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Abstract

This research examines transforming contaminated mining waste into mineralogically 
stable material using density separation and high-temperature settling. Samples with 
elevated metal concentrations were collected from century-old landfill sites, separated 
from overburden and organic material, and subjected to density separation and thermal 
treatment at 1300 and 1400 °C. This process significantly reduced heavy metal content, 
lowering cumulative lead, cadmium, and arsenic concentrations from 2440 g/t to below 
60 g/t, and efficiently removed volatile elements such as arsenic and zinc. Sulfur content 
decreased from 1.67 wt% to 0.21 wt% after treatment at 1400 °C, while oxygen content 
increased from 31.9 wt% to 36.29 wt% and 34.2 wt% after treatment at 1300 °C and 1400 °C, 
respectively. Mineralogical, differential thermal and chemical analyses confirmed the 
thermal stability of the resulting material up to at least 350 °C, with fayalite and magnetite as 
the predominant minerals. Final concentrations of heavy metals were below EU natural soil 
background levels, supporting the material’s safe and sustainable reuse in environmental 
applications. By focusing on remediation of metal-rich hotspots, this approach enables 
practical reclamation of mining waste areas and supports the valorization of legacy copper 
slag deposits, advancing environmental restoration and circular economy goals.

Keywords: mining waste; density separation; settling; heavy metals; soil stabilization; 
environmental rehabilitation

1. Introduction
Mining operations alter large areas of land, converting natural landscape into mining 

waste. These activities eradicate natural ecosystems and prevent agricultural activity by 
replacing nutrient-rich surface with inert or, more often, toxic tailings and overburden. To 
reverse this environmental degradation, minimizing the ecological footprint can be achieved 
through strategies that convert waste into functional foundation layer for industrial or urban 
development [1,2]. Converting mining waste into a usable material eliminates the need to 
extract natural surface material from other areas, supports land restoration for its intended 
purpose, and reduces dependence on expensive waste storage facilities and widespread 
landfilling [3,4].

Copper extraction generates substantial quantities of mine tailings, overburden, heap 
leach waste, smelter slag, and dust. When pyrite-type or other sulfide minerals, which 
are the primary copper-bearing minerals, are exposed to air and water, they can mobilize 
various metals and form sulfuric compounds that readily leach into the ground. Although 
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all mining waste alters the entire environment, the main are heavy metals contained in 
slags [5,6].

In areas affected by mining activities, heavy metals, elements characterized by an 
atomic density greater than 5 g/cm3 , constitute a major category of pollutants due to their 
pronounced toxicity, tendency to bioaccumulate, and the significant challenges associated 
with their removal from ecosystems. Some heavy metals, such as copper (Cu) and zinc 
(Zn), are essential in small quantities for the normal biological functions of plants and 
animals, but they become detrimental when their levels surpass specific thresholds, which 
vary depending on the metal and the affected organism. As a result, the term ‘Potentially 
Toxic Elements’ (PTEs) has become a prominent expression focusing on bioavailability and 
chemical structure, not just elemental density [7,8]. Toxic elements are nonessential chemical 
elements that cause adverse health effects even at trace levels. The most concerning heavy 
metals among all the PTEs are lead (Pb), cadmium (Cd), mercury (Hg), and metalloid 
arsenic (As), most of which are released primarily through anthropogenic activities, e.g., 
by mining into the ground, and by fossil fuel combustion into the air [9]. Once released, 
they persist in the environment, bioaccumulate in food chains, and pose significant risks to 
human health.

Modern methods for processing copper slags focus on maximizing resource recovery 
and minimizing environmental impact. Innovative approaches, including direct reduc-
tion [10], selective carbothermal reduction [11], or electrowinning [12], are gaining traction 
not only for extracting metals from primary sources but also for efficiently recovering metals 
from slags. These integrated processing strategies not only enhance the economic value of 
copper slags but also contribute to sustainable waste management. However, large amounts 
of legacy mining waste occupy considerable land areas, typically near human habitats.

This study investigates the feasibility of converting legacy copper-smelting waste into 
metal-depleted material via high-temperature settling. Selected samples with high heavy 
metal concentrations were collected from old landfill sites, separated from overburden and 
organics, and then underwent density separation. The mineral-rich fraction was thermally 
treated at 1300 and 1400 °C. After separating the overburden and organic materials, XRD 
and chemical analyses were performed on the mineral-rich portion where the heavy metals 
are contained.

