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Abstract: Smelting used to be less efficient; therefore, wastes obtained from historical processing at
smelter plants usually contain certain quantities of valuable metals. Upon the extraction of useful
metal elements, metallurgical slag can be repurposed as an alternative mineral raw material in
the building sector. A case study was conducted, which included an investigation of the physico-
chemical, mineralogical, and microstructural properties of Pb—Zn slag found at the historic landfill
near the Topilnica Veles smelter in North Macedonia. The slag was sampled using drill holes.
The mineralogical and microstructural analysis revealed that Pb—Zn slag is a very complex and
inhomogeneous alternative raw material with utilizable levels of metals, specifically Pb (2.3 wt.%),
Zn (7.1 wt.%), and Ag (27.5 ppm). Crystalline mineral phases of wurtzite, sphalerite, galena, cerussite,
akermanite, wiistite, monticellite, franklinite, and zincite were identified in the analyzed samples.
The slag’s matrix consisted of alumino-silicates, amorphous silicates, and mixtures of spinel and
silicates. Due to the economic potential of Pb, Zn, and Ag extraction, the first stage of reutilization
will be to transform metal concentrates into their collective concentrate, from which the maximum
amount of these crucial components can be extracted. This procedure will include combination of
gravity concentration and separation techniques. The next step is to assess the Pb—Zn slag’s potential
applications in civil engineering, based on its mineralogical and physico-mechanical properties.
Alumino-silicates present in Pb—Zn slag, which contain high concentrations of SiO,, Al,O3, CaO,
and Fe,O3, are suitable for use in cementitious building composites. The goal of this research is to
suggest a solution by which to close the circle of slag’s reutilization in terms of zero waste principles.
It is therefore critical to thoroughly investigate the material, the established methods and preparation
processes, and the ways of concentrating useful components into commercial products.

Keywords: critical raw materials; alternative deposits; secondary resources; building materials;
instrumental analyses; microscopy

1. Introduction

After copper and aluminum, zinc and lead are two non-ferrous metals prevailingly
utilized in various industrial branches [1]. In 2022, the amount of zinc mined worldwide
was 13 million tons [2,3]. According to the GHG Protocol Standard’s methodology, the
carbon footprint of zinc production is approximately 0.93 tons CO,e per ton of zinc [4].
Zinc is commonly used in the galvanizing process, which keeps steel and iron from rusting.
In 2022, a total of 4.49 million metric tons of lead were mined worldwide [2]. Lead is used
in a variety of applications, including radiation shielding, fusible alloys, lead-acid batteries,
and construction materials [5]. Lead has a smaller carbon footprint than zinc, ranging
from 0.30 to 0.76 tons CO,e per ton of Pb [6]. Lead and zinc are typically obtained as
byproducts of metal mining and smelting [7]. Due to ecological issues, hydrometallurgical
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methods currently account for the vast majority of the world’s production of both of these
metals; however, pyrometallurgical processing still accounts for 10% to 20% of Zn and Pb
output [8]. Smelter slags are a source of 70 kt/y and 7 kt/y of Zn and Pb, respectively. Both
zinc and lead are found mainly in amorphous phases but also as ZnO, ZnS, Pb apatite, and
PbSOy [1]. As a result, it is expected that there are certain quantities of reusable Zn and Pb
in the metallurgical slag.

One large problem is that, due to a lack of economically viable technology, the vast
majority of metallurgical waste materials are disposed of or are temporarily stored in non-
hazardous industrial solids storage facilities or in open landfills. Slag from metallurgical
processes is a significant source of pollutants, such as heavy metals and sulfide minerals,
which are extremely hazardous to human health as well as to aquatic and soil environments,
even when standard control measures have been implemented [9-11]. Current methods
of treating metallurgical slags, such as reprocessing, desulfurization, backfilling, and
restoration, are not widely used due to their high cost and/or low efficiency [12]. Waste
materials placed near closed mining sites or smelters in isolated rural areas, in particular,
have received much less attention because the local government cannot afford the high costs
associated with managing and disposing of the waste in an environmentally responsible
manner [13,14]. This is one of the main reasons that the reapplication of the Pb-Zn historic
slag from rural areas was assessed in this study. The other reason is to contribute to
the development of globally accepted waste treatment solutions that are economically;,
environmentally, and technically feasible.

One of the main contemporary guidelines is to reuse and recycle slag in fields, such as
the building materials industry and civil engineering, that are the largest users of mineral
raw materials and natural resources. Prior to repurposing Pb—Zn slag in the construction
sector, it is important to analyze its mineralogical composition for the extraction of critical
metals with economic potential, such as Pb, Zn, and Ag. As a result, procedures, such as
gravity concentration and separation techniques, are being used to convert metal concen-
trations into a collective concentrate from which the maximum amount of one or more
elements can be extracted [15,16]. Once valuable metal elements are extracted from the
slag, the residual raw material has to be reapplied in order to close the cradle-to-cradle
circle and achieve the zero-waste goal.

The production of construction materials could be a viable way by which to sustain-
ably utilize Pb—Zn slag (upon extraction of valuable metal elements) with a financial return,
given the slag’s quantity and mineralogical composition, especially if the final products
could be manufactured and sold locally [17]. This coincides with the 17 sustainable devel-
opment goals (SDGs) proposed by the United Nations to advance social and environmental
justice under the 2030 Agenda for Sustainable Development [18,19]. The 2030 Agenda
emphasizes the need for sustainable management of the environment and its resources.
Various sectors, such as mining, metallurgy and civil engineering, are under pressure to
create sustainable technologies in order to meet the relevant SDGs.

