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Abstract

The processing of metallurgical slags is an urgent task, as they contain residual amounts
of precious and non-ferrous metals such as gold, silver, copper and zinc. The efficiency
of extraction of these metals directly depends on the granulometric composition of the
processed material, which determines the need for its detailed analysis. The purpose of this
study is to analyze the effect of the granulometric composition of slags on the efficiency of
extraction of non-ferrous metals using the flotation method. For this purpose, studies were
carried out, including granulometric analysis, chemical composition analysis and flotation
tests using Na2S, KAX and 3418A reagents. The analysis showed that the main part of the
slag consisted of particles less than 3.36 mm, while the content of copper was 0.60%, zinc
was 2.37%, gold was 0.1 g/t and silver was 7.2 g/t. Flotation experiments confirmed that
the use of Na2S and 3418A increased the recoverability of copper and zinc, and reducing
the particle size to d80 <10 microns increased the efficiency of copper extraction by 7%.
Thus, the optimization of flotation processes and the control of granulometric composition
make it possible to increase the efficiency of metallurgical waste processing, reduce losses
of valuable metals and reduce the environmental burden.

Keywords: granulometric composition; flotation; metallurgical slag; precious metals; non-
ferrous metals

1. Introduction
In modern conditions of mining and processing of ore materials, special attention

is paid to the integrated use of raw materials and the maximum extraction of valuable
components. One of the promising areas is the processing of metallurgical slags, which
are man-made mineral resources containing residual amounts of non-ferrous and precious
metals. Their effective extraction contributes not only to increasing the profitability of
production but also to reducing the anthropogenic impact on the environment [1–6]. In
particular, in slags of pyrometallurgical origin, copper and zinc are often preserved in
sulfide or oxidized form, as well as in association with noble metals, which makes them a
promising source of secondary raw materials.

One of the promising recycling facilities is a man-made slag deposit formed as a
result of long-term operation of the former Shymkent Lead Metallurgical Enterprise in the
territory of the Republic of Kazakhstan. It is estimated that the total amount of accumulated
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waste is about 1.9 million tons. These slags are characterized by a residual content of non-
ferrous and precious metals, including copper, zinc, silver and gold, which determines their
industrial value as a source of secondary raw materials. The significant scale of the deposit
and the availability of valuable components actualize the need to develop and optimize
effective technological solutions for their processing in order to re-engage in the production
cycle and minimize environmental risks [7–9].

The granulometric composition of the processed material plays a key role in the effi-
ciency of precious metal extraction processes. The particle size determines the surface area
available for interaction with reagents and also affects the processes of flotation, leaching
and gravity enrichment. Studies show that different fractions of the material can exhibit
different degrees of metal recoverability, which makes granulometric analysis an important
stage in the development and optimization of slag processing technologies [10–16].

Among modern slag processing methods, flotation extraction technology occupies a
special place, which is widely used due to its high selectivity and efficiency [17,18]. Thus,
it has been shown that flotation of copper sulfides from slags using various reservoir
combinations allows for achieving a high degree of recoverability under optimal pH
conditions and fine grinding [19]. Preliminary sulfidation (for example, using Na2S)
additionally increases the efficiency of collecting oxidized forms of copper [20]. In addition,
modern research emphasizes that the successful application of flotation requires precise
control over particle size and phase distribution, which is especially important in the
processing of complex man-made waste [21].

The relevance of the study is due to the need to increase the efficiency of metallurgical
waste processing and to search for new methods for their enrichment aimed at extracting
both non-ferrous (copper, zinc) and precious metals (gold, silver). Various approaches to
slag processing are used in global practice, including X-ray fluorescence sorting, magnetic
separation and hydrometallurgical methods. For example, studies have shown that X-
ray fluorescence sorting makes it possible to effectively isolate non-ferrous metals from
industrial waste, depending on the properties of the particle surface [22–25]. In addition,
it was found that the characteristics of the granulometric composition have a significant
effect on the processes of metal reduction in the peripheral zone of the blast furnace [26,27].