2. Location, Methods, and Materials
Samples were collected from the plain land situated near the downtown area and to 

the south-west of the smelting operations. This site, once a natural ravine, convenient for 
flotation and smelting operations, served as a tailing pit and dumping site (Figure 1). Its 
proximity to residential neighborhoods and its impact on local ecosystems have made it a 
focal point of investigations (Figure 2a), resulting in a large property database of for both 
original base land and current waste field land, including Life Cycle Assessment (LCA) [13] 
and Techno-Economic Assessment (TEA) [14,15].

Significant variation exists in the type of mining waste and, consequently, in the chem-
ical composition of the affected landscape. In the Bor municipality, 207 Mt of flotation 
tailings, 450 Mt of overburden, and 23 Mt of slag have accumulated and are often disposed 
of together at the same sites [16]. A cluster sampling strategy was employed to obtain repre-
sentative samples from areas with the highest heavy-metal concentrations. The study area 
(Figure 1) was divided into several clusters based on surface characteristics and evidence 
of metallic mineralization. Sampling points within each cluster were chosen according 
to the degree of mineralization to ensure inclusion of zones with elevated contamination. 
Fifty batches were collected by piling material from depths between 0.5 and two meters 
(Figure 2c), yielding approximately 100 kg in total. After collection, all subsamples from 
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each batch were combined on a clean plastic sheet using coning and quartering, with re-
peated flattening and recombination, to achieve a uniform and representative mixture. The 
homogenized samples were subsequently transported to the laboratory, where they were 
crushed and ground in alumina mortars to particle sizes below 2000 μm with a median 
particle size at 670 μm (Figure 2d), thereby facilitating effective liberation of individual 
mineral phases and optimizing the subsequent settling process.

Figure 1. Transformation of the landscape. (a) Base resembling the original surface showing the 
starting ground level before any mining waste was added, (b) the top surface after mining waste 
material was placed on top of the base, and (c) Google Earth image used for modeling at a 60° tilt 
angle and 46° heading direction.

 

Figure 2. Procedure for removing heavy metals from mining waste generated during copper extraction.

Heavy liquid media (HLM) separation is a widely used mining separation technique 
in which heavier valuable ore particles sink while lighter waste material floats [17]. Lithium 
metatungstate (Li6 (H2 W12 O40 )) (LMT) is a non-toxic, non-flammable, and more adjustable 
alternative to traditional organic heavy liquids [18], easy to recover by washing the suspen-
sion at temperatures below 90 °C, and recently used for the recovery of precious [19] and 
strategic [20] metals. Following crushing, the material underwent density-based separation 
using a solution of LMT. The separator was set to a density of 2.85 g/cm3 , a viscosity of 10 cP, 
and a solid-to-liquid ratio of 1 to 10, optimizing conditions for partitioning minerals from 
organic and other non-mineral fractions (Figure 2e). The one-step separation stage enabled 
removal of overburden and spoil, leaving mineral-rich particles that retained the majority 
of the potentially harmful metals present in the dump field. From the mineral-rich portion 
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collected at the bottom of the HLM separator, a small aliquot was taken for mineralogical 
and chemical analyses, while the remaining portion was conveyed for settling.

The typical chemical composition of copper slag closely aligns with the congruent 
point of fayalite, characterized by an FeO-SiO2  ratio of 2:1, corresponding to 54.81 wt% Fe, 
13.78 wt% Si, and 31.41 wt% oxygen. While elevated temperatures enhance metal coa-
lescence, adjusting the chemical composition and temperature near the congruent point 
(1205 °C) enables operation at minimum process costs. In industrial applications, the 
optimal balance between metal coalescence and energy cost is achieved at around 1300 °C.