The application of a recycled material in the building industry can be demanding if
all sides of the problem are to be taken into account. These include proper application for
the secondary raw material, economic viability of the final product, and its environmental
impact. This is, however, not impossible, because various methods for the reapplication of
different metallurgical slags have thus far been proposed. These include mortar, concrete,
geopolymer, alkali-activated material, and traditional building ceramics. The idea is to cut
down on energy use and carbon emissions by producing environmentally friendly and
sustainable building materials in which a major component is replaced by metallurgical slag.
The majority of the studies have demonstrated that building materials based on metallurgic
slags show good performance. For example, from the standpoint of mechanical properties,
Pb—Zn slag could replace up to 50% of the raw materials in mortar and concrete mixes.
Lead-zinc slag can increase the physico-mechanical and durability properties of concrete
and mortar, even at higher replacement rates [20-23]. It can also increase the durability of
self-compacting concrete by up to 25%. One important problem brought on by the disposal
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of lead-zinc slag is leaching, which can be effectively controlled by immobilization of
the slag in mortar, concrete, geopolymer, and alkali-activated material [20]. Metallurgical
slags are successfully repurposed as raw materials for making sintered, autoclaved, and
unfired (adobe) bricks [12,24-26]. Additionally, high-value glass ceramic using lead slag
and lead-zinc tailings is being successfully being produced [27]. In line with the expanding
trend of waste reutilization and clean manufacturing, geopolymers have been synthesized
to immobilize Pb?* and Zn?* by simultaneously using electrolytic manganese residue and
lead-zinc smelting slag as raw aluminosilicate material (precursor) [28]. If the slags are
similar to sand in terms of their granulometry, they may be utilized as fine aggregate in
concrete [29]. Pb—Zn slags can also be used as a pozzolanic additive, as structural fill
material in road construction and embankments, or as a base material for making bricks
and tiles after undergoing the required processing, such as grinding [30-33]. Arsenic from
wastewater from copper smelting has been successfully removed using zinc slag, allowing
the wastewater’s safe discharge [34]. Alkali-activated materials made by combining alkali
solutions with solid precursors, such as metakaolin, slag, and fly ash, have shown excellent
mechanical performance and extremely minimized leaching of heavy metals [35,36]. Thus,
the possibilities for the application of Pb—Zn slags in construction are numerous.

In this light, one issue that has not been thoroughly examined up to this point is the
reapplication of Pb—Zn slag as coarse aggregate in the design of cementitious building
composites upon extraction of valuable metal elements from the slag. Additionally, finding
a replacement for coarse aggregates is important because the building industry requires
a large amount of natural resources to produce high-quality concrete due to increasing
global urbanization. Natural aggregates, both fine and coarse, normally make up three-
fourths of the concrete volume. As a result, Pb—Zn slag may be an answer to the pursuit
of alternative waste materials that could be used as aggregate substitutes in concrete
manufacturing. The final goal is to lower the cost of concrete manufacturing, the amount
of energy used, and the amount of CO, emitted. As a result of the application of waste
materials, landfill space is freed and repurposed, and the problem of natural resource
depletion is alleviated. Reusing Pb—Zn slag after the extraction of valuable metals such as
Pb, Zn, and Ag makes it possible to achieve a number of sustainable development goals
(SDGs), including promoting life on land (SDG 15); ensuring that everyone has access to
clean water and sanitation (SDG 6); promoting industry, innovation, and infrastructure
(Goal 9); promoting responsible consumption and production (SDG 12); and combating
climate change (SDG 13). In this regard, using Pb—Zn slag from smelter plants may represent
one of the most promising possibilities for waste consumption and its reapplication in civil
engineering.

In this study, the detailed characterization of historic Pb—Zn slag from the smelter Topil-
nica Veles has been conducted in order to assess both the possibility of extracting the valuable
metals and of reusing the slag as an alternative raw material in the building industry.

2. Materials and Methods

The technogenic mineral raw material (Pb—Zn slag) from the Topilnica Veles smelter,
North Macedonia (KEPS MONT GROUP Skopje, North Macedonia) was investigated.
There are currently 2,000,000 t of this historic Pb—Zn slag located at the landfill near the
smelter (Figures 1 and 2).
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Figure 1. Proximity of the nearest urban settlement from the smelter and landfill (source:
Google Maps).

Figure 2. Disposition of the open-air landfill near smelter plant (source: Google Maps).

The Pb-Zn slag was physico-chemically and mineralogically characterized in order to
define the possibility of the valorization of useful metals and, subsequently, to assess the
slag’s reapplication potential in the civil engineering industry. Figure 3 depicts the scheme
of the employed experimental design regarding the possibility of the valorization of useful
metals. Once the relevant properties of the studied alternative mineral raw material have
been determined by the applied methodologies and instrumental techniques, all of the
required parameters can be defined as a basis for additional technical tests (regarding the
possibility of using Pb—Zn slag in cementitious building composites). Thereby, selecting
the optimal process for valorizing Pb—Zn slag from Topilnica Veles allows the development
of unique technological solutions for the extraction of valuable elements and the design of
novel eco-friendly commercial building products.
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Figure 3. Scheme of the experimental design for characterization of Pb-Zn slag.

2.1. Sampling and Laboratory Processing of Pb—Zn Slag

The entire characterization was conducted on a representative sample of 50 kg of
Pb—Zn slag obtained directly from the landfill (Figure 2). The mean grain diameter of the
initial representative sample was 5.0 + 0.00 mm. The procedure was conducted as described
in Figure 3.

A share of the material was taken from the initial Pb—Zn slag sample in order to
calculate the gross moisture content. The initial slag sample was then homogenized.
Following homogenization, the obtained material was split into two samples (S1 and S2)
using the quartering method. The S2 sample was stored, and the other half, i.e., the S1
sample, was used for further characterization as follows: (1) The grain-size distribution was
determined using 5 kg of the original sample by means of Tyler’s standard series of sieves.
In order to obtain very precise sieve analysis as well as the accuracy of the obtained results,
the extraction of the sample material was conveyed with the utmost care. The optimum
sampling method is one that yields the most representative sample from the product and
meets the product’s required parameters. (2) The second part of this sample was used in a
microscopic analysis to assess the presence of potentially useful minerals contained in the
slag. The analysis was conducted on a representative sample (quartering approach). We
ensured that the microscope was properly calibrated and that the objective lens was focused
correctly. Measuring equipment specifically built for use with a microscope was employed
to achieve reliable measurements. The photos were taken at the highest resolution available.
A good light source was used to illuminate the specimen and to produce clear and sharp
photos. The same specimen was recorded multiple times. (3) The third part of the sample
underwent crushing (jaw and roll crushers) and micronization (using a planetary ball mill)
to a mean particle size that was adequate for X-ray diffraction analysis, chemical analysis,
and/or further physico-chemical characterization. Each test and analysis employed a
representative sample (quartering approach).