The present work is devoted to the study of the processing of metallurgical slags for
the purpose of secondary extraction of valuable metals. The main focus is on the study
of the effect of the granulometric composition on the efficiency of flotation extraction of
non-ferrous metals. In the course of the study, laboratory experiments were conducted
to determine the granulometric composition of slags and analyze the effect of fractional
composition on extraction efficiency, and a comparative analysis of various combinations
of flotation reagents was also conducted. The results obtained will make it possible to
develop recommendations for optimizing the processing of metallurgical waste, increasing
the recoverability of valuable metals and minimizing losses during their processing. The
work is aimed at improving the efficiency of the secondary use of slags as an alternative
raw material, which is of both economic and environmental importance.

2. Materials and Methods
The lead production slag dump analyzed in this study is located opposite the lead

plant on the left bank of the Badam River and is a truncated cone-shaped mountain of
loose granular slag of a black color, mainly with a grain size from 0.5 to 15 mm. However,
there are pieces of slag with a size of up to 60–70 mm. The volume of slag in the slag
dump is 988,924 m3, with a total weight of about 1.9 million tons (Figure 1). The study
included sampling of slag from the slag dump, grinding using a mill and then conducting



Processes 2025, 13, 2113 3 of 13

a granulometric analysis using the sieve method and chemical analysis to determine the
content of the slag, as well as flotation experiments [28,29].

 
Figure 1. Slag dump of lead production.

The studied slag is a man-made formation of pyrometallurgical origin, obtained as
a result of processing lead concentrates. According to chemical and phase analysis data,
the slag contains copper in the form of sulfides, oxides (CuO, Cu2O), as well as residual
inclusions of metallic copper. Zinc is also present in an oxidized form and as part of a
silicate matrix. The structure of the material is heterogeneous, with the presence of a glassy
phase, which requires preliminary fine grinding to effectively release valuable phases
before flotation.

For a more detailed study of metallurgical waste samples taken from the facilities
of the former Shymkent Lead Plant, a complete elemental analysis was performed for
the content of more than 40 chemical elements using mass spectrometry and inductively
coupled plasma optical emission spectrometry. During the study, samples related to various
stages of production (slag and concentrate obtained from this slag) were analyzed in order
to determine the content of macro-, micro- and rare earth elements, as well as precious
metals. The average data on the content of the elements, taking into account the extended
measurement uncertainty, are presented in Table 1.

Table 1. Elemental composition of metallurgical waste samples, mg/kg.

№ Element Slag Concentrate

1. Be <0.002 1.7 ± 0.3
2. * Na 11,000 ± 1400 5000 ± 650
3. * Mg 18,000 ± 2300 7700 ± 1000
4. * Al 40,000 ± 5300 14,000 ± 1800
5. * K 11,000 ± 1400 3900 ± 520
6. * Ca 94,000 ± 12,000 43,000 ± 5600
7. V <0.2 54 ± 8
8. Cr <0.1 120 ± 19
9. * Mn 4400 ± 580 3100 ± 400

10. * Fe 260,000 ± 33,000 280,000 ± 37,000
11. Co <0.2 220 ± 30
12. Ni <0.2 230 ± 34
13. * Cu 5100 ± 670 140,000 ± 18,000
14. Zn 0.2 41,000 ± 6200
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Table 1. Cont.

№ Element Slag Concentrate

15. As <0.02 340 ± 50
16. Se <0.1 170 ± 25
17. Rb <0.02 20 ± 3
18. Sr <0.02 480 ± 70
19. Ag <0.02 190 ± 28
20. Cd <0.02 12.0 ± 2.0
21. Cs <0.002 1.2 ± 0.2
22. Ba 13,000 ± 1800 100 ± 13
23. La <0.002 8.2 ± 1.2
24. Ce <0.002 25 ± 4
25. Pr <0.002 2.5 ± 0.4
26. Nd <0.002 11 ± 2
27. Sm <0.002 2.1 ± 0.4
28. Eu <0.002 <0.002
29. Gd <0.002 2.4 ± 0.4
30. Dy <0.002 2.1 ± 0.4
31. Ho <0.002 0.4 ± 0.1
32. Er <0.002 1.4 ± 0.2
33. Yb <0.01 1.5 ± 0.3
34. Lu <0.002 0.19 ± 0.03
35. * Pb 860 ± 110 7100 ± 930
36. Th <0.01 5.0 ± 0.8
37. U <0.01 4.9 ± 0.8
38. Rh <0.002 0.48 ± 0.07
39. Pd 2.4 ± 0.3 1.5 ± 0.2
40. Te <0.002 <0.002
41. Pt <0.002 <0.002
42. Au <0.002 5.3 ± 0.2

