
Citation: Gulicovski, J.; Stojmenović,
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Janković-Častvan, I.; Kragović, M.
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Abstract: The possibility of using waste tailings produced by flotation in the lead and zinc mine of
Grot, Serbia as a potential source of secondary mineral raw materials was examined. The aim of the
research was primarily to carry out a detailed characterization in order to determine the dominant
minerals, and, for the first time, to trace the changes occurring in the unit cells of the minerals
present in that deposit. There was also a need to determine the exact proportions of the present
mineral phases for their further application and utilization as natural resources in environmental
protection. Samples were taken from three different sections of tailings: the crest of dam (JKB), outlet
pipe of the flotation facility (JOF) and hydrocyclone overflow (JHC). Granulometric separation was
performed to facilitate the extraction of certain minerals from waste. The results showed that all
samples mainly contained quartz, clinochlore, calcite, albite, pyrite and biotite, but their ratios in each
sample varied significantly. After characterization, samples were separated into different fractions
and their mineralogical compositions were determined. Depending on the fraction, the mineralogical
compositions also changed. Mineralogy and geochemical analysis indicate that waste tailings can be
used as a secondary mineral raw materials source applicable in various industries.

Keywords: tailings; minerals extraction; mineralogy; geochemical properties; granulometry;
byproduct valorization

1. Introduction

Industrial development has contributed to the growth of the global economy, but
on the other side, it has led to environmental degradation. In developed countries, prob-
lems related to environmental degradation have been mainly solved by introducing new
technologies and strict regulations. However, due to the increased demand for natural
resources, their exploitation is still active and related environmental problems are present.
In contrast to developed countries, in developing countries, more environmental problems
exist whose resolution has not even begun, and which are mainly related to unresolved
historical pollution or the generation of waste polluted by different hazardous chemicals
and materials. Mining is always followed by the production of waste which is deposited in
nature in the form of tailings. The waste materials are often very noticeable, located near
water resources, underinsured, or in areas with tourist or agricultural potential.

Mining is one of the most significant industries in Serbia. Of the total gross domestic
production in the Republic of Serbia, metallurgy accounts for 10% of the total manufacture
of basic metals and metal products [1]. The Grot Mine is one of the biggest and most signif-
icant, located in southeastern Serbia and mainly exploiting lead and zinc ores. The total
content of lead and zinc in the ore is about 10.5 wt %, which indicates that about 90 wt %
is waste material. The flotation process has generated around 5.5 million tons of waste
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material until now, mostly in a state of biological vacuum [2]. The area around the Grot
Mine is mostly composed of crystalline shales, predominantly of the Early Paleozoic and,
to a lesser extent, of the Proterozoic age, with larger and smaller masses of Paleozoic and
Triassic granitoid rocks and large Surdulic Paleogene granodiorite plutons. The Grot Mine
represents a geo-economic unit within the Paleozoic metamorphic shale complex of the
Serbian–Macedonian mass, located on the eastern perimeter of the Surdulian granodiorite.
The minefield is located in a crystalline nucleus, located between the Carpatho-Balkanids
in the east and the Vardar zone in the west [3]. In the Metallogenic Region of Besna Kobila,
the ore deposits are related to Neogene volcanic–plutonic complexes. Mineral associations
consist of sulfides of lead and zinc, locally copper and/or molybdenum. In the morpho-
structural sense, the deposits are of the quadruple/impregnation type, hydrothermal-wire,
lens-plate, metasomatic and wire-impregnation types [4]. The deposits were formed by
metasomatic alteration of marble and calcschist under the influence of hydrothermal solu-
tions rich in Pb, Zn and Cu. Vertical mineralization intervals are over 400 m [5]. Based on
hydrogeological features, this granodiorite massif is characterized by a large area of open
cracks and medium water permeability [6].

The landscape surrounding the Grot tailings is mostly mountainous. Environmental
protection in the area that surrounds the locality where tailings are placed represents a sig-
nificant problem. A possible solution may be given based on determining the geochemical
properties of the waste materials and finding their potential application. Namely, although
it is well known that this kind of waste poses a negative influence on the environment [7],
it can contain a significant number of different valuable elements and minerals [8]. Thus,
reprocessing of tailings reduces dependence on reserve extraction [9] and can provide
economic and environmental benefits, which is completely in agreement with the circular
economy and the Sustainable Development Goals [10,11]. In general, the area of the West-
ern Balkans is rich in lead, zinc and copper ores, which is why there are a large number of
mines in this area, both abandoned and active, and consequently leading to the generation
of millions of tons of waste. Bearing in mind that the mines are from the same geologi-
cal area, they have a very similar chemical and geological composition, and the detailed
content of important chemical elements in the tailings of important mines in the Western
Balkans is given in the work of Shain et al. [11].