Maintaining a settling temperature of 1300 °C for the material with a fayalite-dominant 
mineralogy represents the ideal economic and operational spot in pyrometallurgical copper 
extraction. Assuming a power cost of 0.15 U$/kWh, a process efficiency of 10%, and a 
heat loss of 1440 kWh/h, the estimated total cost to increase and maintain a temperature 
of 1300 °C per hour is $44.50 per tonne [21]. This specific temperature balances fluid 
dynamics, phase stability, and energy consumption to minimize overall processing costs. 
The primary economic goal of a settling furnace is to let tiny, suspended droplets of dense 
copper matte or metallic copper separate physically from the lighter silicate slag phase [22]. 
According to Stokes’ Law, the settling velocity of these droplets is inversely proportional to 
the slag’s dynamic viscosity [23]. Below 1300 °C, viscosity increases sharply due to initial 
micro-crystallization. Raising the temperature to 1300 °C keeps the slag fully liquid with an 
exceptionally low viscosity [24]. This low resistance allows metallic droplets to coalesce 
and settle rapidly. Accelerating settling velocity reduces the required retention time in 
the settling or electric furnace. Shorter retention times translate directly to higher plant 
throughput and lower capital expenditure on oversized holding vessels. Increasing the 
temperature above 1300 °C improves fluid dynamics and reduces mechanical entrapment 
of metallic droplets, but it also shifts thermodynamic equilibria toward higher chemical 
solubility, meaning fewer metals will coalesce in the matte [25]. Molten fayalite is also 
highly aggressive, and as the temperature rises, the rate of chemical dissolution of the 
refractory material increases exponentially. Accordingly, in this study, the selected operating 
temperatures were 1300 °C and 1400 °C.

Particles from the bottom of the HLM separator were placed into a cylindrical alumina 
crucible measuring 17 cm in height and 3.8 cm in inner diameter (Figure 2f). To prevent 
uncontrolled oxidation by atmospheric oxygen, the crucible was flushed with argon gas 
throughout the experiment. Once loaded, it was heated to set temperature (1300 °C and 
1400 °C) at a heating rate of 5 °C per minute. This heating process minimized thermal 
shock on the refractory material, enabling complete melting and promoting the separation 
of metallic phases. The high-temperature treatment lasted 4 h, allowing sufficient time for 
chemical reactions, phase separation, and settling of heavier material [26]. After this period, 
the crucible was removed from the furnace and left to cool naturally in ambient conditions 
until it reached room temperature. Upon cooling, the solidified samples were detached 
from the crucible. As shown in Figure 2g, the interface between the matte (metal-rich phase) 
at the bottom and the slag (oxidic phase) above is clearly defined, enabling the physical 
separation of these two products.

The mineralogical analyses of the initial material collected from the site and stabilized 
slag were determined using a PW 1830/40 X-ray Diffractometer (Philips, Almelo, The 
Netherlands) operating at 40 kV and 20 mA. The XRD scans were performed over a 2θ range 
of 10 to 90 degrees with a step size of 0.1 degrees, allowing the identification of crystalline 
phases present before and after treatment.

An electron probe micro-analyzer (EPMA) system comprising a Hitachi S-570 scanning 
electron microscope equipped with a Cameca SX50 microprobe was used to quantitatively 
detect the concentrations of metallic elements. The spatial resolution below 5 μm allows 
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measurement sensitivity ranging from 5 to 100 ppmwt  for elements from boron to uranium. 
Prior to analysis, samples were mounted in epoxy resin, polished, and coated with a thin 
conductive layer to prevent charging effects under the electron beam. Elemental mapping 
across wide areas and point analyses were performed to reveal partitioning, associations, 
and concentrations of metals within both the matte and newly formed slag. A multi-pass 
protocol was established to enable high-precision trace element analysis of the fayalite 
structure. The initial pass used a 20 kV accelerating voltage and a 30 nA probe current to 
detect major elements. Subsequent passes used a 25 kV accelerating voltage and probe 
currents of 50–500 nA to detect trace elements.

The thermal stability of various mineral phases, along with the impact of high-
temperature treatment on phase composition, was evaluated using a Setaram TG92-16 
Thermogravimetric Analyzer. Both differential thermal analysis (DTA) and thermogravi-
metric analysis (TGA) were conducted simultaneously at controlled heating rates of 10 and 
20 °C/min.

3. Results and Discussion
Understanding the chemical bonding and elemental partitioning of the mining waste is 

crucial for selecting metal recovery processes. A combination of mineralogical and chemical 
analyses provides insights into the behavior of both valuable and heavy metal components 
of the mining waste under various conditions.