Note: The extended measurement uncertainty shown in the table was calculated with a coverage factor of two,
which gives a confidence level of approximately 95%. * Samples analyzed using inductively coupled plasma
optical emission spectrometry.

The results of the analysis are presented in Table 1 and demonstrate a high content
of macronutrients such as Fe, Ca, Al, Mg, K and Na. In terms of non-ferrous metals, the
content of copper was recorded at 5100 mg/kg and lead at 860 mg/kg. As for precious
metals, the content of Au, Ag and Pt in the initial slag was below the detection limit
(<0.002 mg/kg), with the exception of palladium Pd, which was detected at a concentration
of 2.4 mg/kg. This indicates an extremely low total content of precious metals in the initial
sample, which requires additional enrichment to extract them. Nevertheless, significantly
higher concentrations of the following elements were recorded in the concentrate obtained
as a result of flotation enrichment: Cu up to 140,000 mg/kg, Zn up to 41,000 mg/kg, Au
up to 5.3 mg/kg and Ag up to 190 mg/kg, indicating their selective accumulation and
possible presence in the slag in a bound or dispersed state. This underlines the importance
of determining the optimal degree of grinding in order to release finely dispersed inclusions
of Cu, Ag and Au, facilitating their further extraction during flotation.

A 178 × 356 mm “Unal” rod mill operating at 45 rpm was used for the study. The
sample, pre–ground to a size of 1 mm, weighing about 1000 g, was processed at a ratio
of solid–liquid = 1:1 for different times given below. The particle size distribution was
recorded after each stage of using wet sieving. The results are shown in Table 2.
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Table 2. Values of grinding time and size distribution.

Grinding
Time, min

Cumulative (%), Sifted

150
Microns

106
Microns

75
Microns

63
Microns

53
Microns

45
Microns

38
Microns

20
Microns

17 88.49 63.67 43.69 35.57 30.68 26.76 22.85 18.15
25 98.04 89.68 65.67 56.68 45.67 39.91 33.66 26.68
35 99.76 97.86 88.87 78.15 66.48 58.50 49.15 37.49
45 100.00 99.74 97.18 92.28 84.69 77.59 67.80 54.56
60 100.00 100.00 99.27 97.28 94.97 90.53 81.52 60.33

3. Experimental Part
Flotation studies were aimed at studying the effect of the type of reagents, their

order of administration and the degree of grinding on the efficiency of extracting the
studied elements from slags. All experiments were based on a single technological scheme,
including the stages of crushing, flotation, purification and control processing, as shown in
Figure 2.

Figure 2. Combined technological flowchart of flotation experiments.

Flotation experiments with Na2S-3418A

At the first stage, sulfidization with various amounts of Na2S was carried out before
flotation. Reagent 3418A was used as a collector. Flotation tests were performed at the
natural pH of the slag pulp (pH ≈ 9.50 and above). To assess the effect of acidity, a
control experiment was conducted with the pH reduced to 7.60. The coarse concentrate
was subjected to up to six stages of purification. The residues after purification were
additionally examined in order to determine the residual content of valuable metals. Since
the number of cleaning steps differed, after cleaning, they are expressed as “residue after
cleaning”.