This research is a continuation of previous research [12], which was related to the
preliminary characterization of the crest of the dam (JKB), outlet pipe of the flotation
facility (JOF) and hydro-cyclone overflow (JHC). In the presented paper, the accent is on the
detailed mineralogical characterization of the JKB, JOF and JHC, in order to find a useful
value for dominant minerals extracted from tailings and, at the same time, find potential
solutions for lowering the total amount of waste materials in tailings to meet the criteria of
zero waste and preserve the environment.

2. Materials and Methods

A sampling of the JKB, JOF and JHC was performed based on observations of the
diversity of deposited material based on grain size, the colour of deposited material,
different mechanical properties and the spatial distribution of material on the flotation
tailings. A total of 10 probes were collected from the entire tailings: three probes were
taken from the crest of the dam (JKB), two probes were conducted on the perimeter of
the dam (JHC) and five probes were taken from the tailings plateau (JOF), Figure 1. All
samples were dried in an oven at 105 ◦C. For every sample, probes were mixed and
homogenized, and one representative sample (marked as JKB, JOF and JHC) was made
and used for investigations.
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Figure 1. Sampling locations.

XRD was performed by using an Ultima IV Rigaku diffractometer (XRPD, Rigaku
Ultima IV, Tokyo, Japan), equipped with CuKα1,2 radiations, using a generator voltage
of 40.0 kV and a generator current of 40.0 mA. The range of 5–90◦ 2θ was used for all
powders in a continuous scan mode with a scanning step size of 0.02◦ and at a scan rate
of 10◦/min, using a D/TeX Ultra-high-speed detector. a glass sample carrier was used
for sample preparation. The unit cell parameters, volume of the unit cell and fractions
of the phases were calculated by using the software package Powder Cell [13,14]. All the
structural models for refinement, i.e., cif files of quartz, clinochlore, albite, biotite, pyrite
and calcite were taken from the ICSD database [15].

The chemical compositions of the samples were determined by the classical chemical
analysis of the aluminosilicates [16]. The concentrations of heavy metals were determined
using a Perkin Elmer Analyst 300 (Perkin Elmer, Waltham, MA, USA) instrument for atomic
absorption spectrometry (AAS).

Thermogravimetric (TGA), differential thermal analysis (DTA) and differential thermo-
gravimetric analysis (DTG) of samples were performed on a Netzsch STA 409 EP (Netzsch,
Selb, Germany). Samples were heated from 25 ◦C to 1000 ◦C in an air atmosphere at the
heating rate of 10 ◦C/min. Before analysis, samples were kept in a desiccator at a relative
humidity of 23%.

The morphology and microstructure of all samples were studied by field emission
scanning electron microscopy (FESEM) with a TESCAN Mira3 XMU (Tescan, Kohoutovice,
Czech Republic) at 20 kV. The samples were precoated with a 2–3-nanometre-thick layer of
gold before observation. The images were recorded at a magnification of 10,000× with an
accelerating voltage of 20 kV.

In order to determine which mineral is dominant in which fraction, JKB, JOF and JHC
samples were sifted through different sieves. Fractions of tailings were separated with
the following particle size: −63 + 0 µm, −100 + 63 µm, −200 + 100 µm, −300 + 200 µm,
−400 + 300 µm and +400 µm, and all fractions were analyzed by the XRD method.

3. Results and Discussion
3.1. XRD Analysis of Tailings Samples

Structural characteristics of the JKB, JOF and JHC samples were investigated by using
XRD, and the obtained results are presented in Figure 2 and Table 1. As observed in
Figure 2a, all three analyzed samples exhibit a well-defined crystalline and a distinct
mineralogical composition. Notably, the samples contain the following minerals: quartz,
clinochlore, albite, biotite, pyrite and calcite [17–23]. From Figure 2b and Table 1, it is
indisputable that the JKB and JOF samples possessed very similar compositions, and the
most abundant minerals were quartz (~21–25%), clinochlore (~20–27%), albite (~28–31%)
and calcite (~13–14%), while the presence of other minerals was in lower amounts (pyrite
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(~1–5%); biotite (~6–8%)). A detailed description of the unit cell parameters of the minerals
present is given in the Supplementary Material in the form of Table S1.
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examined samples.