3.1. Mineralogical Characteristics
Figure 3a shows the X-ray diffraction analysis of the collected samples after removing 

the overburden, indicating the presence of a complex mineralogical structure consisting of 
quartz, fayalite, magnetite, pyrite, and kaolinite. Most of the quartz and kaolinite originated 
from ore-concentrating processes before being subjected to pyrometallurgical treatment, 
while fayalite and magnetite are byproducts of the converting operations [27]. Figure 3b 
shows the diffraction pattern of the newly formed slag after heating to 1400 °C, indicating 
that fayalite and magnetite are the dominant phases, which is consistent with typical copper 
slags. Qualitative analyses show that quartz remains in the final structure, with its peaks 
in the treated slag reduced to about half their original intensity, while magnetite-related 
peaks increase. However, during the settling process, kaolinite and pyrite phases undergo 
thermal decomposition during settling, accompanied by the pronounced crystallization 
of fayalite.

The predominance of complex oxide mineral forms in slags results from high-
temperature metallurgical processes that favor the formation of stable compounds. Iron 
and silicon readily combine with oxygen to form stable phases that encapsulate other ele-
ments [28]. Silicon, present mainly as silica (SiO2 ), is inert in the solid state but, depending 
on its amount, due to its high melting point and basicity, significantly shapes the thermal 
behavior of the mineral-rich portion of mining waste.

3.2. Thermochemical Analyses
Figure 4 depicts the non-isothermal thermogravimetric analysis (TGA) and differential 

thermal analysis (DTA) of investigated material in an oxygen–nitrogen atmosphere with 
21% oxygen content at heating rates of 10 and 20 °C/min.

The thermogravimetric results demonstrate that, regardless of the applied heating 
rate, the sample’s weight remains constant up to temperatures near 350 °C. This stability 
suggests that no significant decomposition, oxidation, or volatilization occurs in this lower-
temperature region and confirms that, at temperatures below 350 °C, no structural changes 
occur. After surpassing this threshold, a steady increase in sample weight is observed, with 
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the maximum weight attained at around 870 °C. The initial weight gain, which begins just 
above 350 °C, is attributable to the oxidation of magnetite (Fe3 O4 ) into hematite (Fe2 O3 ) [29].

Figure 3. X-ray diffraction analysis of the overall treated material composition (a) and stabilized 
material after separation and settling (b).

Figure 4. TGA/DTA curves of treated material immobilization by non-isothermal oxidation in atmo-
spheric conditions. (a) DTA curves and (b) corresponding TGA curves.

Results of thermogravimetric analyses are further corroborated by differential thermal 
analysis data, which show a broad exothermic effect spanning from 350 to 1000 °C, indicating 
that multiple overlapping reactions and phase changes occur as the temperature increases. 
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The exothermic peaks observed in the DTA curves within the temperature intervals of 
540–585 °C and 720–750 °C correspond to significant phase transformations: the first peak 
is associated with the conversion of magnetite to maghemite (γ-Fe2 O3 ), and the second 
with the subsequent transformation of maghemite to hematite (α-Fe2 O3 ). The appearance 
of exothermic peaks near 860 °C indicates the oxidation of minor copper and iron sulfide 
phases. The oxidation of these sulfides not only contributes to overall weight gain but also 
modifies the treated material’s physical and chemical properties, specifically by forming 
stable oxides.

The combined TGA and DTA analyses provide insights into the material’s potential 
thermal behavior. The sequential oxidation and phase transformation processes that occur 
as the temperature increases reveal the complex interaction among mineral phases, but 
regardless of complexity, all changes lead to more stable compounds [30].

An important outcome from the TGA/DTA analyses is that treated material can be sta-
bilized at temperatures below 1000 °C. This process relies exclusively on solid-state reactions, 
which significantly reduces energy consumption and fully preserves the refractory material. 
Although this method may be less effective at removing heavy metals compared to liquid-
state treatment, it facilitates the decomposition of less stable components, the formation of 
oxide compounds, and ultimately improves the stabilization of the treated material.

3.3. Mass Balance: Matte vs. New Slag
After settling, the heavier elements formed a matte at the bottom of the crucible, with 

a new slag forming above it. The total matte recovered (𝛤Matte ) can be determined using a 
mass balance equation:

𝛤Matte  = (mMatte /mInitial ) × 100, wt% (1)

where mMatte  represents the weight of the recovered matte, and mInitial  denotes the weight 
of the initial charge, which weighed 400 g of the laboratory-scale sample. After settling at 
1300 °C, the matte formed weighed 17.8 g, whereas at 1400 °C, it weighed 19.7 g, giving 
matte recovery values of 4.45% and 4.92% at 1300 °C and 1400 °C, respectively. Increasing 
the settling temperature from 1300 °C to 1400 °C increased matte recovery and promoted 
the separation of heavy metals from the slag and their coalescence into matte at the bottom 
of the crucible, while leaving the remaining slag depleted of these heavy metals. Tables S1 
and S2 in the Supplemental Materials show the chemical compositions and calculated mass 
balances for each element, along with a figure showing the partitioning percentages of each 
element between the initial and treated materials (Figure S1).