Flotation experiments with KAX-Na2S-3418 A

In the second variant, KAX was added directly to the mill during grinding. At the
control flotation stage, Na2S was additionally introduced, with an exposure time of 5 min,
after which the collector 3418A was used. This approach made it possible to evaluate
the effect of preliminary modification of the surface of KAX particles and subsequent
sulfidization. The flotation efficiency was also studied for various particle fractions.
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Flotation experiments with the sample after grinding of coarse residues

The third option involved re-crushing the residue after rough flotation. In this case,
Na2S was not used. Only the KAX collector was added to the pulp at the grinding stage, and
at subsequent stages, 3418A was added. This scheme was aimed at testing the possibility
of efficient copper extraction without prior sulfidization while maintaining the natural pH
of the medium.

4. Results and Discussion
To increase the recoverability of the studied element from metallurgical slag, various

flotation schemes using Na2S, 3418A and KAX reagents were considered. Both the nature of
the reagent and the sequence of its administration had a significant impact on the efficiency
of the process. In particular, when using Na2S in combination with the collector 3418A,
after the sulfidization stage, a noticeable improvement in the recoverability of copper was
achieved, especially in fine fractions, due to the activation of oxidized forms of copper.
At the same time, the use of KAX alone, without prior sulfidization, proved to be less
effective for such forms, which emphasizes the importance of choosing a flotation scheme
depending on the composition and phase state of the slags. These results confirm the need
for individual selection of flotation reagents and processing conditions depending on the
mineral composition of the slag.

4.1. Time of Grinding and Size Distribution of Coarse Sludge Residues

Table 2 shows the results in terms of the dependence of the cumulative particle size
distribution on the grinding time, where the proportion of sifted particles corresponds to
different time intervals.

Table 2 shows an accelerated decrease in the proportion of large particles and a grad-
ual increase in the content of small fractions over the grinding time. The most intensive
grinding takes place between 17 and 25 min, after which the process slows down signifi-
cantly. For large particles (for example, 150 microns), the cumulative yield reaches 100% by
35 min of grinding. At the same time, for smaller particles (for example, 20 microns), the
cumulative increase is noticeable even after 45 min, which indicates the continued crushing
of the material.

The results show the efficiency of rod mills for grinding slag: after 35 min, most
of the material reaches a size of less than 75 microns. When grinding for up to 60 min,
almost all the material passes through a sieve with a mesh size of 20 microns. This
significantly affects the processing steps such as flotation or hydrometallurgy. This is
especially important for the stages of flotation and hydrometallurgical processing, where
the particle size has a decisive influence on metal recovery. Similar grinding patterns have
been described in other studies. Thus, Liu et al. (2019) found that an increase in time during
the grinding of dry-granulated blast furnace slag makes it possible to reach an average size
of about 16.6 microns, which affects the technological properties of the material, including
reactivity [27]. At the same time, Li et al. (2024) noted that excessive grinding can lead
to particle agglomeration and a decrease in process efficiency [29]. These observations
confirm the need to optimize the grinding time and control the dispersion of the material
during the processing of man-made waste.

As part of the control flotation, to study the effect of the particle size (38 microns),
coarse flotation residues were subjected to repeated grinding. Experiments on control flota-
tion were carried out with particle sizes in the following fractions: 24 microns, 20 microns
and <10 microns (Table 3).
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Table 3. Results of particle size distribution analysis during the grinding of coarse residues.

Particle Size
Range (Microns)

Weight, in % Cumulative (%), Sifted

20 min 30 min 60 min 20 min
(24 Microns)

30 min
(20 Microns)

60 min
(<10 Microns)

−45 + 38 8.37 5.28 0.81 100.00 100.00
−38 + 20 17.60 16.15 5.46 91.63 94.72 99.19

−20 74.03 78.57 93.72 74.03 78.57 93.72
The input sample 100.00 100.00 100.00 - - -

Table 3 shows the results of the particle size distribution after grinding the coarse
residues in various time intervals. When analyzing the particle distribution after grinding
coarse particles, the following changes were observed. For synchronization of 38 microns,
the weight fraction drops from 8.37% (30 min) to 5.28% (60 min), while the cumulative
value remains at 100% for the lower time intervals, which indicates the complete removal
of large particles. At the same time, the mass fraction of particles with particle sizes of
20 microns varies slightly: it decreases from 17.6 at 30 min to 16.15% at 60 min; however, a
cumulative increase in the proportion from 91.6 to 94.72% indicates a gradual decrease in
large particles. The most noticeable increase occurs within 20 microns, where the weight
fraction of fine particles increases from 74.0 (30 min) to 78.57% (60 min), and the cumulative
value for this group reaches 93.72%. These results indicate the effectiveness of long-term
grinding to prepare the material for further processing.