Table 1. The percentages of individual crystal phases (f/%), obtained using the software package
Powder Cell, for examined samples.

Phase JKB JOF JPH

Quartz; SiO2 f = 25.24 f = 21.01 f = 14.29
Pyrite; FeS2 f = 4.62 f = 1.26 f = 0.59
Clinochlore;

Mg2.5Fe1.65Al1.5Si2.2Al1.8O10(OH)8
f = 20.49 f = 27.30 f = 45.33

Calcite; CaCO3 f = 12.89 f = 14.19 f = 17.96
Albite; Na (Al Si3 O8) f = 31.08 f = 28.15 f = 13.96

Biotite
K2(Mg3.15Fe2.59Ti0.17Mn0.09) (Si5.98Al1.92Ti0.10)O20 ((OH)1.47F1.98) f = 5.69 f = 8.08 f = 7.87

In the crystal phase of the JHC sample, clinochlore was largely present (~45%), while
the contents of other minerals were: ~18% calcite, ~14% albite and quartz, ~8% biotite
and ~1% pyrite. Although not all Miller indices were visible in the diffractograms due
to overlapping reflections, good crystallinity was evident in all samples. Micrographs
presented in the inset of Figure 2 showed that particle size was the highest for JKB sample,
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and lowest for the JHC sample. Results give information that in the waste materials taken
from different parts of tailings are present minerals which possess properties for practical
application, such as albite (in manufacturing of glass or ceramic) [19,20], calcite (in lime
production and the construction industry) [21] and biotite (a filler and extender in paints, an
additive to drilling muds, an inert filler and mold-release agent in rubber products) [22,23],
and thus, waste material taken from the tailings may be used as a source for their extraction.
In this way, by applying appropriate technologies, the extraction of useful minerals from
the tailings may lead to the reduction of waste in nature and its environmental impact,
while at the same time, natural resources would be fully utilized.

3.2. Chemical Composition

The results obtained by classical chemical analysis of the tailings samples taken from
different places—JKB, JOF and JHC—are given in Table 2.

Table 2. Chemical composition of the tailings of the flotation facility of the Grot Mine [12].

Chemical Content
Content, %

JKB JOF JHC

SiO2 40.09 53.62 48.61
Al2O3 8.68 10.52 12.94
CaO 9.08 8.73 9.33
MgO 1.86 2.15 2.74
Fe2O3 16.46 10.42 11.8
Na2O 0.75 0.97 0.98
K2O 1.46 1.94 2.10
TiO2 1.01 0.84 1.01
Mn 1.05 1.17 1.14

S 8.07 2.14 1.52
Loss on ignition 10.67 6.91 7.23

The contents of Mg, K and Na, as well as Mn and Ti, were much lower, and these
elements were mainly present in the form of clinochlore, albite and biotite. According to
the results of chemical analyses, a significant difference between the three investigated
samples was in the content of Fe (11.5%, 7.3 % and 8.3% for JKB, JOF and JHC, respectively)
which was present in the form of pyrite, clinochlore and biotite, and in the content of sulfur.
The content of sulfur in JKB (~8.07%; Table 1) was about four times higher in comparison
with that of JOF and JHC (~2) [16]. Higher amounts of Fe and S obtained for JKB may
be explained by a higher content of pyrite in comparison with JOF and JHC. Also, the
contents of sulfur and pyrite in the investigated samples were not stochiometric, meaning
that sulfur was also present in the samples in some other form. The results presented
in Table 2 also show that, in all samples, there is a significant loss of mass by ignition,
which mainly originates from organic additives, which are added during the ore processing,
whose composition includes sulfur, which may be an explanation for the presence of sulfur
which has not derived from pyrite.

3.3. Thermal Analyses (DTA/TGA/DTG)

Thermal analyses were used to confirm the presence of some of the most important
mineral components in the JKB, JHC and JOF samples and results are given in Figure S1.