2.2. Physical Characterization of the Pb—Zn Slag

The original Pb—Zn slag sample was removed from the sacks in which it was dis-
tributed to the laboratory and measured for gross moisture using the standard method. The
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gross moisture content (Mg) was calculated on three initial samples of Pb~Zn slag, initially
dried at room temperature (20 & 2 °C) for 24 h, using the following equation (Equation (1)):

(mos*md)
M, = A Made)
0s

. (%) M
where 111, is the mass of the original slag sample (g) and 11,4 is the mass of the slag sample
dried at ambient temperature (g).

The calculated value is the arithmetic mean of the measured values for each of the
three samples. The initial samples of Pb—Zn slag had a gross moisture content of 0.9%.

The hygroscopic moisture content (Mj,) was calculated as the mean of three measure-
ments using Equation (2):

M, = (mS - mds) , (0/0) )
Mg
where m; is the mass of the slag sample upon crushing (g), and m,; is the mass of the slag
sample dried at 105 °C (g).

Pb-Zn slag had a hygroscopic moisture content of 0.11%.

Both gross and hygroscopic moisture content values are within acceptable limits for
use in concrete, as most fine aggregates have a maximum drained moisture content of
about 3% to 8%, whereas coarse aggregates have a maximum drained moisture content of
about 1% to 6%.

2.3. Grain Size Distribution Analysis of Pb—Zn Slag

The grain size distribution was analyzed on the starting sample of Pb—Zn slag (mean
grain size: —5.0 + 0.00 mm). The initial sample of Pb—Zn slag’s granulometric composi-
tion was determined by sieving on Tyler’s series of sieves (https://wstyler.com/particle-
analysis/test-sieves/wstyler-test-sieves/, accessed on 21 December 2023), with the last
sieve in the opening sequence being 0.1 mm.

2.4. Instrumental Analysis of Pb—Zn Slag

Chemical analysis, i.e., identification and quantification, of major oxides was con-
ducted using the atomic absorption spectroscopy (AAS) technique on a PinAAcle 900
Perkin Elmer instrument (PerkinElmer, Waltham, MA, USA). AAS has a high degree of
accuracy, with results typically ranging from 0.5 to 5%. It is a highly sensitive test procedure
that can measure as low as parts per billion (g/kg) depending on the material under test.
The instrument is a flame-only device with a real double-beam design for quick startup
and long-term reliability. It has fiber optics to maximize light flow for greater detection
limits, an eight-lamp mount, and automated flame and burner assembly optimization for
increased production. Minor elements were detected via EDXRF analysis on a Spectro
Xepos system (SPECTRO Analytical Instruments, Chelmsford, MA, USA) equipped with
a 50 W and 60 V X-ray tube with a binary Co/Pd alloy thick target anode. The excitation
mode of the X-ray tube was combined with polarized/direct excitation. The characteristic
radiation emitted by the elements present in the sample was detected by a silicon drift
detector with Peltier cooler system. Pulverized slag samples (d50 < 63 um) were used in
the analyses. Pb—Zn slag samples were dried at 105 °C prior to pulverization in a planetary
ball mill.

X-ray diffraction (XRD) technique was applied to pulverized slag samples. XRD
analysis enabled the determination of Pb—Zn slag’s mineral composition. A Philips X-ray
diffractometer, model PW-1710 (Philips Research, Eindhoven, The Netherlands), equipped
with a scintillation counter and a curved graphite monochromator, was used to analyze
the sample. The intensities of the diffracted CuK« X-ray radiation (A = 1.54178 A) were
measured at room temperature in intervals of 0.02° 20 and 1 s in the range from 4 to 65° 20.
The X-ray tube was loaded with a voltage of 40 kV and a current of 30 mA, while the slits
for directing the primary and diffracted beams were each 1° and 0.1 mm.
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The original (initial) Pb-Zn samples were used for optical microscopy. Medium-
sized grain classes (approximately —2.38 + 0.00 mm) of the Pb—Zn slag were inserted in
Plexiglas “plates’ for optical microscopy recording. The preparation area was 2.2 cm?. The
originality of the starting grain mix was maintained by the quartering method. Visual
examination of the samples helped to enable the diversity of mineral phases characteristic
of the original slag sample. Carl Zeiss-Jena’s JENAPOL-U polarizing microscope for
transmitted and reflected light (ZEISS, Reutlingen, Germany) was used for the analysis,
along with a measuring tool. An Axiocam 105 color camera and the software package
Carl Zeiss AxioVision SE64 Rel. 4.9.1 with the multiphase module were employed for the
recording of the samples.