Figure 3 shows that with particle sizes of about 20 microns, the cumulative distribution
increases over the grinding time, reaching about 80% after 20 min, slightly more than 85%
after 30 min and about 93% after 60 min. For smaller particles (<20 microns), the largest
increase in cumulative mass is observed during the transition from 30 to 60 min of grinding.
At the same time, for large particles (>24 microns), the cumulative value remains close to
100% regardless of the grinding time, which indicates the almost complete removal of large
fractions. Thus, an increase in the grinding time leads to a more significant reduction in
particle size and a significant increase in the proportion of small fractions.

In the work of Marwa (2023), it was found that small waste fractions (<10 mm) exhibit
high values of acidity and intensive metal leaching, emphasizing the importance of fineness
control to reduce environmental risks [24]. The article by Lyalyuk et al. (2013) emphasizes
the importance of coke crushing to improve the gas permeability of the blast furnace charge,
where reducing large fractions (>80 mm) to 1–2% increases furnace productivity and
reduces coke consumption [26]. In addition, data from Jani et al. (2018) indicate that even
for landfill waste, fine fractions (<10 mm) are of key importance for the mobility of heavy
metals (Zn, Cu, Cr), which is important to consider during processing and reclamation [16].
Pfandl et al. (2019) noted that the efficiency of X-ray fluorescence sorting of non-ferrous
metals from slags strongly depends on the particle size range (optimally 10–32 mm), and
smaller fractions require separate processing [13]. Thus, our own results confirm the
importance of choosing the optimal grinding time in order to maximize the release of
valuable components, minimize large fractions and improve technological performance
during subsequent processing stages. This is consistent with the literature data on the need
to control the particle distribution at different stages of raw material preparation.



Processes 2025, 13, 2113 8 of 13

Figure 3. The effect of grinding time on the particle size distribution of coarse residues. Note: The
dash lines in the figure indicate the cumulative mass distributions of particles of various size fractions
depending on the grinding time.

4.2. The Effect of Particle Size Distribution on the Extraction of the Studied Components
from Slags

Particle size plays a key role in the efficiency of the flotation process, as it directly
affects the interaction of reagents with metallurgical waste containing valuable elements.
Table 4 shows the values of the results of flotation experiments using various reagents
(Na2S-3418A, KAX-Na2S-3418A) with different particle fractions.

The results of the total flotation and residue presented in Table 4 reflect the aver-
age values of the content of the studied elements obtained from a series of experiments.
However, during flotation with six purification stages, in some experiments, the copper
content in the concentrate reached 20.15%. The table data also show that with optimal
granulometric composition (especially for the fraction at 38 microns), copper extraction
reaches maximum values of about 58–59%, with a copper content in the concentrate of up
to 1.91–1.94%, depending on the reagent scheme used. Under these conditions, the zinc
content in the concentrate increases to 3.28–4.02% when extracted to 28.45%. At the same
time, the content of copper and zinc in the residue after flotation decreases to 0.36–0.40%
and 2.83–3.53%, respectively, which indicates the efficiency of the process. Thus, the total
flotation ensures the extraction of up to half of the copper and a significant proportion
of the zinc, while significantly reducing the metal content in the unselected residue. It is
shown that with coarse flotation, it is possible to extract almost 50% of the copper, and the
maximum Cu content in the concentrate can reach 20.15% after six-stage purification.