For all samples, it is evident that in the first temperature interval (25–400 ◦C), due to
low humidity, significant peaks at DTA curves, as well as weight losses recorded by TGA,
were not recorded. The indication that dehydration and releasing of loosely bound surface
water occurs is visible across peaks at 117, 132 and 103 ◦C at DTG curves for JKB, JOF and
JHC, respectively. The exothermic peaks at DTA curves at 478 ◦C for JOF and JHC and 493
and 535 ◦C for JOF and JKB were obtained in the second temperature interval (400–650 ◦C).
In the same temperature range, peaks are visible at DTG curves as follows: 477 and 520 ◦C
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for JKB, 573 ◦C for JOF and 551 ◦C for JHC, and adequate weight losses are visible at TGA
curves. The shape of the thermal diagrams has been explained in the literature in various
ways. According to [24], the peak at 478 ◦C for JOF and JHC and 493 ◦C for JKB can be
explained by the presence of pyrite in the samples and its endothermic decomposition to
Fe2O3 and SO3, which can be estimated as follows:

4FeS2 + 15O2 → 2Fe2O3 + 8SO3 (1)

The presence of a peak at 535 ◦C can be explained by additional decomposition of the
Fe2O3, which explains why it was not detected by XRD analysis [25]. According to Steudel
et al. [26], the DTA and DTG peaks in the second temperature range are indications of the
presence of the clinochlore and are the result of its thermal degradation. Endothermic peaks
with minima at 796, 812 and 775 ◦C were visible for all samples in the third temperature
range (650–1000 ◦C) at DTA curves, i.e., at 787, 806 and 760 ◦C at DTG curves for JOF,
JKB and JHC, respectively. These peaks are characteristic of the thermal decomposition of
carbonates and originated from calcite (CaCO3) which was also detected by XRD analyses.
Due to the release of CO2, the decomposition of calcite was followed by weight loss of 5.66,
6.41 and 6.03% for JOF, JKB and JHC, respectively.

3.4. Morphological Properties (FESEM Analysis and Optical Microscopy)

Micrographs of samples observed by FESEM and optical microscopy are given in
Figure 3. In the presented micrographs, grains with corroded edges, in different shapes
and dimensions, were observed in Figure 3. Corrosion originates from the chemicals which
were used in ore flotation. The particle sizes ranged from 30 × 80 µm up to 150 × 300 µm,
which was also confirmed by granulometry. SEM images of all the samples showed easily
noticeable particles with bigger dimensions corresponding to the sulfide and carbonate
classes of minerals, while the smaller ones, in the form of glued particles, correspond to the
silicate class of minerals.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 7 of 16 
 

 

Figure 3. SEM images of the: (a) JKB, (b) JOF, (c) JHC, (d) JKB, (e) JOF and (f) JHC; (d–f) with the 

particle size obtained by optical microscopy. 

3.5. Analysis of Tailings Fractions 

After analyses, starting samples were sifted through different sieves and separated 

into particles ranging in different sizes. The percentages of individual fractions are given 

in Table 3. 

Table 3. Contribution of individual fractions for JKB, JHC and JOF samples. 

 JKB JHC JOF 

Particle size, µm Contribution, % 

+400 - - 2.99 

−400 + 300 1.36 - 5.02 

−300 + 200 3.21 - 10.46 

−200 + 100 40.89 0.54 31.61 

−100 + 63 37.91 8.13 16.66 

−63 + 0 16.73 91.33 33.27 

The purpose was to investigate whether it is possible to concentrate or extract the 

individual crystalline phases, or to examine, whether and in which way, the crystalline 

phases present in the tailings are arranged concerning the particle size. All fractions were 

analyzed by the XRD method and the results are shown in Figures 4–7 and Tables 4–7 and 

S2–S5. 

Figure 3. SEM images of the: (a) JKB, (b) JOF, (c) JHC, (d) JKB, (e) JOF and (f) JHC; (d–f) with the
particle size obtained by optical microscopy.

3.5. Analysis of Tailings Fractions

After analyses, starting samples were sifted through different sieves and separated
into particles ranging in different sizes. The percentages of individual fractions are given in
Table 3.



Appl. Sci. 2024, 14, 1167 7 of 14

Table 3. Contribution of individual fractions for JKB, JHC and JOF samples.

