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Abstract

This study investigates the effectiveness of various beneficiation methods for recovering
chromium from refined ferrochrome slag. Dry magnetic separation at different field inten-
sities (0.45 T and 0.8 T) showed that selective extraction of metallic chromium (Crpet) is
more efficient at 0.45 T, achieving a recovery rate of up to 90.05%. Pneumatic separation
using SEPAIR technology demonstrated promising results, especially for wide particle size
fractions (0—20 mm), where chromium recovery reached 40.32% due to density differences
between slag particles and metallic inclusions. Enrichment on a shaking table proved to
be the most selective method, producing a concentrate with 29.9% Cr and 90.7% recovery,
although the yield was low (3.8%). SEM-EDX and SEM-BSE analyses confirmed the het-
erogeneous phase composition of slag grains, revealing chromium-iron alloys embedded
in oxide matrices. Based on laboratory experiments and material characterization, it is
concluded that magnetic separation can be used for preliminary concentration, pneumatic
classification is effective for processing bulk slag with economic potential, and gravity
concentration on shaking tables is suitable for producing high-grade concentrates. The
resulting tailings, low in chromium, are suitable for reuse in the production of building
materials after carbonation treatment.

Keywords: ferrochrome slags; refined ferrochrome; magnetic separation; chromium recovery;
industrial waste; secondary resources; slag processing; metallurgical slags

1. Introduction

The primary use of ferrochrome (85%) is in the production of stainless steel [1]. Stain-
less steel is used in the manufacture of household goods, kitchen surfaces, and equip-
ment related to food production. According to [2], the flow patterns and in-use stocks of
chromium in China’s stainless steel production chain from 2012 to 2022 show significant
trends. During this period, chromium consumption in China increased substantially, with
annual growth rates exceeding 10%, and 90.4% of the chromium was imported. It can be
assumed that the demand for chromium will continue to grow in the future. As chromium
consumption increases, the production of chromium slags is also expected to rise since
these are by-products of chromium extraction and refining processes.

Global ferrochrome slag production ranges between 12 and 16 million tons annually [3].
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Depending on the ferrochrome production technology, several types of slag can be
generated. Typically, slags are classified into the following categories: high-carbon grades
containing 5-8% carbon, medium-carbon grades with 1-4% carbon, and low-carbon (LC)
grades containing 0.1-0.5% carbon. The formation of mineral phases in ferrochrome slag
systems primarily depends on the slag’s chemical composition, as well as the cooling rate
or solidification scheme. Additionally, the slag composition is influenced by factors such
as ore type, fluxing methods, partial oxygen pressure, reduction temperature, and the
residence time of slag in the high-temperature zone of the furnace [4].

Chromium ores used for smelting refined ferrochrome should also contain a mini-
mum amount of silica, which will reduce the consumption of lime, decrease the chromium
content of the slag (loss), and increase SiO; in the slag. The main amount of low-carbon
ferrochrome is produced by silicothermic reduction in chromium oxides using ferrosilic-
ochromium in the presence of lime as flux. The reduction in chromium proceeds through
Cr,03 — CrO — Cr. During smelting, other oxides (e.g., silicon, calcium, magnesium,
phosphorus, and sulfur) may react to form compounds that enter either the metal or the slag
phase, depending on thermodynamic conditions. At the same time, the reduction in oxides
of Cr, Si, Ca, Mg, P, S, etc., occurs in the furnace, as evidenced by the presence of these
elements in the alloy. Smelting is normally a two-step process: first, only one part of the
raw materials (chromite ore, lime, FeSiCr) is loaded into the furnace. After melting that first
part, the second part of FeSiCr, chromite ore, and lime are added. As soon as the melting
process is completed, metal and slag will be released [5]. The temperature of the slag is
1800 °C, and the temperature of the metal is 1760 °C [6]. The dominant phase in low-carbon
chromium slag is y-dicalcium silicate (y-C,S). The main reason for the self-pulverization of
refined slag is the polymorphism of the dicalcium silicate; it attains a dusty state during
the cooling process after removal from the furnace. When cooled from high temperatures,
x-CoS converts to 3-CaS at 630 °C degrees, then to v-C,S at lower temperatures [7]. Thus,
the crumbling feature is caused by the spatial redistribution of close-packed oxygen ions
due to changes in ion polarization under the influence of temperature. (N.B. This is the
reason why ordinary Portland cement also crumbles.)