The results of the total flotation and residue shown in Table 4 indicate that with
an optimal granulometric composition (especially with a fraction of 38 microns), the
copper recovery reaches maximum values of about 58–59%, with a copper content in the
concentrate of up to 1.91–1.94%, depending on the reagent application scheme. The zinc
content in this case also increases to 3.28–4.02% with an extraction up to 28.45%. At the
same time, the proportion of Cu and Zn in the residue after flotation decreases to 0.36–0.40%
and 2.83–3.53%, respectively, which indicates the efficiency of the extraction process. Thus,
the total flotation allows for extracting up to half of the copper and a significant part of the
zinc, leaving a smaller proportion of metals in the remainder.
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Table 4. Estimated values of flotation experiments.

Particle Size (µm) Products Weight, % Output
Cu, %

Output
Zn, %

Estimated
Cu, %

Estimated
Zn, %

Estimated values of flotation experiments Na2S-3418 A

Total flotation 17.74 53.86 19.04 2.16 3.85

63 Residue 82.26 46.14 80.96 0.40 3.53
* Input 100.00 100.00 100.00 0.71 3.59

Total flotation 21.32 56.28 22.68 1.89 3.92
45 Residue 78.68 43.72 77.32 0.40 3.62

* Input 100.00 100.00 100.00 0.72 3.68
Total flotation 22.59 58.39 25.15 1.91 4.02

38 Residue 77.41 41.61 74.85 0.40 3.49
* Input 100.00 100.00 100.00 0.74 3.61

Estimated values. Coarse flotation: KAX, Control flotation: 3418 A

Total flotation 17.08 46.75 18.47 1.78 3.15

63 Residue 82.92 53.25 81.53 0.42 2.87
* Input 100.00 100.00 100.00 0.65 2.92

Total flotation 23.68 56.23 26.28 1.54 3.25
45 Residue 76.32 43.77 73.72 0.37 2.83

* Input 100.00 100.00 100.00 0.65 2.93
Total flotation 25.54 59.05 28.45 1.53 3.28

38 Residue 74.46 40.95 71.55 0.36 2.83
* Input 100.00 100.00 100.00 0.66 2.94

Experimental results of crushed coarse residues during control flotation

Total flotation 25.74 49.38 19.94 1.28 2.27

24 Residue 74.26 50.62 80.06 0.45 3.16
* Input 100.00 100.00 100.00 0.67 2.93

Total flotation 25.74 49.38 19.94 1.28 2.27
20 Residue 74.26 50.62 80.06 0.45 3.16

* Input 100.00 100.00 100.00 0.67 2.93
Total flotation 32.84 55.88 28.21 1.10 2.53

10 Residue 67.16 44.12 71.79 0.43 3.14
* Input 100.00 100.00 100.00 0.65 2.94

Note: *—were analyzed using inductively coupled plasma optical emission spectrometry. “Input”—initial slag
sample submitted for flotation, assumed to be 100%. “Total flotation”—the total mass of products collected in
foam (concentrate), expressed as a percentage of the initial sample. “Residue”—the material remaining after
flotation (tailings), also expressed as a percentage. “Output Cu(Zn)”—the mass fraction of Cu and Zn obtained as
a result of processing of this fraction. “Estimated Cu(Zn)”—the estimated distribution of Cu and Zn between
floated and non-floated products.

The results show that nearly half of the Cu can be recovered during rougher flotation,
and the Cu grade in the concentrate can reach up to 20.15% after six stages of cleaning. The
use of Na2S during coarse flotation had a positive effect, but no effect was observed during
control flotation, which is consistent with the conclusions (Sajjad & Otsuki, 2022), which
emphasize that the effectiveness of reagents and their interaction with minerals depend
on the stages of the process and the characteristics of the suspension [30]. Also, reducing
the pH level in the control flotation proved to be insufficiently effective. An increase in
flotation efficiency was achieved by regulating the particle size distribution, which fully
corresponds to the conclusions Kazemi et al. [31], where the optimal particle fraction of
+40–60 microns gave the greatest Cu extraction in laboratory conditions (Table 4) [31–33].

The conducted studies on lead-produced slags revealed important patterns: the par-
ticle fraction with an upper limit of 38 microns, corresponding to the threshold value of
one of the sieve classifications, showed the best efficiency in flotation tests. Although
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38 microns is not an average size or an actual modal value, it was this fraction that was
used as the boundary value in determining the technologically optimal distribution for the
initial stage of flotation, ensuring sufficient contact area with the reagents and minimizing
copper losses.