JKB JHC JOF

Particle size, µm Contribution, %
+400 - - 2.99

−400 + 300 1.36 - 5.02
−300 + 200 3.21 - 10.46
−200 + 100 40.89 0.54 31.61
−100 + 63 37.91 8.13 16.66
−63 + 0 16.73 91.33 33.27

The purpose was to investigate whether it is possible to concentrate or extract the
individual crystalline phases, or to examine, whether and in which way, the crystalline phases
present in the tailings are arranged concerning the particle size. All fractions were analyzed
by the XRD method and the results are shown in Figures 4–7 and Tables 4–7 and S2–S5.
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Table 4. The percentages of individual crystal phases (f /%), obtained using the software package
Powder Cell, of different fractions for the JKB sample.

Phase −400 + 300 µm 300 + 200 µm 200 + 100 µm −100–63 µm −63 + 0 µm

Quartz; SiO2 f = 36.06 f = 26.58 f = 33.09 f = 35.94 f = 5.41
Pyrite; FeS2 f = 0.03 / f = 5.62 f = 1.53 f = 8.51
Clinochlore;

Mg2.5Fe1.65Al1.5Si2.2Al1.8O10
(OH)8

f = 25.77 f = 3.12 f = 11.73 f = 17.19 f = 21.55

Calcite; CaCO3 f = 5.08 f = 0.46 f = 13.81 f = 7.22 f = 51.89
Albite; Na (AlSi3O8) f = 19.98 f = 68.01 f = 25.99 f = 28.92 f = 7.73

Biotite;
K2(Mg3.15Fe2.59 Ti0.17Mn0.09) (Si5.98Al1.92Ti0.10)O20 ((OH)1.47F1.98) f = 13.07 f = 1.83 f = 9.77 f = 9.21 f = 4.91

Table 5. The percentages of individual crystal phases (f /%), obtained using the software package
Powder Cell, of different fractions for the JOF sample.

Phase +400 µm 400 + 300 µm 300 + 200 µm 200 + 100 µm −100–63 µm −63 + 0 µm

Quarz; SiO2 f = 21.13 f = 51.31 f = 37.46 f = 18.31 f = 33.07 f = 10.87
Pyrite; FeS2 f = 0.97 f = 0.32 f = 4.90 / f = 0.99 f = 0.95
Clinochlore;

Mg2.5Fe1.65Al1.5Si2.2Al1.8O10
(OH)8

f = 14.50 f = 24.98 f = 18.84 f = 13.10 f = 16.74 f = 41.93

Calcite; CaCO3 f = 2.87 f = 1.68 f = 6.33 f = 52.22 f = 22.28 f = 22.71
Albite;

Na (AlSi3O8)
f = 45.06 f = 9.77 f = 25.89 f = 16.17 f = 19.23 f = 17.41

Biotite;
K2(Mg3.15Fe2.59Ti0.17Mn0.09) (Si5.98Al1.92Ti0.10)O20((OH)1.47F1.98)

f = 15.47 f = 11.95 f = 6.58 f = 0.19 f = 7.69 f = 6.13

Table 6. The percentages of individual crystal phases (f /%), obtained using the software package
Powder Cell, of different fractions for the JHC sample.

Phase −100 + 63 µm −200 + 100 µm −63 + 0 µm

Quarz; SiO2 f = 34.66 f = 30.27 f = 11.11
Pyrite; FeS2 f = 2.84 f = 0.85 f = 0.74
Clinochlore;

Mg2.5Fe1.65Al1.5Si2.2Al1.8O10(OH)8
f = 27.02 f = 27.89 f = 40.00

Calcite; CaCO3 f = 8.82 f = 15.36 f = 21.66
Albite; Na (Al Si3 O8) f = 12.90 f = 24.03 f = 17.09

Biotite;
K2(Mg3.15Fe2.59 Ti0.17Mn0.09) (Si5.98Al1.92Ti0.10)O20 ((OH)1.47F1.98) f = 13.75 f = 1.60 f = 9.38
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Table 7. The percentages of individual crystal phases (f /%), obtained using the software package
Powder Cell, of examined samples in the fraction −10 + 0 µm.