Scanning electron microscopy (SEM) was conducted on the micronized Pb—Zn samples.
The testing sample was coated with carbon (20 nm layer, density 2.25 g/cm?). The analysis
was conducted on an SEM instrument, the JEOL JSM-6610LV (JEOL, Akishima, Tokyo,
Japan) The magnification of this device is 5 to 300,000 times. The electron source was W
wire, LaB 6. The voltage was 0.3-30 kV. The instrument works with a vacuum system:
a rotary pump and turbomolecular pump (included in the basic configuration of the
microscope), an ion pump (used for LaB6), and a rotary pump for working in low vacuum
(10-270 Pa). For the detectors, we used an SE detector, BSE detector, CL detector, and EDS
detector (model: X-Max Large Area Analytical Silicon Drift connected with INCAEnergy
350 Microanalysis System). For the detection of elements Z > 5; detection limit ~0.1 wt.%,
resolution 126 eV. Characteristics of the sample chamber: sample movement, 5-axis (X, Y, Z,
T-tilt, R-rotation); maximum sample size, 20 cm (width), 8 cm (height), 1 kg (weight). Two
infrared cameras were included. Standards used for microanalysis: 64 natural minerals
and synthetic compounds. The device for coating samples with gold (Au) or carbon (C)
is a LEICA SCDO005 (Leica Microsystems, Wetzlar, Germany). Accompanying equipment
included an ultrasonic bath, binoculars, etc. A voltage of 20 kV and an extinction time of 50
s were used. The lower limit of EDX sensitivity was ~0.3%.

3. Results and Discussion

The input and output weights of sieves (M) were measured during the sieve analysis
(described in Section 2.3). The acquired results are presented in Table 1. A diagram of the
grain-size distribution for the initial Pb—Zn slag sample is provided in Figure 4.
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Figure 4. Grain-size distribution of the original Pb—Zn slag sample.
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Table 1. Grain-size distribution of the original Pb—Zn slag sample.

Size Class (mm) M (%) 1Y M (%) Y M (%)
+5.00 0.68 0.68 100.00
—5.00 + 3.35 0.35 1.03 99.32
—3.35+2.00 3.36 4.39 98.97
—2.00+1.25 8.21 12.60 95.61
—1.25+0.71 38.18 50.78 87.40
—0.71 +0.50 21.20 71.98 49.22
—0.50 + 0.40 8.92 80.90 28.02
—0.40 + 0.30 10.31 91.21 19.10
—0.30 +0.20 5.58 96.79 8.79
—0.20 +0.10 2.59 99.38 3.21
—0.10 + 0.00 0.62 100.00 0.62
Input 100.00

The average grain diameter (d50) and d80 parameter (particular screen size at which
80% of particles in the feed stream pass through) are 0.69 mm and 1.77 mm, respectively, as
shown in Figure 4. The obtained grain-size distribution with certain modifications (addition
of either natural or recycled concrete aggregate) can be considered suitable for concrete
mix design.

Chemical analysis was conducted in order to determine whether the initial Pb—Zn
slag sample contains useful metals, such as Pb and Zn, as well as precious metals, such as
Ag. Additionally, the quantification of major oxides should indicate whether this waste
material can be utilized as an alternative resource for the production of building materials
such as cement clinker, mineral additive for bonding agents, and filler or aggregate for
mortar and concrete. Table 2 shows the results from chemical composition identification
using the methods described in Section 2.4.

Table 2. Chemical analysis of Pb—Zn slag.

Oxide SiO, Al,O3 CaO MgO Na,O K,O Fe, O3 TiO, Lol
Content (%) 17.4 7.4 12.3 21 0.4 0.5 47.7 0.5 5.9
Element Zn S Ag
Content 2.3 (%) 7.1 (%) 2.1 (%) 27.5 (ppm)

The chemical analysis highlighted the relatively high content of lead (2.3%) and zinc
(7.1%). The content of silver was approximately 27 ppm. Application of various separation
and beneficiation methods for slag enrichment could increase the content of Pb, Zn, and Ag,
which would lead to their further exploitation. The chemical composition analysis indicates
that micronized slag could be used as an addition in cement clinker production [37—41]
or, alternatively, as a non-reactive filler or coarse aggregate in concrete [42—49]. The slag
used as filler might show certain pozzolanic abilities. The presence of sulfur in the Pb—Zn
slag sample in the amount of 2.1% took the form of sulfides or sulfates. Sulfur reacted
with oxygen from the air at high temperatures (up to 1000 °C), which resulted in the
formation of new compounds. This information may be useful in determining the best
technological procedure for separating valuable elements in Pb-Zn slag from existing
impurities. Nonetheless, this slag can be added to cement and aggregate in a concrete mix
because its total sulfur concentration is less than 2.75% [50,51].

The X-ray diffraction analysis of the Pb—Zn slag is illustrated in Figure 5.
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Figure 5. XRD diffractogram of Pb—Zn slag.

