chemical composition, two of them presumably
being members of forsterite (Mg,SiO,4) - fayalite (Fe,SiO,4) solid solution
(Olivine 1 and Olivine 2). Olivines 1 and 2 form regularly shaped or needle
crystals (Fig. 3A and C). Olivine 3, which forms elongated crystals
(Fig. 3B), is rich in Ca (up to 20.65wt% CaO); chemical composition
suggests that it is a member of monticellite (CaMgSiO,) - kirschsteinite
(CaFe?*Si0,) solid solution. All types of olivine are non-stoichiometric,
with 1.63-1.79 atoms per formula unit of divalent cations. This
phenomenon is probably linked to the presence of Al, K and Na, coming
from the glass matrix, in olivine phases (Table 4). Olivine phases contain
zinc (up to 5.14wt% ZnO), which probably is substituted for Fe in
octahedral site of the phase (Ettler et al., 2009).

4.2.2.3. Spinel oxides. Oxide phases in the form of spinel oxides are
present only in LS (Fig. 3A, B, 3D) and SFS (Fig. 5E and F). In general,
spinel oxides in both types of slag are deviated from pure spinel
formulas and were probably formed from different solid solutions
(Table 5).

Lead slag (LS). Four different types of spinels can be distinguished in
LS. Spinels 1 and 2 are present as zoned euhedral crystals of irregular
shape (Fig. 3A). The inner core of these crystals (Spinel 1) is rich in Mg
(up to 22.8 wt% MgO) and poor in Zn, as is opposite to the outer part
(Spinel 2), which has up to 12wt% of ZnO. Spinel 2 is also found in
droplet inclusions in olivine (Fig. 3A). Spinels 3 and 4 are present as
zoned, euhedral, regular-shaped crystals (Fig. 3B and D). Inner core of
these crystals (Spinel 3) is enriched in Cr compared to outer core
(Spinel 4), which is rich in Al instead of Cr and contains higher amount
of Fe®* (Table 5). Spinel 1 contains some amount of Co (up to 0.39 wt%
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Fig. 3. BSE photomicrographs of LS sample
showing glass matrix (gl) enclosing silicates
and oxides; A) euhedral olivine (ol), spinel
(sp]) grain with olivine rim and sphalerite
(sp) inclusions; B) glass matrix (gl) with
elongated euhedral olivine (ol) crystallites,
spinel (spl) zoned grains with magnetite
(mag) rims and tiny pyrrhotite (po) inclu-
sions; C) euhedral olivine (ol) crystals and
sphalerite (sp) inclusions in glass matrix
(gD); D) hexagonal spinel (spl) zoned grains
with magnetite (mag) rims and magnetite
dendritic crystallites in the glass matrix (gl).

C0,03). Spinels 2-4 are rich in V (up to 1.59 wt% V,03). All types of
spinels are rich in Zn (up to 3.20 wt% ZnO, except of Spinel 2). Pre-
sumably, these phases represent solid solutions between phases such as
zincochromite (ZnCr,0,4), magnesiochromite (MgCr,0,4), franklinite
(ZnFe,04), magnesioferrite (MgFe,0,), spinel (MgAl,O,4) and hercynite
(FeAl,04). The rims of zoned spinel crystals appear as magnetite
(Magnetite 1) as shown by microscopic observations (Fig. 3B and D).
The other type of “magnetite” (Magnetite 2) forms dendritic crystals in
glass matrix (Fig. 3D). Magnetite 1 and 2 are composed mainly of Fe?*
and Fe®*, but considerable amounts of Al (higher in Magnetite 1; up to
18.73 wt% Al,03) were determined in these phases; chemical compo-
sition suggests that the crystals represent magnetite (Fe>*Fe3*0,) -
hercynite (FeAl,04) solid solution. Magnetite 1 contains also some
amount of V (up to 1.13 wt% V,03). Last type of magnetite (Magnetite
3) is found in mineral assemblages containing sulphides (Fig. 4F), and
probably for this reason it is enriched in Cu (up to 3.17 wt% CuO) and
impoverished in Al compared to other types. All magnetites are rich in
Zn (up to 3.39 wt% ZnO).

Shaft furnace slag (SFS). Two types of spinel oxides were found in
SFS. First type (Spinel 1) forms inclusions in glass matrix that are in-
tergrown with Cu droplets. This is probably the reason for elevated Cu
content in this phase (up to 26 wt% CuO; 2.99 wt% in average). Spinel 1
is composed mainly of Mg, Cr and Al, which suggests that this phase
represents magnesiochromite (MgCr,0,4) - spinel (MgAl,O4) solid so-
lution. It also contains some amounts of Zn, Ni and Co (Table 5). Second
type of spinel (Spinel 2) also forms inclusions in glass (Fig. 5F). Spinel 2
is poor in Mg and Al, but rich in Fe?>*, suggesting that the phase re-
presents chromite (FeCr,O4) - magnesiochromite (MgCr,04) solid so-
lution.