3.4. Chemical Composition Analyses
Slags are complex materials, containing many elements and intricate microstructures. 

They often include nearly every element from the periodic table, making chemical analysis 
difficult. Electron probe microanalysis (EPMA) offers accurate elemental analysis across a 
wide concentration range, and advances in energy-dispersive X-ray spectrometry (EDS) 
enable reliable detection of minor and trace elements [31]. In materials like mineral-rich 
components of mining waste, analyzing all elements at once can eliminate the need for 
compositional normalization, simplifying mathematical modeling [32]. While EPMA offers 
high precision, it is important to consider potential compositional variability present in 
mining waste samples.

In standard pyrometallurgical processing of copper ore concentrates, around 95% of 
the metals are typically recovered, with the remainder forming fayalite-based slag [33]. 
However, when fayalite slags are maintained in a liquid state for four hours followed by 
slow cooling, there is notable coalescence of the residual metals, approximately 5% of the 
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initially unextracted fraction, leading to the formation of a matte phase rich in elemental 
and sulfide-bound metals. In a previous study focusing on the recovery of valuable metals 
and the assessment of the marketable value of removed metals, the application of reducing 
agents introduced a new trade-off, enabling the further removal of 74.6 wt% of the residual 
metals [34]. The analysis of the partitioning and successive removal of valuable and/or 
heavy metals is significant for both economic recovery and environmental safety. Gathered at 
the bottom of the samples comprise 4.45 and 4.92 wt% of the matte recovered which contain 
copper, nickel, or precious metals that can be recovered through secondary processing.

Removing the bottom section of the solidified sample leaves newly formed slag depleted 
of heavy metals [35]. Table 1 shows a single trial of element concentrations in the upper part 
of the samples, consisting of newly formed slag after HLM separation and settling. Elements 
not detected are excluded from further analysis, though trace amounts may remain.

Table 1. EPMA analyses of the upper part of the sample before and after settling for four hours. 
Elements from 5 B to 92 U are analyzed (only those detected are shown in the table).

Heavy Particles After HLM 
Separation Remaining Slag After Settling

Element Unit Detection Limit Sensitivity 1300 °C 1400 °C

Fe wt% 0.1 0.05 49.85 47.94 51.13
O wt% nd * nd 31.90 36.29 34.21
Si wt% 0.05 0.01 11.12 10.85 10.95
Al wt% 0.01 0.01 2.77 2.57 3.05
S wt% 0.01 0.01 1.67 0.9 0.21

Cu wt% 0.01 0.01 0.97 0.38 0.02
Cr wt% 0.01 0.01 0.71 0.42 0.12
Te wt% 0.01 0.005 0.23 0.13 0.02
Se wt% 0.01 0.01 0.17 0.12 0.07
Ca wt% 0.1 0.05 0.15 0.15 0.14
Hg g/t 5 1 790 202 14
Pb g/t 10 5 700 205 15
Mg g/t 200 100 600 500 400
Cd g/t 5 5 570 375 30
As g/t 10 10 380 nd nd
Zn g/t 10 10 370 260 nd
Ni g/t 50 10 310 220 140
Mn g/t 100 100 200 200 nd
Mo g/t 5 5 200 125 50
Sb g/t 10 10 200 160 100
Co g/t 10 10 100 60 20
Sr g/t 10 5 100 55 20
Ba g/t 5 5 70 40 5
Ti g/t 50 50 50 50 50

* ‘nd’ denotes a result below the detection limit.

Oxygen and sulfur, though not metals themselves, play critical roles in the chemical 
binding of both major and minor elements, affecting the solubility and mobility of metals 
within the slag [36]. The predominance of oxidic metals indicates that the bulk of the 
slag is relatively inert, but careful monitoring and processing are necessary to mitigate the 
potential release of heavy metals during slag disposal or utilization. Heavy metals, such as 
lead, mercury, cadmium, and arsenic, accounted for 2440 g/t, concentrations that can pose 
risks if not removed or stabilized.