The presence of the following crystalline mineral phases was determined in the ana-
lyzed sample of Pb-Zn slag: wurtzite ((Zn,Fe)S); sphalerite (ZnxFe(x-1)S, in which x can
range from 1 (pure ZnS) to 0.6; galena (PbS); cerussite (PbCO3); akermanite ((CapMg[Si,O7]);
wiistite (FeO); monticellite (CaMgSiOy); franklinite (Zn?*Fe?**,0,); and zincite (ZnO). As
the Pb—Zn slag sample is a complex multiphase system, some of the mineral phases could
not be detected or identified due to the over-lapping or superposing of reflections. The
baseline of the XRD diffractogram is elevated, thus the presence of the amorphous phase
can be assumed. The amorphous phase is probably related to melted alumino-silicates.
Waurtzite is a polymorph of zinc sulfide (Zn,Fe)S, with a hexagonal crystal structure. There
is variation in the iron content up to 8%. Wurtzite is typically found as massive, resinous,
dark reddish-brown, black to dark reddish-brown, botryoidal banded crusts, and, less
frequently, as hemimorphic pyramidal, or tabular, crystals [52,53]. Wurtzite hardness is
3.5-4 on the Mohs scale, which is less than quartz (7 on the Mohs scale of hardness), the
main constituent of sand and gravel used for concrete. Iron(Il) oxide can be found in the
crystalline form wiistite (FeO). In reflected light, this mineral shows grey color with a
greenish tinge. Wiistite crystallizes as opaque to translucent metallic grains in the isometric—
hexoctahedral crystal structure. Its Mohs hardness ranges from 5 to 5.5. [8,53]. Franklinite
(Zn?*Fe,3*0y) is an oxide mineral that is a member of the iron series of the typical spinel
subgroup. Franklinite may include both ferrous (**) and ferric (3*) iron, similar to another
spinel component magnetite. Zinc (Zn) is often accompanied by divalent iron and/or
manganese (Mn), while trivalent manganese can partially replace ferric iron. Its hardness
is 5.5-6 (Mohs scale). Franklinite is associated with a diverse range of minerals, many
of which are luminous. This mineral appears as dispersed, microscopic black crystals
with octahedral sides that are occasionally visible, but can be, rarely, encountered as a
single, large euhedral crystal [8,53]. Monticellite is an olivine group gray silicate mineral
(CaMgSiO4). Most monticellites have pure magnesium end members; however, rare ferroan
monticellites have between 30 and 75 mol.% iron end members. The hardness monticellite
is 5-5.5 (Mohs scale) [8,53]. Zincite, the mineral form of zinc oxide (ZnO), is present at 32°
and 36°. Zinc sulfide (ZnS) mineral sphalerite has a bronze-black and honey-yellow hue.
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In its pure state, the mineral has 67% zinc metal. It is the most significant zinc ore. The
majority of the sizable zinc deposits of the sedimentary exhalative (SEDEX) type are linked
to the mineralization of lead, copper, silver, cadmium, nickel, and gold. Sphalerite has
relatively low hardness (3.5-4.0 on the Mohs scale) [51,53]. Galena (Pb?*S?>~ or PbS) is a
mineral that contains lead sulfide. It is the world’s most important lead ore and a significant
silver ore. It can be found in skarns, sedimentary rocks, pyrite, chalcopyrite, sphalerite,
tennantite—tetrahedrite, and other ore veins. It can also be deposited in pore spaces or
can replace carbonate beds in sedimentary rocks. When fresh, the crystals are bright, but
exposure to air frequently causes them to tarnish. Galena has a Mohs hardness range of
2.5 to 2.7, making it moderately soft [53,54]. Cerussite (PbCO3) is a mineral composed
of lead carbonate that is typically found in the oxidized zone of lead ore deposits. It has
a Mohs hardness of 3 to 3.7. It is a common aging product of galena and other lead ore
minerals weathering. The mineral cerussite is interesting because it can form in a variety of
crystal formations with odd twinning habits [53-55]. Akermanite, a mineral composed of
dicalcium magnesium disilicate, Ca;MgSi, Oy, is a member of the melilite mineral series.
Melilite is a group of sorosilicate minerals made up of calcium silicates of magnesium and
aluminum; the magnesian end member is akermanite, and the aluminous end member is
gehlenite. These minerals crystallize from a variety of artificial melts, blast-furnace slags,
and calcium-rich alkaline magmas. The most common places to find them are in contact
zones of thermally metamorphosed limestones and in impure carbonate rocks that have
been transformed into feldspathoidal rocks by basic magmas. Akermanite is classified as a
5 or a 6 on the Mohs mineral hardness scale [56,57]. According to the mineral hardness,
which is comparatively lower than that of standard aggregate for concrete, during crushing
and subsequent milling, mineral materials mostly form the fine aggregate share (i.e., sand
or filler), while crushed glassy content will form the coarse aggregate share.

The samples of Pb—Zn slag were observed using optical microscopy on a Carl Zeiss-
Jena’s JENAPOL-U polarizing microscope (described in Section 2.4). The grain mixtures
were distributed on a plexiglass carrier and observed in either transmitted or reflected light.
The microphotographs of the samples are provided in Figure 6.

The details visible in the microphotographs of the slag samples are as follows: (a) spher-
ical lead inclusions in a glassy matrix recorded in air and reflected light (marked with green
arrow); (b) complex intergrowths of Pb and Zn phases with sphalerite, galena (marked
with green arrow) and dark gray inclusions of cerussite (marked with red arrows), both
recorded in air and reflected light; (c) complex intergrowths of Pb and Zn phases with
sphalerite, galena, and wurtzite recorded in air and reflected light (marked with green
arrow); (d) a simple fusion of a intergrowths of various lead phases with a vitreous ma-
trix recorded in air and reflected light (marked with green arrow); (e) a simple fusion of
sphalerite and amorphous matter recorded in air and reflected light (marked with green
arrow); (f) inclusions of elemental silver (shiny white dots) in the glassy matrix recorded in
oil and reflected light (marked with red arrows); (g) an inclusion of elemental copper in the
glassy matrix recorded in oil and reflected light (marked with red arrow); (h) inclusions
of elemental silver (shiny white dots) in the glassy matrix recorded in oil and reflected
light (marked with red arrows); (i) an inclusion of elemental silver (shiny white dot) in the
glassy matrix recorded in oil and reflected light (marked with red arrows); (j) inclusions
of elemental copper (bright reddish-yellow dots in a glassy matrix recorded in oil and
reflected light (marked with green arrows)); (k) oval inclusions of elemental silver (shiny
white dots) in lead phase intergrowths recorded in oil and reflected light (marked with
red arrows); (1) inclusions of elemental silver (brilliant white) in lead phase intergrowths
recorded in oil and reflected light (marked with red arrows); (m) inclusions of elemental
copper (bright orange) in a glassy matrix recorded in oil and reflected light (marked with
green arrows); and (n) simple fusion of intergrowths of Pb and Zn phases recorded in air
and reflected light (marked with green arrow).
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Figure 6. Microphotographs of Pb-Zn slag samples.