4.2.2.4. Sulfides. Sulfides occur in LS and SFS samples in the form of
bornite (CusFeS,), sphalerite (ZnS) and (only in LS) pyrrhotite (Fe;Ss).
Chemical compositions of sulfides are shown in Table 6.
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Copper-iron sulfides in both LS and SFS resemble bornite when ob-
served under optical microscope. However, “bornite” from LS is more si-
milar to nukundamite [(Cu, Fe),S4], but rich in Fe (up to 24 wt%).
Similarity complex composition was also revealed on XRD pattern
(Fig. 2A), where strongest peaks of nukundamite occur together with
sphalerite. On the other hand, “bornite” from SFS is chemically more si-
milar to idaite (CusFeS,), although impoverished in S and slightly enriched
in Fe compared to pure idaite composition. The phases in question are the
secondary products of bornite and chalcopyrite (CuFeS,) alteration pro-
cesses (Rice et al., 1979), but in case of slag melt they probably were
formed from solid solution of these primary phases. The nukundamite
from LS contains some Zn (up to 1.5 wt%). Both nukundamite and idaite
are rich in As (up to 2.79 wt%), Sn (up to 0.56 wt%), Sb (up to 0.23 wt%)
and Co (up to 0.4 wt%) (data not shown).

Two different types of Fe-bearing sphalerites can be distinguished in
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Fig. 4. BSE photomicrographs of LS sample
showing sulfides and intermetallic com-
pounds; A), B1) nukundamite (nu) grains
with pyrrhotite (po) and sphalerite (sp) in-
tergrowths and with Cu and Pb metallic
inclusions; B2) magnification of red rec-
tangle from B1, showing Pb metallic
spherule with pyrrhotite-16llingite grain
(po + lo); C) pyrrhotite (po)-sphalerite (sp)
grain with metallic Pb inclusion; D) spha-
lerite (sp) grain with metallic Pb and Fe
droplets; E) nukundamite (nu) grain with
pyrrhotite (po) and metallic Pb inter-
growths and sphalerite (sp) grains; F) mag-
nification of red rectangle from E; showing
nukundamite-pyrrhotite-magnetite-Pb  as-
N - semblage. (For interpretation of the refer-

S ences to colour in this figure legend, the
reader is referred to the Web version of this
article.)

LS sample (Table 6). The first type (Sphalerite 1) is less rich in Fe (up to
14 wt%) and was found as intergrowth in sulfidic grains (Fig. 4A, B1).
The second, Cu-bearing (up to 2.5 wt%) type (Sphalerite 2) is more rich
in Fe (up to 23 wt%). It was found in solitary ZnS grains encompassed
by bigger sulfidic grains (Fig. 4A, B1, 4D) or as co-forming phase of
pyrrhotite-sphalerite grains (Fig. 4C). Sphalerite from SFS is also Fe-
bearing (up to 25 wt%) and rich in Cu (up to 6.5 wt%). The occurrences
of As (up to 0.72wt%) and Cd (up to 0.21 wt%) were also found in
sphalerite from SFS sample.

Pyrrhotite was found solely in LS sample. Although microscopic
observations revealed that this phase resembles pyrrhotite, XRD ana-
lysis (Fig. 2) suggests that it has structural features of troilite (FeS). Iron
sulfide from LS can be divided into two types (Table 6). First type
(Pyrrhotite 1) is extremely rich in Cu (up to 18.5 wt%) and was found as
component of sulfidic grains (Fig. 4A and F); another component of
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these grains is nukundamite, hence the bigger Cu enrichment. Second
type (Pyrrhotite 2) is less abundant in Cu (up to 1.5 wt%). It was found
as co-component of pyrrhotite-sphalerite grains (Fig. 4C) and in pyr-
rhotite-16llingite association (Fig. 4B2), where As replaced S and its
content reaches 9.3 wt%. Both types are contaminated by Zn (up to
2.5 wt%); also, Sn (up to 1.28 wt%), Sb (up to 0.33 wt%) and Ni (up to
1.45 wt%) (data not shown).

4.2.2.5. Intermetallic compounds. Various intermetallic compounds,
including Pb, Cu, Fe and polymetallic alloys were found in all three
examined slags in the form of droplets or droplet-like inclusions.
Metallic Pb and metallic Cu are present in all examined materials and
their composition varies in different slags (Table 7).