Phase JKB −10 + 0 µm JOF −10 + 0 µm JPH −10 + 0 µm

Quarz; SiO2 f = 7.51 f = 6.84 f = 7.35
Pyrite; FeS2

Cubic f = 1.30 f = 1.13 f = 0.42

Clinochlore;
Mg2.5Fe1.65Al1.5Si2.2Al1.8O10(OH)8

f = 37.65 f = 42.09 f = 47.59

Calcite; CaCO3 f = 9.45 f = 14.17 f = 10.87
Albite; Na (AlSi3O8) f = 40.13 f = 27.44 f = 33.47

Biotite;
K2(Mg3.15Fe2.59Ti0.17Mn0.09)

(Si5.98Al1.92Ti0.10)O20 ((OH)1.47F1.98)
f = 3.96 f = 8.33 f = 0.30

In Figure 4 and Tables 4 and S2 are given the results of the XRD analyses of the
mineral composition and parameters of the unit cell of the sample JKB after separation
into fractions. From the presented results, it is evident that mineral composition has been
significantly changed after separation. In addition, every fraction significantly differs in
mineral composition in comparison with the others. It is important to note that the contents
of the minerals that may have a potential application (albite, calcite and biotite) change
significantly depending on which fraction is involved. The highest percentage of calcite
(~52%) was in the fraction −63 + 0 µm, which is four times higher in comparison with the
starting JKB sample. The content of the albite was about 4.5 times lower in this fraction,
while the biotite content remained almost unchanged. The total amount of the minerals
which do not possess significant useful values (clinochlore (~22%), quartz (~5%) and pyrite
(~8%)) was about 36%. The highest content of the albite (~68%) was obtained in the fraction
−300 + 200 µm. For this fraction, the contents of biotite and calcite were very low (<2%).
The content of quartz was ~27%, and clinochlore ~3%. In this fraction, pyrite was not
detected. The content of biotite was the highest in the fraction −400 + 300 µm. However,
this fraction contained a significant amount of quartz (~36%) and clinochlore (~26%). The
content of pyrite was very low (0.03%). This fraction contained albite ~20% and calcite
about 5%. In other fractions in the range −200 + 63 µm, the largest amount of quartz was
detected (averaged ~35%). The average amount of albite was ~ 27%, calcite about 11%,
and biotite about 9.5%. Considering that the results presented in Table 4 show that the
most prevalent are fractions −200 + 100, −100 + 63 and −63 + 0 µm (in total 95.53%), it can
be concluded that the extraction of useful minerals will be cost-effective only from these
three fractions.

For the JOF sample, the following fractions were analyzed: −63 + 0 µm, −100 + 63 µm,
−200 + 100 µm, −300 + 200 µm, −400 + 300 µm and +400 µm, and results are given in
Figure 5 and Tables 5 and S3.

From Figure 5, it is evident that after fractionization of the JOF sample, the content of
detected mineral phases significantly changed. The composition of individual fractions
differs from the others. From Figure 5b, it is clear that the content of calcite increases
for lower particle size in comparison with the starting JOF sample. For the fractions
−63 + 0 µm and −100 + 63 µm, the calcite content was ~22%, and maximal calcite content
was obtained in the fraction −200 + 100 µm (~52%). In other fractions (+200 µm), the
content of the calcite was much lower, in the range ~1–6%. The content of albite in all
fractions in the range −400 + 0 µm was lower in comparison with the starting sample
(Figure 2b, 28.15%) and only in fraction +400 µm was a significantly higher amount of this
mineral detected (~45%). The samples with a particle size of −300 + 0 µm contained smaller
amounts of biotite than the starting sample (maximal 7.71%). In fractions with a particle
size of +200 µm, significantly larger quantities of this mineral were detected (~12% for the
fraction −400 + 300 µm and ~15% for the fraction +400 µm). The quartz content varied in
the range of 10–50%, while that of pyrite to a maximum of 5%, and the clinochlore content
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varied in the range of 13 to 42%. Considering the results presented in Table 5, the most
prevalent are fractions −300 + 200, −200 + 100, −100 + 63 and −63 + 0 µm (in total 92%),
and the extraction of useful minerals will be cost-effective only from these three fractions.