Based on the obtained qualitative XRD mineralogical analysis and optical microscopy,
the original sample of Pb—Zn slag comprised a complex mixture of the following phases:
wurtzite, sphalerite, galena, cerussite, akermanite, wiistite, monticellite, franklinite, and
zincite. The presence of an amorphous phase was confirmed by microphotographs. The
vitreous matrix is clearly visible in Figure 6d,f-h,j,m. Complex intergrowths of various
Pb and Zn phases are predominant in the analyzed samples. Sphalerite and galena, as
well as dark gray inclusions of cerussite, are identified in Figure 6b. Wurtzite was present
in the sample presented in Figure 6¢. Silver immersed in intergrowths of lead phases is
also noticed. The amorphous phase (glassy matrix) of alumino-silicates, spinel, silicate,
and mixed (spinel-silicate) composition, as previously assumed, is the predominant phase
in observed samples. According to chemical analysis, this phase is Al-Si rich, indicating
possible pozzolanic characteristics of the slag. Mineral phases (wurtzite, sphalerite, galena,
and cerussite) mostly appear as skeletal formations in the glassy matrix. Their abundancy
can be estimated as relatively low, according to the microstructural preview presented in
the microphotographs.

Regarding further refinement procedures and the extraction of Pb and Zn, the as-
sumption is that complex intergrowths of lead and zinc phases can be initially processed
by a combination of gravity concentration and separation techniques in order to increase
the content of these elements. Similar procedures can be applied to elemental silver and
coppet, although their content is low. Amorphous alumino-silicate residue obtained upon
initial concentration and separation processes can be repurposed and used in the design of
building materials such as mortar and concrete. Regardless of how small, this would be a
step towards closing a recycling circle and achieving a zero-waste agenda.

A more precise preview of the microstructure of Pb—Zn slag is given in SEM micropho-
tographs (Figure 7). The EDS analysis of the characteristic points and areas is also provided
in the SEM images (Figure 7). The EDS elemental analysis is presented in Table 3.
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Figure 7. SEM microphotograph of Pb—Zn slag sample.
Table 3. Chemical analyses of selected grains of the Pb—Zn slag sample (EDS method).
. Cu Fe As S O Fe Ca Si Al Zn Ag
* o,

Pt*. Figure7 PoCO) ) o) ) ) ) G ) ) ) k) ()
7a/l 75.23 0.79 0.70 - - 22.40 - - - - - -
7a/2 55.73 16.77 3.76 1.1 13.30 8.62 - - - - - -
7al3 68.41 0.92 0.60 - 10.24 20.54 - - - - - -
7b/1 - 0.60 - - - 30.30 29.05 7.03 18.26 12.45 16.67 -
7c/1 82.69 2.36 - - - 14.95 - - - - - -
7¢c/2 80.25 1.98 - - - 15.98 - - - - - -
7¢c/3 78.74 2.56 - - - 16.78 - - - - -
7c/4 79.05 3.50 0.95 - - 16.50 - - - - -
7d/1 84.62 2.36 - - - 13.01 - - - -
7d/2 76.23 - - - 0.54 21.81 - 141 - - - -
7ell - - 8.94 - 36.97 8.81 - 2.53 3.56 1.28 33.10 0.91
7e/2 - - 6.57 - 32.21 9.25 - 1.57 2.89 1.54 38.41 0.74
7f/1 90.70 0.46 - - - 7.76 - - - - - 0.97
7£/2 914 0.37 - - - 8.54 - - - - - 0.82

* Point in Figure 7a—f.
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SEM analysis combined with EDS elemental mapping revealed that the Pb—Zn slag
sample is primarily composed of oxidized complex intergrowths of lead phases, oxidized
complex intergrowths of zinc phases, and a vitreous matrix made of amorphous alumino-
silicates, amorphous silicates, and mixtures of spinel and silicates. Very small grains are
grouped in complex agglomerations or specific formations (Figure 7e). Grains larger than
100 um in diameter are mostly free or appear as simple formations (Figure 7d). The largest
diameters of these phases go up to 300 um (block-shaped grains in Figure 7b).

A combination of results provided by SEM and EDS analyses point out the presence of
various mineral phases and their complex intergrowths in the Pb-Zn sample. A relatively
large particle, which corresponds to cerussite, is presented in Figure 7(a-1). EDS analysis
identified high Pb content (75.23%) in position 1 on this particle. The Fe and Cu contents
are very low; therefore, they might originate from an inclusion combined with a cerussite
particle. This inclusion can be correlated with wiistite (FeO). Particles in positions 2 and 3
(Figure 7a) correspond to the mineral galena according to elemental mapping and detection
(Table 3). Significant amounts of Pb and S are detected in these particles. Iron might
originate from small inclusions of wiistite, especially in the particle 7a-2. There is a certain
content of copper present in this sample (7a), as well as in samples 7b-1, 7c1-4, 7d-1, 7{-1,
and 7f-2. Copper has not previously been detected by either the AAS (in the form of oxide)
or XRD method (in the form of a mineral). It is possible that, though the accuracy and
precision of the sampling were maintained at the highest level possible, the chosen grain
mixtures used for microscopy (and subsequently for EDS) comprised certain Cu inclusions.
The Cu inclusions were recorded by optical microscopy (for instance, Figure 6m), and SEM
and EDS confirmed their presence. Copper might be included in complex intergrowths of
one or various present mineral phases.

Spectrum 1 in Figure 7b. is characterized by significant contents of O, Ca, 5i, Al, and
Zn, which can be correlated with zincite primarily, followed by akermanite, or possibly
monticellite (or complex intergrowths of these mineral phases). The grains are immersed in
a vitreous Al-Si matrix, as can be seen in Figure 7b. Spectra 1, 2, 3, and 4 in Figure 7c. are
correlated with high Pb content (82,69%, 80.25%, 78.74%, and 79.05%, respectively), which
means that the observed particles belong to the mineral cerussite. Particle 7c-4 contains iron;
thereby, it can be correlated with a possible small quantity of the mineral wiistite. Particle
7d-1 probably corresponds to cerussite (PbCQOg3), while particle 7d-2 might be cerussite or
galena, followed by the inclusion of akermanite or monticellite (Ca = 1.41%).