Metallic Cu from LS contains less Cu (up to 72.87 wt%); but it is a
major carrier of Fe (up to 7 wt%), Sn (up to 5.33 wt%) and Sb (up to
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Fig. 5. BSE photomicrographs of SFS
sample; Al) glass matrix (gl) with small
sulfide grains; A2) magnification of red
rectangle from Al, showing idaite (id) grain
with sphalerite inclusion (sp), Co-Ni-Fe-Cu-
As alloy and metallic Pb inclusions; B) glass
matrix (gl) with droplets consisting of idaite
(id), sphalerite (sp) and Co-Ni-Fe-Cu-As
alloy; C) idaite (id) grain with fine metallic
Pb droplets and glass matrix fragment (gl)
with solitary idaite (id) inclusions; D1)
idaite sphere (id) with inclusions of spha-
lerite (sp) metallic Cu and Co-Ni-Fe-Cu-As
alloy; D2) insertion of magnified secondary
electron (SE) image of one of idaite (id)
droplets with inclusion of Co-Ni-Fe-Cu-As
alloy; E) spinel (spl) and metallic Cu inclu-
sions in glass matrix (gl); F) spinel (spl) in-
clusion in glass matrix (gl). (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
Web version of this article.)

300.0pm

2.31 wt%), Ni (up to 0.81 wt%), Te (up to 0.71 wt%) and Co (up to
0.34%) (data not shown). In case of SFS and GS, Cu content in metallic
Cu is much higher (up to 98.64 wt%). Metallic Cu from SFS is con-
taminated by Cr (up to 6.83 wt%) and As (up to 1.17 wt%); on the other
hand, metallic Cu from GS is a major As carrier (up to 10.38 wt%).
Admixtures of Ni (up to 0.86 wt%) and Co (up to 0.54 wt%) were also
determined (data not shown).

Inclusions of metallic Pb are fairly pure (up to 95.4 wt% Pb) in all
examined slags. In the case of LS sample, Fe (up to 10.72 wt%) and Zn
(up to 6.56 wt%) are the main contaminants in Pb inclusions; some Te
(up to 0.56 wt%), Co (up to 0.76 wt%) and Sn (up to 1.82 wt%) are also
present (data not shown). Pb inclusions from SFS and GS samples are
rich in Cu (up to 13.17 wt%) and Fe (up to 6.09 wt% in SFS and 1.06 wt
% in GS) with occurrences of Zn and As (Table 7).

Metallic Fe droplets occur solely in LS sample. The Fe content
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Fig. 7. Comparison of SPLP and EN12457 leaching tests results for lead slag
(LS), shaft furnace slag (SFS) and granulated slag (GS) compared with limits for
selected elements according to the Polish legal acts concerning permissible le-
vels of metal concentrations in wastewaters (RME, 2014) and leachates for non-
hazardous wastes (RMEc, 2015).

reaches 92.70 wt%. The main contaminant is As (up to 9.69 wt%),
suggesting the admixture of metallic As or 16llingite. Inclusions of Fe
contain metals such as Cu and Sn (up to 2.11 and 0.4 wt%, respectively;
Table 7), as well as Zn, Ni and La (up to 1.19, 0.99 and 1.11 wt%,
respectively; data not shown).

Another polymetallic compound, found only in SFS sample, is a
polymetallic alloy, which can be generally referred to as Co-Ni-Fe-Cu-

HV | Det | Sig Mag I
10.0 mm|20.0 kV|SSD BSE|500x
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Fig. 6.BSE photomicrographs of GS
sample; A), B1) metallic Cu-Pb inclusions in
glass matrix (gl); B2) secondary electron
(SE) magnification of red rectangle from B1
showing the structure of Cu metallic inclu-
sion with Pb intergrowths. (For interpreta-
tion of the references to colour in this figure
legend, the reader is referred to the Web
version of this article.)

100.0pm:-

As alloy (Table 7). Various concentrations of these five elements were
measured, but in average, this phase is the main Co, Ni and As carrier in
SFS (up to 46.76, 37.92 and 25.34 wt%, respectively). Occurrences of
metals such as Sb (up to 6.68 wt%; Table 7), Sn (up to 1.76 wt%), Te
(up to 0.31 wt%), Bi (up to 2.16 wt%), Au (up to 0.67 wt%) and Se (up
to 1.48 wt%) were determined in the alloy (data not shown).

4.3. Mobility of metals

4.3.1. Leaching with water and simulated rainfall

The results of leaching tests and comparison to regulatory levels are
shown on Fig. 7. Values of leached metal(loid)s are reported in Table 8.
Elements such as As and Cr were below detection limits, except for SFS,
where leaching of As (up to 0.017 mg dm ~3) took place. Metals such as
Cd and Pb were also not reported in leachates from SFS sample. The
highest values of leaching for Cu and Pb were reported for SPLP test in
LS sample (0.135 and 0.225 mg dm ™3, respectively), and for Zn in GS
sample (1.366 mg dm~2). Values of metal(loid)s leached by distilled
water were similar to those obtained by simulated rainfall (except for
Zn - 0.064 mg dm~3), although initial pH was different (6.5 for water
and 4.2 for rain medium). The similar final pH values (7.3-8.5 for
precipitation, 8.5-9.3 for water) confirm that the values should be
comparable and even higher for rain medium, but in case of Cu, Pb and
Zn for SFS and LS samples the values of water leaching (up to 0.251,
0.377 and 0.810 mg dm ~3, respectively) were slightly higher than for
simulated precipitation (up to 0.135mgdm ™3 Cu, 0.225mg dm 3 Pb
and 0.560 mg dm 3 Zn).