For the JHC sample, fractions 63 + 0, −100 + 63 and −200 + 100 µm were analyzed. As
can be seen from the results presented in Table 6, there are no particles in the particle size
range +400, −400 + 300 and −300 + 200 µm. The XRD diffractograms are given in Figure 6,
while the percentage compositions of fractions and crystal parameters are given in Figure 6
and Tables 6 and S4. From the obtained results, it can be concluded that the compositions
of the different fractions is not uniform and there is a difference in the mineral contents.
Also, the composition differs significantly from the starting JHC sample. The highest
(~24%) and the lowest (~13%) amounts of albite were determined in fractions −200 + 100
and −100 + 63 µm, respectively. The highest amount of biotite (~14%) was in the fraction
−100 + 63 µm, while highest amount of calcite was in the fraction −63 + 0 and −100 + 63 µm.
Auxiliary minerals such as quartz and clinochlore were mostly present (more than 50%) in
this sample regardless of the particle size and fraction. Considering that, the results pre-
sented in Table 6 show that the most prevalent is fraction −63 + 0 µm (91.33%), and
it can be concluded that the extraction of useful minerals will be cost-effective from
this fraction.

In general, materials with the smallest particle size are the most problematic for
their potential application in various technological processes. The fraction −63 + 0 µm
is significantly present in all three samples (91.33% for JHC, 33.27% for JOF and 16.73%
for JKB). For that reason, it was of interest to determine the composition of fractions with
the finest degree of granulation. For that purpose, the JKB, JOF and JHC samples were
additionally sieved and the mineralogical composition of the fraction with a particle size
of −10 + 0 µm was examined. The contribution of this fraction was not negligible for JOF
(10.11%) and JHC (15%), while for JKB, it was only 3.2%. However, to compare results,
all three samples were analyzed with XRD and the results are presented in Figure 7 and
Tables 7 and S5.

It may be noted from Figure 7 that for all three samples, the changes in phase composi-
tion are not uniform in comparison with the starting samples (Figure 2b). All phases in the
starting JKB, JOF and JPH samples were detected in this fraction, but in a different relation.
For the JKB sample, in the fraction −10 + 0 µm, the contents of the quartz (~8%), calcite
(~10%) and pyrite (~1%) were lower, while the content of the biotite (~4%), clinochlore
(~38%) and albite (~40%) were higher in comparison with the starting sample. For the JOF
sample, the content of the albite, calcite, biotite and pyrite was approximately equal to the
content in the starting sample, while the content of quartz (~7%) was lower and clinochlore
(~42%) was higher. For the JHC sample, in the fraction −10 + 0 µm, only the content of the
albite (~48%) increased, and the content of quartz (~7%) decreased, while the content of
other mineral phases was approximately equal as in the starting JHC sample. From the
presented results, considering the presence of this fraction (Table 3), it can be concluded
that the extraction of useful minerals will be cost-effective from this fraction only in JHC
and JOF.

After the identification of fractions in which the contents of useful minerals are the
highest, it is possible to further extract them by using appropriate techniques. For example,
albite and biotite may be extracted and separated from useless minerals by using gravity
and magnetic separation techniques [27], and calcite by using flotation technique and
anionic/cationic collectors [28].

Regarding the application of useful minerals, they are used in various industrial pro-
cesses. Calcite can be used in non-ferrous metals and minerals, iron and steel, chemicals,
portable water, pulp and paper, oil & gas, cement and construction, agriculture, animal
husbandry and aquaculture, as well as in wastewater and sludge treatment, sugar refin-
ing, flue gas treatment, glass and ceramics, road and soil stabilization, food preparation,
supplements and many more. Specifically in the construction industry, calcite plays an
important role in concrete. It can not only reduce the cost of production but also increase the
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toughness and strength of the product (for example, requirements for dry mortar: particle
size, 325; mesh whiteness, 95%; CaCO3 content, 98%). Likewise, in the paper-making
industry, if the whiteness of calcium carbonate is above 90%, it can replace the expensive
white pigment and calcite as a paper filler, it can guarantee the strength and whiteness of
the paper, and therefore less wood will be used, and the cost will be lower [29].

When it comes to albite, its use and demand might vary over time based on availability
and market trends. These are some of its key applications: Ceramics: as a raw material,
particularly in the production of porcelain, tiles, and other ceramic products, for example.
Requirements for albite: the content of K2O and Na2O should be as high as possible, and
the content of the colored oxides Fe2O3 and TiO2 should be as low as possible; the content of
SiO2 should be in the range of 63–68%, and the content of Ali2O3 should be in the range of
17–23%). It helps improve the strength and durability of the ceramics; Glass manufacturing:
Albite is used as a fluxing agent, which reduces the melting temperature of the glass and
helps to control its viscosity during the production process; Construction materials: Albite
can be used as an aggregate in concrete and asphalt. It contributes to the strength and
stability of these materials; Fillers and extenders: Albite is used as a filler or extender in
various products, such as paints, coatings, plastics, and rubber. It helps to improve the
mechanical properties of these materials and reduce production costs; Refractory materials:
Albite is utilized in the manufacturing of refractory materials, which are heat-resistant
materials used in high-temperature applications like furnaces and kilns [30].