Figure 7e illustrates two particles—one larger and more complex, the other signifi-
cantly smaller. Both particles 7e-1 and 7e-2 comprise relatively high Zn content (33.10% and
38.41%, respectively), S content (36.97% and 32.21%, respectively), and certain quantities of
Fe (8.94% and 6.57%, respectively). These particles might correspond to wurtzite or spha-
lerite (Zn-Fe-S combination), or zincite (ZnO). The presence of low calcium amounts refers
to the possible occurrence of akermanite or monticellite in traces. The EDS quantification of
spectra in Figure 7(f-1,f-2) shows the predominant presence of Pb, thereby indicating that
the observed particles probably correspond to cerussite. Small quantities of elemental silver
were detected in particles recorded in Figure 7e f. Silver particles are usually oval-shaped,
but elemental silver can also be found in the form of tiny wires with lengths of up to 5 um.
Aside from this, elemental silver and copper occur as small inclusions in the glassy matrix
or complex mineral intergrowths, rarely exceeding 2-3 um (silver) and 7-8 um (copper).
Additionally, elemental silver is frequently found in host grain cracks [8,52,53].

A plan for the next stage of the experiment is to try to condense the metals into a
collective concentrate from which the biggest quantity of lead, zinc, and silver might be
extracted. These tests should be carried out using a combination of gravity concentration
and separation techniques to detach metal concentrates from the glassy matrix.

Application of Pb—Zn Slag in Construction Materials

Waste materials from metallurgy have to be repurposed and utilized more regularly
in order for the current linear economy to make the transition to a more circular economy.
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This has resulted in numerous examples of these materials being reapplied as mineral
additives or aggregates in various building materials, including cement, mortars, concrete,
masonry bricks, and geopolymers [20-26]. The analyzed Pb-Zn slag’s high concentration
of alumino-silicate amorphous phase is a good sign that this material could be used for
producing building composites. An experimental material must meet specific requirements
for standard building materials before it can be used in the construction industry (e.g., EN
standards or their national versions are often applied). Therefore, initial testing is carried
out on the production of cement mortars with Pb—Zn slag addition.

For the experiment, four cement mortars were prepared. The bonding agent that was
employed in all mortars is ordinary Portland cement (OPC), CEM I 42.5R, Lafarge. Its
specific surface area is 292 m? /kg. The CEM-N mortar was used for comparison of the
results. High-purity quartz sand (SiO; = 98.1%; uncompacted bulk density 1640 kg/m?,
and compacted bulk density 1750 kg/m?) was utilized as aggregate in the CEM-N sample.
The grain size distribution of quartz aggregate was as follows: 0.063-0.5 mm = 30%,
0.5-1.0 mm = 40%, 1.0-2.0 mm = 20%, and 2.0-4.0 mm = 10%.

Pulverized Pb—Zn slag was used as a mineral additive in the CEM-PbZn10, CEM-
PbZn20, and CEM-PbZn30 experimental mortars. Slag is employed both as filler (due
to its small average grain diameter, i.e., d50 = 10 um) and as cement replacement (due
to its vitreous Al-Si origin). Crushed Pb—Zn slag (grain sizes 0.063—-4.0 mm) was used as
aggregate. The grain size distribution of the slag-made aggregate was: 0.063-0.5 mm = 30%,
0.5-1.0 mm = 40%, 1.0-2.0 mm = 20%, and 2.0-4.0 mm = 10%.

The chemical composition of the cement was determined using the AAS technique
and is as follows (the method was described in Section 2.4): SiO, = 21.95%; Al,O3 = 5.41%;
Fe;O3 = 3.05%; CaO = 61.98%; MgO = 2.69%; KO = 0.91%; NayO = 0.10%; TiO, < 0.1%;
503 =2.15%; loss on ignition at 1000 °C = 0.96%. Chemical composition of Pb—Zn slag is
provided in Table 2.

The mix design of the experimental mortars is provided in Table 4.

Table 4. Mix design of the experimental mortars.

o Pb-Zn Slag— Pb-Zn Slag—  Natural Aggregate—
Sample OPCCR)  Coarse Fraction (%)  Pulverized (%)  Quartz Sand (%)
CEM-N 40 - - 60
CEM-PbZn10 36 60 4 -
CEM-PbZn20 32 60 8 -
CEM-PbZn30 28 60 12 -

Mortar samples were prepared using the standard procedure [58] according to the
mix design shown in Table 4. Using a laboratory mixer, cement, aggregate, and filler were
initially dry homogenized. Water was added later in the mixing process. Fresh mortar was
placed in steel molds (40 x 40 x 160 mm) and stored for one day in a climate chamber
(95 £ 5% relative humidity and 20 °C (+3 °C/—2 °C)). Upon removal from the molds,
samples were stored in the climate chamber under the same conditions for a total of 7 days.
Following that, the samples were cured for 21 days at 65 £ 5% relative humidity. The
rheology of the fresh mortar was determined via a slump test using a flow table [59]. Bulk
density of fresh mortar and dry bulk density of hardened mortar [60,61], determination of
water absorption coefficient due to capillary action of hardened mortar [62], and compres-
sive and flexural strengths [63] were determined using standard methods. All obtained
testing results represent an average of at least three tests.

Experimentally determined physico-mechanical properties of fresh and hardened mor-
tar samples (workability of fresh mortar in mm; bulk density of fresh mortar in kg/m3; bulk
density of hardened mortar in kg/m?; and water absorption coefficient in mg/m?-min??)
are illustrated in graphs provided in Figure 8.
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Figure 8. Physico-mechanical properties of mortar samples: (a) workability, (b) bulk density of fresh
mortar, (c) bulk density of hardened mortar, and (d) water absorption coefficient.