4.3.2. Sequential extraction
The six-step sequential extraction revealed the geochemical forms in

Table 3
Composition of glass matrix determined in lead slag (LS), shaft furnace slag (SFS) and granulated slag (GS).
Chemical components [wt%] Glass
IS(n=4) SFS (n =9) GS(n=5)
Max Min Average Max Min Average Max Min Average
SiO, 50.97 42.11 48.04 50.84 40.87 45.51 47.33 43.56 44.72
Al,03 22.83 6.80 12.53 20.09 12.83 15.63 15.46 13.34 14.75
FeO 23.44 13.86 18.73 18.29 11.86 16.18 13.56 8.93 10.52
MgO 4.73 0.98 1.94 9.70 5.39 6.95 7.45 4.59 6.72
CaO 13.59 6.83 8.92 12.79 8.47 9.98 30.24 21.77 23.91
Na,O 5.04 0.00 2.16 2.24 0.82 1.82 1.75 1.00 1.50
K,0 7.31 4.61 5.98 3.47 2.46 3.06 5.46 3.60 4.05
CuO na na na 2.54 0.00 0.69 3.38 1.23 2.33
ZnO 8.75 1.48 4.98 2.14 0.00 1.71 1.41 0.00 0.87
TiO, 0.48 0.00 0.32 0.85 0.53 0.70 1.15 0.60 0.80
MnO 0.68 0.00 0.17 0.43 0.00 0.08 0.65 0.00 0.16

na - not analyzed.
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Table 4
Composition of olivines determined in lead slag (LS).
Chemical components LS LS LS
Olivine 1 Olivine 2 Olivine 3

Si0, wt% 39.78 37.14 37.40
Al,03 1.08 1.34 2.10
FeO 19.73 39.59 32.73
MgO 34.24 14.84 6.95
CaO 2.73 2.83 20.64
ZnO 3.82 5.14 1.32
Na,O 3.53 na 1.05
K,0 0.47 0.51 0.71
MnO 0.74 1.06 0.75
Si apfu 0.96 1.04 1.02
Al 0.06 0.09 0.13
Fe 0.40 0.93 0.75
Mg 1.23 0.62 0.28
Ca 0.07 0.08 0.60
Zn 0.07 0.11 0.03
Na 0.08 0.00 0.03
K 0.01 0.01 0.01
Mn 0.02 0.03 0.02

na - not analyzed.

which selected elements occur in the slags (Fig. 8). This varies de-
pending on type of slag. Some metals were totally leached from slags
(Cu, Pb) and some of them were only partly leached, again depending
on the type of examined material. The leached metals are expressed as
fraction of total concentration of elements [%] (Table 2).

Metal(loid)s from LS sample display different leaching behavior, ex-
cept for Cd and Cu, that again are mostly (92% and 73%, respectively)
bound to sulfides and residual fraction (F5-F6). Contrary to SFS, elements
such as As and Pb are mostly bound to F1-F4 fractions (40% and 59%,
respectively). The results of Zn leaching show that F1-F4 fractions con-
tain 37% of Zn in LS and 47% of Zn in SFS. These findings correspond to
substantial amounts of Zn in LS (ca 17000mgkg™') and in SFS
(7250 mg kg 1) that can be released into the leachate and pose threat to
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nearby environments. 38% of Zn is bound to F5 (sulfides), which cor-
responds to high content of ZnS in LS sample. The amount of Cr leached
from LS sample is 4.4%, mostly (2.5%) in residual fraction (F6).

In the case of SFS, elements such as As, Cd, Cu and Pb are carried
mainly by sulfides and residual fraction (F5 and F6). However, 20% of
Pb is bound to ion exchangeable, carbonate and Fe-Mn oxide fractions
(F1-F4). On the other hand, metals such as Cr and Zn are mostly (80%
Cr and 47% Zn, respectively) bound to F1-F4 fractions. This finding,
combined with total concentrations of Cr, Pb and Zn shows that con-
siderable amounts of metals can be leached out (1416, 590 and
7241 mg kg~ !, respectively). The low concentration of Zn in the sulfide
(F5) fraction (3.2%) shows that sulfides as main carriers of Zn (spha-
lerite) do not release Zn into this solution. Contrary, high Cr content
(54.5%) in the Fe-oxide fraction (F3-F4) shows that either main carriers
of Cr (spinel oxides) are susceptible to leaching, probably due to their
occurrence as inclusions in glass matrix, or the glass matrix itself con-
tains high amount of Cr. This was confirmed by high Fe release in this
step (41%, data not shown), which is abundant both in spinels and glass
matrix. To examine the leaching potential of silicate glass and spinel
oxides, one drop (ca. 0.1 c¢m®) of citrate buffer used to dissolve F4
fraction (see Table 1) was placed onto the spinel/glass assemblage
present in the SFS sample. The liquid was in contact with the slag for
20 min and subsequently observed with reflected light microscope. The
experiment revealed that spinel oxides were not dissolved by citrate
buffer. On the other hand, the glass silicate phase has been dissolved
partially within 20 min. The resistance of spinel oxides to dissolution
has been previously reported in the literature (e.g. Bril et al., 2008).