After the treatment, elements with low sublimation or melting temperatures, such as 
arsenic and zinc, were removed below the detection limits. These elements readily volatilize 
at elevated temperatures, facilitating their effective removal from both the molten and 
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solidified phases. Consequently, their concentrations in the final slag product are negligible 
but careful management of off-gases is required to prevent atmospheric emissions.

The removal of each element analyzed after treatment at 1400 °C is shown in Figure 5. 
Heavier elements, due to their higher density, tend to partition into the matte phase during 
settling, while lighter elements may remain dispersed in the remaining slag above the matte 
or be partially lost through volatilization [37]. This density-driven segregation provides 
an effective means of recovering metals into the matte while leaving the stabilized slag 
products depleted from heavy metals.

Figure 5. Removal of elements after high-temperature settling.

3.5. Elemental Patritioning Between Matte and Newly Formed Slag
During high-temperature treatment, most of the oxygen binds with elements such as 

iron and silicon to form stable oxide minerals, which are retained in the slag. This process 
stabilizes the slag and immobilizes unwanted elements by integrating them directly into 
the crystal lattices of stable, newly formed mineral phases. These host phases are highly 
resistant to environmental degradation, trapping elements inside their structures [38,39]. 
In contrast, sulfur reacts with residual metallic elements to form metal sulfide compounds, 
which are susceptible to leaching if disposed of [40].

The efficiency of metal extraction in pyrometallurgical processes is commonly evalu-
ated by examining the partitioning of sulfur between slag and matte [41,42]. The sulfur 
capacity of the system is largely determined by the oxygen potential and temperature. 
Thermodynamically, as the matte grade increases, the partial pressure of sulfur decreases 
while that of oxygen increases, thereby reducing sulfur solubility in the slag [43]. This is 
favorable in terms of slag’s cleanness, as sulfur tends to form a sulfide-rich matte, resulting 
in a low sulfur concentration in the oxide-rich slag phase. Although elemental sulfur is rel-
atively non-harmful to humans, it can pose serious health risks when it reacts or combusts, 
producing volatile compounds such as sulfur dioxide (SO2 ) or hydrogen sulfide (H2 S).

Alongside the significant reduction in heavy metal concentrations following the settling 
process, the sulfur concentration also decreased from 1.67 wt% to 0.21 wt%. This substantial 
reduction in sulfur is attributed to both physical separation during settling and chemical 
transformations, such as the oxidation of sulfide species or their incorporation into less 
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soluble mineral phases with densities higher those that of slag. Furthermore, analysis of 
the ternary diagram involving oxidic elements, sulfur, and heavy metals indicated a distinct 
displacement of heavy metals from the sulfur corner, as visualized in Figure 6. This shift 
suggests a preferential association of heavy metals with oxides rather than sulfur-containing 
phases. This process has important implications for the long-term stability of the treated 
material, which will eventually return to the environment, either as stabilized waste or as a 
value-added product.

Figure 6. Elemental partitioning in the initial slag (a) and the newly formed slag (b) after settling at 
1400 °C. Axis values are in %.

4. Process Applicability
The accumulated heavy metals in European soils exhibit substantial concentration 

differences, with pronounced regional variations driven by both natural and anthropogenic 
factors. Naturally, heavy metals concentrations are typically below 40 g/t in Scandina-
vian regions and exceed 100 g/t in mountainous areas of Greece. Figure 7 presents the 
concentrations of four heavy metals, arsenic (As), cadmium (Cd), mercury (Hg), and 
lead (Pb), demonstrating that the regional divergence in their concentrations from natural 
presence is primarily attributable to anthropogenic activities, such as mining and smelting, 
rather than to natural geological processes [44]. The region between Liege and Aachen in 
central Europe has the highest concentrations, likely the result of a long history of industrial 
activity, including mining, smelting, and manufacturing processes that have contributed 
to contamination over time [45]. In central UK, elevated levels of heavy metals are found 
in areas of high population density, where urbanization, transportation, and industrial 
emissions are known as significant contributors to pollution [46]. In Greece, elevated con-
centrations are associated with natural factors, such as frequent seismic activity and the 
exposure of lithosol, which enhance the mobilization and accumulation of heavy metals 
in the upper layers [47]. After settling, the combined concentration of four heavy metals 
in the analyzed samples (56 g/t) was well below the natural background levels typically 
observed in European soils.