This is also confirmed by studies Chi Wang et al. [34], which show that fine particles
can improve interaction with air bubbles and reagents, but their excess can negatively affect
the process due to aggregation and changes in the rheological properties of the pulp [34,35].

Reducing the particle size to <10 microns demonstrated a positive effect on copper
extraction: Cu extraction increased by about 7%, and the overall flotation efficiency reached
about 60%.

Despite the fact that, according to the classical theory of flotation, the efficiency of
extracting particles with a size of less than 20 microns decreases due to a decrease in the
probability of their collision with air bubbles, an inverse relationship is observed in the
experiments: with a decrease in particle size to <10 microns, the degree of copper extraction
increases. This effect is due to a number of factors. Firstly, a decrease in particle size is
accompanied by an increase in specific surface area, which increases the contact of minerals
with reagents and promotes more efficient sulfidization, especially in the presence of Na2S
and collectors of type 3418A. Secondly, under experimental conditions, the flotation modes
were optimized—the pH level and the amount and sequence of reagent injection—which
minimized the negative impact of aggregation and instability of the finely dispersed phase.

It should be noted that the nature of the slag phase composition may contribute to
this behavior, since the studied slag contains both sulfide and oxidized forms of copper
(cuprite Cu2O, tenorite CuO), as well as finely distributed metal inclusions in a silicate
and vitreous matrix. By reducing the particle size to the submicron level, it becomes
possible to more completely release these forms of copper previously encapsulated in the
matrix, which increases their availability for interaction with reagents and inclusion in
the flotation process. This explanation is consistent with the literature data, emphasizing
the importance of the degree of separation and specific surface area of minerals in the
processing of man-made raw materials.

In addition, it is important to take into account the mineral composition of the slags:
copper can be associated with finely dispersed phases of silver and gold, which increases
the efficiency of their extraction together in the concentrate. Finally, the use of modern
approaches, such as the use of nanobubbles and stabilized flotation systems, has made it
possible to compensate for the limitations of traditional theory and ensure effective capture
of particles with a size of less than 10 microns. Thus, an increase in the degree of Cu
extraction with a decrease in granulometry is associated not only with the physico-chemical
characteristics of the material but also with the correct adaptation of the flotation scheme to
the dispersed composition of the suspension.

This effect is associated with an increase in the available surface of minerals for
interaction with reagents and air bubbles, which improves the formation of partially
bubbled aggregates and promotes the better separation of valuable components from waste
rock. Similar approaches aimed at improving the efficiency of flotation of fine particles
using nanobubbles and nanoparticles are discussed in detail in [36] (Sigauke et al., 2025),
which emphasizes their role in increasing hydrophobicity, stabilizing foam and improving
separation [36–38].

However, it is important to take into account that excessive grinding, resulting in a
particle size of <10 microns, is not always the optimal solution. If the grinding is too fine, a
number of negative consequences are observed, including a deterioration in pulp filtration,
an increase in the viscosity of the slurry, the formation of aggregates of fine particles and
a significant increase in energy consumption for grinding. These problems reduce the
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efficiency of the subsequent stages of the process, require a longer time for the dehydration
of concentrates and can lead to the loss of some valuable components due to non-selective
capture of particles in tailings. This is confirmed in the work in [39] (Zeng et al., 2023),
where the authors emphasize the importance of finding a balance between the degree of
grinding and the efficiency of flotation, noting that excessive grinding contributes to the
formation of aggregates (“card houses”), increased viscosity and deterioration of filtration,
which is especially critical in the design and modernization of processing plants [39–41].