Leaching results of GS sample show that all elements (except for As
and Cd) were completely leached out. The leached amount of Cd is
40%, 25% being in mobile forms (F1-F4), which corresponds to
0.65mg kg ! leached out, which does not pose any notable threat. The
examined metal(loid)s have their mobile content as follows: As 62%, Cr
66%, Cu 61%, Pb 64% and Zn 69%. The mentioned values correspond
to substantial amounts of these elements (As - 105mgkg~?, Cr -
319mgkg™!, Cu - 4311mgkg~!, Pb - 5138mgkg~!, Zn -
3482 mgkg ') that could be released to the environment.

Table 5
Composition of investigated spinel oxides determined in lead slag (LS) and shaft furnace slag (SFS).
Chemical components LS LS LS LS LS LS LS SFS SFS
Spinel 1 Spinel 2 Spinel 3 Spinel 4 Magnetite 1 Magnetite 2 Magnetite 3 Spinel 1 Spinel 2

AlL,O3 wt% 14.36 11.51 19.16 41.08 18.73 11.03 2.02 25.28 17.54
Fe,053 7.62 30.23 24.00 39.00 54.00 65.28 79.02 5.49 6.44
FeO na na 4.76 5.48 15.08 7.26 10.40 na 18.98
MgO 22.80 5.70 7.91 9.35 2.50 4.44 0.95 20.79 9.63
Cry03 49.34 33.54 35.65 0.61 na 2.56 na 41.32 43.51
CuO na na 0.68 na na na 3.27 2.99 na
ZnO 1.74 11.96 3.20 3.14 3.39 2.89 3.17 1.13 na
NiO na na na na na na na 0.79 na
TiO, na 0.48 0.62 1.87 4.57 0.63 na na 0.68
MnO na na na 0.59 0.59 0.90 na na 0.56
V503 na 0.34 0.72 1.59 1.13 na na na na
Co,03 0.39 na na na na na na 0.75 na

Al apfu 0.55 0.43 0.65 1.22 0.69 0.41 0.08 0.89 0.69
Fe3* 0.19 0.72 0.52 0.74 1.28 1.53 1.92 0.12 0.16
Fe?™* 0.00 0.00 0.17 0.09 0.36 0.38 0.58 0.00 0.49
Mg 0.96 0.48 0.65 0.70 0.23 0.41 0.09 0.89 0.48
Cr 1.26 0.84 0.81 0.01 0.00 0.06 0.00 0.97 1.15
Cu 0.00 0.00 0.03 0.00 0.00 0.00 0.17 0.07 0.00
Zn 0.04 0.50 0.13 0.12 0.16 0.13 0.16 0.02 0.00
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00
Ti 0.00 0.02 0.03 0.07 0.22 0.03 0.00 0.00 0.02
Mn 0.00 0.00 0.00 0.03 0.03 0.05 0.00 0.00 0.02
A 0.00 0.01 0.02 0.03 0.03 0.00 0.00 0.00 0.00
Co 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00

na - not assigned.
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Table 6

Composition of investigated sulfides determined in lead slag (LS) and shaft furnace slag (SFS).
Chemical components LS LS LS LS LS SFS SFS

Nukundamite Sphalerite 1 Sphalerite 2 Pyrrhotite 1 Pyrrhotite 2 Idaite Sphalerite

S wt% 32.81 33.14 35.33 36.10 37.28 27.39 34.31
Fe 23.77 13.96 22.39 42.82 59.02 16.72 24.46
Cu 42.01 na 2.22 18.45 1.37 55.89 6.24
Zn 1.41 52.89 40.06 2.14 2.33 na 31.27
S apfu 4.00 1.00 1.00 8.00 8.00 4.00 1.00
Fe 1.54 0.24 0.38 4.92 6.64 1.00 0.41
Cu 2.39 0.00 0.03 1.86 0.14 3.00 0.09
Zn 0.08 0.76 0.58 0.21 0.22 0.00 0.48

na - not assigned.
5. Discussion
5.1. Mineralogical and chemical composition

Results of mineralogical investigation of copper smelting by-pro-
ducts is reflecting different characteristics of the processes that led to
generation of these slags. Parameters such as cooling regime and fur-
nace feeds seem to play a major role in composition differences. Studied
materials consist mainly of glass and do not contain clinopyroxene
crystallites that are believed to be a signal for relatively slow cooling of
the silicate melt (Ettler et al., 2009). The amorphous character of the
studied slags is demonstrated by high background level on XRD pat-
terns (Fig. 2). Amorphous nature of slags indicates that the cooling
process was fast, which is confirmed by technology of their making.
Lead slag (LS), containing the biggest number of crystallites, was cooled
“naturally”, meaning that it is subjected to the ambient temperature
cooling on an isolated heap. On the other hand, granulated slag (GS) is
quenched with water immediately after smelting, therefore it does not
contain crystallites, but only droplets of metallic Cu-Pb. In case of shaft
furnace slag (SFS) the melt consists of two parts: a) crystalline matte
and b) glassy foam. In this study, the glassy part was examined. This
was confirmed by earlier studies of crystalline part of SFS carried out by
Potysz et al. (2016b), where the microscopic and chemical investigation