The remaining slag, depleted of valuable and heavy metals, contained 20 to 30 wt% 
SiO2 , with the remainder primarily consisting of iron oxides. This composition aligns with 
the 2FeO:SiO2  phase, accounting for the predominance of fayalite as the major constituent 
in newly formed slag. Fayalite (Fe2 SiO4 ) is a stable iron silicate that forms under the 
reducing conditions characteristic of copper pyrometallurgical processes. Its dominance as 
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the primary phase suggests that thermodynamic equilibrium was attained during the high-
temperature treatment, resulting in the formation of a stable, inert structure. Although this 
laboratory study yields results for chemical processes aimed at reducing heavy metals, long-
term field studies should be conducted to account for the seasonal variations in moisture 
and load-bearing capacity.

 

Figure 7. Concentrations of As, Cd, Hg, and Pb, mainly caused by anthropogenic factors. The image is 
in the public domain distributed by European Soil Data Centre (ESDAC): https://esdac.jrc.ec.europa.
eu/themes/soil-contamination, (accessed on 20 October 2026).

Given the waste’s origin, the most recent European Directive 2025/2360 should be 
applied, indicating that ISO 54321 standard [48] should be followed to assess the effects of 
residual heavy metals on the surrounding environment. The concentrations of all heavy 
metals accumulated in the matte at the bottom of the vessel and were subsequently collected 
for further valorization. Heavy metal concentrations in the remaining slag were significantly 
below the maximum levels permitted by EU regulations and the Regulation on Limit Values 
of Polluting, Harmful and Dangerous Substances in Soil of the Republic of Serbia [49]. The 
EU Soil Monitoring Law (Directive (EU) 2025/2360) does not set unified, legally binding 
limits for heavy metals in soil across the EU. Instead, it provides a framework for monitoring 
soil health with non-binding target values. Member States should set their own operational 
trigger values based on local conditions. In Serbia, these values are set as remediation 
values of 55, 12, 10, and 530 mg/kg for As, Cd, Hg, and Pb, respectively.

Conventional remediation strategies for mining waste, such as stabilization with ce-
mentitious binders, chemical immobilization, or phytoremediation, primarily aim to re-
duce contaminant mobility but often result in long-term storage of these unwanted sub-
stances. Hydrometallurgical and conventional pyrometallurgical metal recovery processes 
can achieve high extraction efficiencies but are energy-intensive, require chemicals, and 
generate secondary waste streams. In contrast, the combined density separation and set-
tling process described here removes heavy metals and produces a mineralogically stable, 
metal-depleted material.

If differences are identified, engineered solutions such as blending disposed material 
with native soil or using liners and barriers may be implemented to harmonize the landfill 
material’s behavior with the pre-existing geology [50,51]. These measures help maintain 
the integrity of the landscape, support safe construction or vegetation over reclaimed sites, 
and minimize risk to local flora, fauna, and water resources [52,53].

5. Conclusions
This study attempted to transform legacy mining waste into a mineralogically stable 

material through density separation and high-temperature treatment. Most heavy metals are 
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concentrated in the mineral-rich parts of mining waste, which, when brought to the liquid 
phase, separate further by density. Increasing treatment temperature significantly improves 
heavy metal removal efficiency. Higher temperatures accelerate chemical reactions and 
enhance heavy-metal removal, improving extraction or remediation. Key results include:

- The process removed heavy metals, resulting in a material without volatile species, 
with arsenic and zinc removed to below the detection limits.

- A significant reduction in heavy metal content. Mercury, lead, cadmium, and arsenic 
dropped from 2440 g/t to below 60 g/t.

- Sulfur content was reduced, and the final material showed increased oxygen content.
- Qualitative mineralogical analysis revealed a predominance of fayalite and magnetite, 

minerals with stable crystalline structures.
- The settling process preserved the refractory matrix of the treated material while 

promoting the decomposition of less stable components.
Removing heavy metals from contaminated sites offers a promising path for sustainable 

waste management in mining. These findings indicate the potential for converting mining 
waste into a material with modified mineralogical and chemical properties suitable for 
further applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/mining6040100/s1, Figure S1: Element partitioning between newly 
formed slag and matte after four hours of settling of mining waste; Table S1: Chemical composition 
and material balance of samples after separation of liquid media, newly formed slag, and matte at 
1300 °C; Table S2: Chemical composition and material balance of samples after separation of liquid 
media, newly formed slag, and matte at 1400 °C.
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