The significant content of precious metals (Au, Ag) should also be noted, which
showed that their magnitudes in concentrates at 38 microns reached 1.3 g/t of gold and
416 g/t of silver, although the content of these metals in the initial sample was quite low.
This was due to the fact that gold and silver are often associated with finely dispersed
minerals, which makes them more vulnerable to flotation extraction in fine fractions. Thus,
the obtained results and literature data emphasize that achieving maximum efficiency
of flotation of copper and precious metals requires an integrated approach: particle size
control, optimization of grinding time, proper selection of flotation reagents, consideration
of pulp rheology and, if necessary, the introduction of innovative methods—from flotation
with carriers to the use of nanotechnology. All of this raises the relevance of further
research on optimizing the processing of metallurgical waste and improving the economic
and environmental efficiency of processes [42].

5. Conclusions
The conducted research has shown that the granulometric composition of slags signifi-

cantly affects the efficiency of extraction of non-ferrous and precious metals. The optimal
particle size of about 38 microns ensures the highest efficiency of copper flotation, and
reducing the size to <10 microns additionally increases extraction but is accompanied by a
deterioration in filtration and an increase in energy consumption. Noble metals (Au, Ag)
are concentrated mainly in fine fractions, which makes their extraction effective at the stage
of copper flotation. The data obtained make it possible to recommend the optimization
of grinding modes and the selection of flotation reagents to increase the profitability of
metallurgical waste processing and reduce the environmental burden.

Author Contributions: Conceptualization, A.S.; data curation, N.A.; formal analysis, B.B.; inves-
tigation, N.M.; methodology, B.R.; validation, Z.S. and B.G.; writing—original draft preparation,
N.M.; supervision, A.S.; writing—review and editing, B.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Science Committee of the Ministry of Science and Higher
Education of the Republic of Kazakhstan, grant BR24993178 “Development of innovative technology
for processing secondary resources—waste from metallurgical industries, by-products of oil refining
and oil production”.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: Author Rakhadilov Bauyrzhan was employed by the company PlasmaScience
LLP. The remaining authors declare that the research was conducted in the absence of any commercial
or financial relationships that could be construed as a potential conflict of interest.

References
1. Maslak, O.I.; Hryshko, N.Y.; Hlazunova, O.O.; Maslak, M.V.; Yakovenko, Y.Y.; Savielova, A.D. Prospects of the recycling of

metallurgical waste. IOP Conf. Ser. Earth Environ. Sci. 2024, 1415, 012128. [CrossRef]
2. Bulaev, A.G.; Muravyov, M.I.; Pivovarova, T.A.; Fomchenko, N.V.; Kondrat’eva, T.F. Bioprocessing of mining and metallurgical

wastes containing nonferrous and precious metals. Adv. Mater. Res. 2013, 825, 301–304. [CrossRef]

https://doi.org/10.1088/1755-1315/1415/1/012128
https://doi.org/10.4028/www.scientific.net/AMR.825.301


Processes 2025, 13, 2113 12 of 13

3. Adesina, A. Performance and sustainability overview of alkali-activated self-compacting concrete. Waste Dispos. Sustain. Energy
2020, 2, 165–175. [CrossRef]

4. Muravyov, M.I.; Bulaev, A.G.; Kondrat’eva, T.F. Complex treatment of mining and metallurgical wastes for recovery of base
metals. Miner. Eng. 2014, 64, 63–66. [CrossRef]

5. Ban, J.; Sun, K.; Yao, J.; Sunahara, G.; Hudson-Edwards, K.; Jordan, G.; Alakangas, L.; Ni, W.; Poon, C.S. Advances in the use of
recycled non-ferrous slag as a resource for non-ferrous metal mine site remediation. Environ. Res. 2022, 213, 113533. [CrossRef]

6. Yang, S.J.; Zhang, L.W.; Yu, D.H. Intensive development and comprehensive utilization of metallurgical slag. Appl. Mech. Mater.
2012, 174–177, 1424–1428. [CrossRef]

7. Lim, B.; Aylmore, M.; Alorro, R.D. Technospheric Mining of Critical and Strategic Metals from Non-Ferrous Slags. Metals. 2024,
14, 804. [CrossRef]

8. Li, Z.; Yang, Y.; Chen, Y.; Huang, J. A Novel Non-Ferrous Metals Price Forecast Model Based on LSTM and Multivariate Mode
Decomposition. Axioms 2023, 12, 670. [CrossRef]
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