Table 7

Table 8
Concentrations of metals in leachates from EN12457 and SPLP from lead slag
(LS), shaft furnace slag (SFS) and granulated slag (GS).

Concentration in ~ EN12457 SPLP

leachates [mg

dm ™3] LS SFS GS LS SFS GS

As =0.001 0.010 =0.001 <0.001 0.017 =<0.001
Ccd 0.002 =<0.0003 0.002 0.003 =<0.0003 0.016
Cr <0.005 <=0.005 <0.005 <=0.005 <=0.005 <0.005
Cu 0.251 0.016 0.030 0.135 0.012 0.080
Pb 0.377 =0.0001 0.031 0.225 =<0.0001 0.105
Zn 0.810 0.069 0.064 0.560 0.054 1.366

revealed presence of crystallites such as pyroxenes, along with sulfides
and intermetallic compounds. The same authors have studied similar
slag samples and demonstrated that GS is texturally vitreous material
with widely dispersed intermetallic inclusions. The LS samples from
Dorschl furnace were studied before (Muszer, 2006). The results of the
present study are in agreement with earlier results, that discovered
olivines and amorphous silicate phase as main components of the slag.
The study carried out by Muszer revealed that virtually all phases were
non-stoichiometric. The presence of cubanite (CuFe,S3), that is another

Composition of intermetallic compounds determined in lead slag (LS), shaft furnace slag (SFS) and granulated slag (GS).

Chemical components [wt%] Metallic Cu

Metallic Fe

LS(n=4) SFS (n =4) GS(n=4 LS(n=4)

Max Min Average Max Min Average Max Min Average Max Min Average
Fe 7.08 6.51 6.80 5.74 1.89 3.84 3.04 1.36 2.03 92.31 85.08 88.70
Cu 72.87 72.75 72.81 93.59 87.48 91.52 98.64 87.93 94.51 2.11 1.81 1.96
Sn 5.33 3.69 4.51 na na na na na na 0.40 0.00 0.20
Sb 2.31 2.11 2.21 na na na na na na na na na
As na na na 1.17 0.00 0.39 10.38 0.00 3.46 9.69 2.59 6.14
Cr na na na 6.83 0.00 3.78 na na na na na na
Chemical components [wt%] Metallic Pb Co-Ni-Fe-Cu-As alloy

LS (n=9) SFS (n = 4) GS(n=4 SFS (n = 6)

Max Min Average Max Min Average Max Min Average Max Min Average
Pb 95.41 81.96 89.28 88.90 80.73 84.82 89.76 88.69 89.11 na na na
Fe 10.72 3.33 6.28 6.09 4.15 5.12 1.06 1.02 1.04 44.33 6.68 17.56
Cu 3.03 0.00 1.50 13.17 5.30 9.24 10.29 9.18 9.86 9.18 3.72 7.88
Zn 6.56 0.00 2.32 1.02 0.00 0.51 na na na 0.58 0.00 0.10
As 0.68 0.00 0.08 0.63 0.00 0.32 na na na 25.34 1.71 16.66
Sb 0.32 0.00 0.06 na na na na na na 6.68 0.00 4.09
Co 0.76 0.00 0.08 na na na na na na 46.76 11.51 22.39
Ni na na na na na na na na na 37.92 2.89 29.35

na - not assigned.
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Fig. 8. Binding forms of selected elements in lead slag (LS), shaft furnace slag
(SFS) and granulated slag (GS) based on sequential extraction procedures.

(next to idaite and nukundamite determined in this study) product of
chalcopyrite alteration, was confirmed, which is another evidence of Cu
depletion in the melt leading to formation of non-typical Cu-Fe sulfides.
Another non-typical sulfide found in this study is troilite (FeS), that has
also been found in Cu-Co slags from Copperbelt Province, Zambia
(Vitkova et al., 2010). Other than that, the slags exhibit similar phases
(fayalite, spinel oxides, sulfides, intermetallic compounds) to other
slags from current and historical Cu production (Saez et al., 2003; Ettler
et al., 2009; Vitkova et al., 2010; Rozendaal and Horn, 2013; Potysz
et al., 2016b; Khorasanipour and Esmaeilzadeh, 2016). However,
comparison of our results with earlier studies on copper by-products
(e.g. Kucha et al., 1998; Kucha and Cichowska, 2001) revealed that less
amount of precious metals (e.g. Ag) is present in the slags from recent
production, which might likely be due to development of the recovery
process being applied at the present time.