Biotite, although less common than muscovite, can be used as a filler material in
various industrial products. It can be added to paints, plastics, and other materials to
improve their properties because it has good slip, luster and shine properties. Due to its
great thermal and electrical insulating properties, biotite in the form of thin sheets (its
hardness on the Mohs scale has a value between 2, 5 and 3 and its density is 3.09) can be
used as an insulating material in some specialized applications, such as part of the walls
and windows of microwave ovens or in the field of electronics for manufacturing capacitors
and transistors. In addition, it is important to note that biotite plays an important role in
radiometric dating techniques such as potassium–argon dating to determine the age of
rocks and geological events. This is especially important for geological and mineralogical
studies [31].

It is important to point out that this paper presents laboratory research. The available
literature on recovery methods in semi-industrial and industrial plants is very limited.
All knowledge about recovery methods is based on laboratory research, so developing
technologies for obtaining useful elements and minerals from mine waste is a new field
of exploitation and recovery. In addition, there is still no universal legal regulation that
could be applied at the global level which refers to the exploitation of such deposits. The
recovery of useful elements from mine tailings is being tested all over the world; however,
the composition of mine waste and the methods of preparation and processing of mineral
raw materials vary significantly from mine to mine. For this reason, it is still not possible
to perform a techno-economic evaluation of the process. It is expected that, in the field
of economics and profitability of this type of mining, a larger number of studies will be
conducted in the future.

4. Conclusions

The Grot Mine tailings pond is a flotation dump in the Republic of Serbia. The
geochemical characteristics of the tailings pond depend on the composition of the exploited
ore bodies, concentrations of metals at the inlet of flotation, and yields in the flotation
process. This work aimed to determine whether these waste materials can be reused
and applied for different purposes in terms of their mineralogical and morphological
characterization. After a detailed structural, morphological and geochemical analysis of
samples taken from three different tailings sites (JKB, JOF and JHC), the results showed
that the mineral content significantly depends on which tailings fraction is examined. The
highest (~24%) and the lowest (~13%) amounts of albite were determined in the fractions
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−200 + 100 and −100 + 63 µm, respectively. The highest amount of biotite (~14%) was in
the fraction −100 + 63 µm, while the highest amount of calcite was in the fraction −63 + 0
and −100 + 63 µm. Auxiliary minerals such as quartz and clinochlore were mostly present
(more than 50%) in this sample regardless of the particle size and fraction. Results show
that the most prevalent was the fraction −63 + 0 µm (91.33%); therefore, these fractions
are the most important to examine and recover for further use. Namely, considering that
all samples consisted mostly of silicate and alumosilicate minerals of micro and nano
size, it can be said that the examined waste materials have great potential to be used as
a secondary mineral raw material source, applicable in various industries such as the
construction, electronic, agricultural or energy sectors, for the production of fine-sized
ceramics, glass, refractory products, abrasives, adhesives, coatings, etc., specifically in the
manufacturing of glass or ceramic (albite), in the lime production and construction industry
(calcite), and as a filler and extender in paints, an additive to drilling muds, and an inert
filler and mold-release agent in rubber products (biotite).

However, further research is required to determine the ecological safety and proper
efficiency of these materials, depending on particular applications. In the first place, the
presence and leaching of heavy metals and the physical-mechanical features need to be
evaluated, and their performance in operating conditions should be demonstrated as well.
The major objective of this study is aimed towards obtaining efficient and cost-effective
materials from waste products for natural resource conservation as well as environmental
protection by minimizing the negative effects of primary production.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/app14031167/s1.

Author Contributions: Conceptualization, J.G., M.K. and M.S.; methodology, J.G., M.K. and M.S.;
validation, J.G., M.K. and M.S.; formal analysis, J.G.; investigation, A.V., I.R., M.R. and I.J.-Č.; writing—
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