In comparison with standard cement mortar, the workability of experimental mortar
samples increased with the addition of Pb—Zn slag filler (the workability of the CEM-N
sample was 187 mm). CEM-PbZn20 has the highest workability value (195 mm), indicating
that adding more than 20% filler has a negative impact on the physico-mechanical properties
of mortars in their fresh state. Bulk density, measured both in fresh and hardened states,
showed an increasing trend. CEM-PbZn10, CEM-PbZn20, and CEM-PbZn30 samples
had higher bulk density values than CEM-N (2200 kg/m? and 2140 kg/m? in fresh and
hardened states, respectively). Because of the difference in specific gravities of aggregates,
the bulk densities in the fresh state of mortars with slag are 150, 180, and 190 kg/m? higher
for the CEM-PbZn10, CEM-PbZn20, and CEM-PbZn30 samples, respectively. Namely,
the specific gravity of Pb—Zn slag varies between 2500 and 3600 kg/m? [64], while the
specific gravity of silica sand is usually 1730-1750 kg/m? [65]. The differences between
bulk densities in the hardened state were similar: 130, 140, and 150 kg/ m? for the CEM-
PbZn10, CEM-PbZn20, and CEM-PbZn30 samples, respectively. The addition of fine
Pb—Zn slag, as well as the substitution of standard aggregate with coarse Pb—Zn slag
aggregate, influenced the increase in bulk densities. Pb-Zn mortar samples had lower water
absorption coefficients than standard mortar (CEM-N). The values of the water absorption
coefficient decrease with increasing content of Pb—Zn filler. The addition of filler aided in
the better ‘packing’ of the microstructure, leaving fewer voids and pores behind, and thus
lowering the examined material’s water absorption capability [66,67].

Values of mechanical strengths (CS—compressive strength and FS—flexural strength)
measured after 2, 7, and 28 days of hardening are illustrated in Figure 9.

As shown in Figure 9a, differences in initial compressive strengths were more pro-
nounced during the early stages of mortar hardening. After two days of hardening, the
compressive strength of the CEM-PbZn10 sample was 25% higher than the CS-2 of the stan-
dard mortar sample (CEM-N). There was a 35.6% difference in CS-2 between CEM-PbZn20
and CEM-N, and a 30% difference between CEM-PbZn30 and CEM-N. For CEM-PbZn10,
CEM-PbZn20, CEM-PnZn30, and CEM-N, the differences in the final 28-day strengths
(CS-28) were 14.14%, 23.8%, and 17.9%, respectively. A higher increase in initial strengths
can be explained by the pozzolanic effect of Pb—Zn slag filler [68]. The CEM-PbZn20
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sample has the highest final compressive strength (CS-28 = 53.05 MPa), indicating that the
Pb—Zn filler contributes the most in its quantity of 20%. Therefore, it can be seen that a
slag-based filler content of over 20% has no beneficial effect on mechanical strengths.
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Figure 9. Mechanical strengths of mortars. (a) Compressive strengths and (b) flexural strengths.

Flexural strengths (Figure 9b) show a similar distribution of strengths in the diagram.
Namely, the CEM-PbZn20 sample yielded the highest values for FS-2 and FS-28 (3.5 and 8
MPa, respectively). The differences in initial flexural strengths of slag-based mortars and
cement mortars were 2%, 10%, and 8% for CEM-PbZn10, CEM-PbZn20, and CEM-PnZn30,
respectively. The final flexural strengths (FS-28) differed from CEM-N by 11%, 16%, and
15%, respectively.

4. Conclusions

The historic Pb—Zn slag from the smelter plant (Topilnica, Veles, North Macedonia) was
characterized based on physico-chemical, mineralogical, and microstructural properties
in order to propose its potential reapplications. The obtained results will serve as the
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foundation for more extensive technological tests that will define the procedures for refining
Pb—Zn slag and separating valuable metals (such as lead, zinc, and silver) and will help
optimize the procedure for manufacturing commercial building products, with the ultimate
goal of closing the slag’s life cycle in accordance with circular economy and zero waste
principles. The main conclusions are summarized below:

- The possibility of further refinement and extracting valuable metals is considered due
to a certain content of lead (2.3%), zinc (7.1%), and silver (27 ppm), identified in the
investigated waste material by atomic absorption spectroscopy.

- Optical microscopy and scanning electron microscope analyses revealed certain con-
tents of metallic droplets (lead, zing, silver, and copper) in the Pb-Zn slag. X-ray
diffraction analysis supported the previous finding by detecting the crystalline min-
eral phases wurtzite, sphalerite, galena, cerussite, akermanite, wiistite, monticellite,
franklinite, and zincite. In theory, the concentration of metal elements (Pb, Zn, Ag,
and Cu) in slag might be increased upon application of gravity concentration and
separation techniques for dividing metallic crystalline phases from the amorphous
Al-Si matrix. This would be an initial step in further refining slag using a pyrometal-
lurgical or hydrometallurgical process to recover the metals in question. The economic
viability of the proposed process remains to be determined, but as waste material
is used, the proposed method might be a step towards closing the gap in the re-
cycling and reapplication of waste circle and achieving a number of sustainable
development goals.

- The presence of the alumino-silicate amorphous phase in Pb-Zn slag samples is
important for the reapplication of this alternative raw material in the building sector.
Namely, the amorphous alumino-silicates and silicates, as well as mixed spinel-silicate
phases of slag, with high concentrations of SiO,, Al,03, CaO, and Fe,Os, are suitable
for producing the mineral additives used as partial cement replacement, fillers, and
coarse aggregate for concrete or mortar.

- The study revealed that producing composite waste-based mortars with 20% of pul-
verized Pb—Zn slag as an optimal cement replacement and slag-based aggregate is
feasible. Namely, the experimental CEM-PbZn20 mortar demonstrated a final 28-day
strength that was 23.8% higher than that of standard cement mortar. The high strength
of slag-based mortar was induced by a combination of the pozzolanic behavior of
pulverized Pb—Zn slag.

- Based on the composition and microstructure of the slag, it can be assumed that this
metallurgical waste can be further refined and reused. In terms of circular economy
principles, Pb—Zn slag has a high re-utilization potential, so it was critical to thoroughly
investigate the material and establish methods of concentrating useful components
and processing them into commercial products.
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