Chemical composition of slags varies from one sample to another
(Table 1). The reason for this is the fact that each sample is derived
from a different part of the production chain. The high abundance of
minor elements such as As, Cd, Cu, Ni, Pb and Zn suggests that these
materials may pose threat of metal mobilization when deposited on
dumps and exposed to weather conditions. The composition of studied
slags displays similarities to other slags described in literature. The
enrichments in Cu, Pb, Zn and other metals suggests that the con-
centration and smelting processes are not 100% effective. Noteworthy
is the enrichment of studied materials in rare earth elements, especially
in SFS and GS (255 and 308 mg kg ™%, respectively), particularly visible
when normalized against chondritic meteorites (Fig. 1C). Other valu-
able elements such as Co, Mo and V are also present in high amounts
(Table 2). These elements are considered scarce or critical both in
European Union and Poland (Smakowski, 2011; Kamenopoulos and
Agioutantis, 2012; EC, 2017). The elevated concentrations of these
elements have been reported in other waste materials such as electronic
waste (Miiller et al., 2015; Sommer et al., 2015), municipal solid waste
(Morf et al., 2013), coal fly ashes (Blissett et al., 2014), phosphogypsum
(Kulczycka et al., 2016) and slags, e.g. from Fe production or bauxite
residue smelting (Binnemans et al., 2015; Zimmermann and GoBling-
Reisemann, 2013; Kasina and Michalik, 2016).

5.2. Metal mobility

Results of leaching both with water and simulated rainfall indicate that
slags do not pose remarkable threat when exposed to environmental
conditions. Values determined by ICP-MS for leachates resulting from both
water and precipitation leaching exceed neither permissible levels for
wastewaters nor for non-hazardous wastes (Fig. 8). However, it has to be
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noted that values of Cu, Pb and Zn extracted from LS were close to
threshold limits. Likewise, Zn extraction from GS also approached critical
concentration level. Only the amounts of extracted metals from SFS were
far from these permissible levels. Therefore, based on overall extraction
results, studied slags in the context of potential hazard can be ranked as
follows: LS > GS > SFS. The values were also compared to national
water quality criteria in United States, as performed by Piatak et al.
(2004). The permissible levels of elements reported by EPA (EPA Criteria,
2018) are as follows (in ug dm™3): As - 340, Cd - 1.8, Cr(IIl + VI) - 586,
Cu - 13, Pb - 65, Zn - 120. Comparison of experimental values with the US
criteria shows that the standards were met by As and Cr (in all samples
and both leaching tests), by Cd and Pb in SFS sample and by Pb in GS
sample. Other elements were leached in amounts exceeding the US stan-
dards for drinking water. The SPLP method seems to be more appropriate
to be used in this kind of research because of the similarity to rainfall
parameters (especially pH) observed nowadays. Similar results were ob-
tained by Piatak et al. (2004) who used SPLP and water leaching protocols
for historical slags; the levels of metal(loid)s in leachates did exceed acute
and chronic toxicity levels for water habitats. The tests carried out in this
paper were applied to the fine-grained (< 1mm) fraction of slags. In
reality, slag dumps or tailings contain larger grains of material or even
solidified compact mass of slag melt. Therefore, our research represent
worst-case scenario and slags from large dumps will release metals at
slower rates as compared to laboratory leaching rates (Ettler et al., 2009,
Vitkova et al., 2011). However, the slag deposits should not be considered
safe for the environment for 2 reasons: a) as every geological material,
slags are susceptible to weathering, as evidenced by secondary phases
abundance in slag heaps (Bril et al., 2008; Ettler et al., 2009; Potysz et al.,
2015 and references therein) b) substantial amounts of metals are present
in the surrounding environments nearby slag dumps or tailings exposed to
prolonged weathering impact (Kierczak and Pietranik, 2011; Kierczak
et al., 2013).

Sequential extraction performed in six steps shows that some metals
can be released to the environment in considerable amounts (Fig. 8).
Granulated slag contains metals in easily or moderately mobile forms to
the greatest extent among tested materials. On the other hand, slags
such as SFS and LS are rich in metals that are less labile. In all cases, the
amounts of metals extracted in certain steps are associated with
chemistry of mineral phases.

Crystalline spinels from LS sample were not dissolved, which is re-
flected by very low amount of dissolved Cr. In LS sample, Zn is extracted
partially as exchangeable fraction due to its abundance in glass (up to
8.75 wt%), as well as in olivines (up to 5.14 wt%). The occurrence of Cu
and Zn in sulfidic fraction is linked to their abundance as nukundamite
and sphalerite and the presence in pyrrhotite (Table 6). The Fe-oxide
fraction of Zn is presumably tied to dissolution of glass and olivines, that
contain some amounts of Zn (Table 3, Table 4). The reason of high Pb
abundance as exchangeable and sulfide-bound fractions is more difficult to
explain. Presumably, the reason of such phenomenon is gradual dissolu-
tion of metallic Pb inclusions by subsequent extracting agents. This might
also be an explanation of As abundance in exchangeable fraction, along
with dissolution of metallic Fe, that are main carriers of As in LS. The
occurrence of Cd as sulfide-bound and exchangeable is also tied to this,
because Cd occurs solely in metallic Pb. The high susceptibility to dis-
solution of metallic phases in slags has been confirmed in the previous
studies (Ettler et al., 2002; Potysz et al., 2018c).

In case of SFS, As and Cd were bound to sulfidic fraction (F5) since
the only appearance of those constituents is in sphalerite. It must be
noted that the volumetric content of sphalerite in SFS is small, and for
this reason Zn was extracted in low amount in sulfide fraction, although
sphalerite is main Zn-bearing mineral. This might be an explanation for
incomplete dissolution of these (As, Cd) elements. On the other hand,
Cu, which is also present mainly in idaite (sulfide), has been extracted
totally, with 74% of it being bound to sulfides. This might be a signal
that idaite is more susceptible to leaching than sphalerite. The presence
of Pb in the sulfidic fraction is probably another misleading
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information, because no Pb is abundant in sulfide phases from SFS
(Table 6). For that reason, F5 fraction of Pb should be probably ac-
counted to residual part, that presumably is a result of dissolution of
metallic Pb inclusions. An easy dissolution of metallic Pb has already
been reported (Potysz et al., 2016b). The dissolution of Cr in amor-
phous Fe oxide fraction (F3) may be a result of dissolution of the spinel-
containing glass matrix. The spinels (a main Cr-bearing phase) in SFS
are found as inclusions in glass and not the well-formed crystals, which
might be a reason of their susceptibility to dissolution.

Most of metals released from GS were associated with F1 fraction -
extraction by acetic acid, which has been recognized as complexing
agent, causing enhanced metal release as compared to less aggressive
reagents (Hass and Fine, 2010). Some of metals are also bound to Mn-Fe
oxides, that are a component of glassy matrix of GS. The presence of the
sulfidic fraction in the overall metals leached from GS is probably a
glitch, since no sulfides are present in the GS sample, and this fraction
should be probably accounted to Mn-Fe oxides part.

As proven by our study, results of sequential extraction show that
this procedure might be inadequate in some cases, especially in case of
mineralogically complex waste materials, because the dissolved frac-
tions might mix with each other (Hass and Fine, 2010). Regardless,
findings from sequential extractions can be useful during investigating
of the effects of weathering on stored mineral wastes (Jerzykowska
et al.,, 2014). Undoubtedly, it has to be pointed out that laboratory
leaching rates do not reflect exact dissolution rates encountered in the
field. The latter are slower as compared to the laboratory rates. This is
because weathering factors of different strength occur simultaneously
in the field. It is known that some weathering agents (e.g. organic acids,
microbial activity and others) enhance the rate of weathering, whereas
others counteract the process (e.g. secondary phases formation, metal
sorption on soil particles). Thus, these processes acting together un-
doubtedly modify the real weathering rates through hindering or fa-
cilitating migration of elements depending on the actual conditions
faced. Therefore, lab-scale extractions are being used for general wastes
characterization in terms of their susceptibility to release out the toxic
elements and often represent so-called worst-case scenario.

6. Conclusions

In this study, we examined three different slag residues derived
from Cu production in SW Poland. Leaching protocols applied to assess
the environmental stability of examined materials revealed that simu-
lated rainfall leads to negligible metal(loid) discharge in the view of the
worst-case scenario. On the other hand, sequential extraction results
indicate that the metals are not bound to labile fractions unless the
material is highly amorphous (GS). Nonetheless, the results of this study
demonstrated that studied slags are susceptible to release out metals.
Therefore, further focus of this research should be placed on metal re-
covery feasibility studies. The high concentrations of valuable metals
considered critical or scarce (REE, Co, Mo, V) in slags combined with
their dubious environmental stability can be seen as an imperative to
conduct further research concerning the efficient recovery of metals
from these slags. The recovery can be achieved using environment-
friendly methods, e.g. bioleaching, which is currently being performed
by our team. Since sulfuric acid has been one of the most frequently
studied extracting agent proven to perform efficient extraction, an ap-
plication of H,SO4 will be done. Furthermore, H,SO, can also be bio-
logically produced (Oliveira et al., 2013). Thus, biologically assisted
metals extraction is a “green” alternative to the chemical leaching. On
the other hand, organic extractants are also known for their good per-
formance due to complexing features. Thus, a comparison between
inorganic and organic leaching, as well as chemical versus biological
leaching, will be attempted as the next steps of our studies.
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