Ferrochrome producers in Finland, Sweden, and Russia efficiently utilize these slags
in road construction and the production of building materials. In South Africa, fer-
rochrome slags are safely disposed of in landfills. Due to their excellent combination
of high strength and refractory phases, ferrochrome slags can be processed in various
ways, including use in road construction, building materials, refractory products, or simply
landfilling [8] (Figure 1).
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Figure 1. Use of ferrous metallurgy slags in various industries. euroslag.com.
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Refined ferrochrome slags are mainly used in the cement industry. However, their
application is limited due to the presence of free magnesium oxide and residual chromium
oxides, which remain in the mineralogical structure of the slag due to the incomplete
reduction in chromium during smelting. These components are strictly regulated by
cement industry standards [9].

The depletion of traditional mineral raw materials, combined with the accumulation of
industrial waste in long-established metallurgical regions, is having an increasingly harmful
impact on both the natural environment and the economic viability of production processes.
As natural resources become more scarce, the extraction of new raw materials becomes
more expensive and environmentally damaging. At the same time, the waste generated in
these industries—such as slags—continues to accumulate, creating environmental threats,
especially when not properly managed.

In response to these challenges, interest is growing in exploring the potential of slags as
a secondary mineral resource. Slag, a by-product of metallurgical processes, often contains
valuable metals and minerals that can be recycled or reused. By finding sustainable
methods for slag processing, industries can reduce their dependence on primary raw
materials, lessen environmental pressures, and lower production costs. This approach not
only facilitates more efficient waste management but also supports the concept of a circular
economy—transforming what was previously considered waste into a valuable resource,
thereby contributing to more sustainable industrial practices.

For example, ferrochrome dust was used as a partial replacement for conventional
silicate in concrete production. Optimal performance was achieved when 40 wt.% of fer-
rochrome dust and 7 wt.% of lime replaced 47 wt.% of the standard silicate component.
Toxicity testing through the TCLP method indicated that the concrete posed no environ-
mental hazards. Therefore, ferrochrome dust presents a sustainable and eco-friendly option
for concrete manufacturing [10].

In the study [11], a novel approach was investigated for extracting chromium units
from ferrochrome baghouse dust (FeCr BFD) and the ultrafine slag fraction (UFS) using
ozonation in an aqueous medium and advanced oxidation processes. The results showed
that ozonation in water achieves only limited chromium release from the waste materials.
For BFD, the maximum chromium release reached 4.2% of the total content. However,
chromium release from BFD was significantly higher compared with the ultrafine slag
(UFS), which was attributed to differences in the characteristics of these two materials.

Study [12] examined magnetic and gravity separation methods for concentrating
chromium in chromium-containing slags generated during the production of stainless
steel (SS) and ferrochrome (FeCr). The results of this research clearly demonstrate the
potential of these beneficiation methods for processing SS and high-carbon (HC) FeCr
slags. For SS slag, the Wet High Intensity Magnetic Separation (WHIMS) method enabled
an increase in chromium concentration to nearly 9 wt.% Cr. Although this chromium
content is still too low for ferrochrome production, it may serve as a preliminary step before
hydrometallurgical chromium extraction.

The effective separation of iron-bearing components from steel slag using magnetic
separation was investigated in [13]. It was concluded that achieving a concentrate with
optimal total iron content via dry magnetic separation is a complex task. Therefore, steel
slag should undergo multi-stage wet low-intensity magnetic separation with an optimal
magnetic intensity of 100 mT.

Magnetic separation is ineffective for recovering iron from fine steel slag particles at
magnetic field strengths above 1000 G. Effective separation occurs at fields below 1000 G,
particularly in the range of 200 to 800 G. Although lower magnetic field strength increases
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the iron content in the concentrate, maintaining higher magnetic field strength in drum
magnetic separators is necessary to ensure sufficient product yield [14].

This study focuses on the effectiveness of dry magnetic separation for the recovery of
metallic chromium (Crpyet) from refined ferrochrome slag, with the aim of quantitatively
evaluating the possible recovery rate.

2. Materials and Methods

For this study, we used 48 kg of refined ferrochrome slag. Since the slag sample
primarily consists of fine-grained material, no preliminary treatment such as crushing,
grinding, milling, or screening was required.

Various methods were employed to characterize and analyze the waste, including par-
ticle size distribution, chemical composition, surface chemical composition, and crystalline
phase analysis.

Dry sieving was used to determine the particle size distribution of the slag. Mi-
croscopic evaluation was performed using a stereomicroscope for detailed microscopic
characterization. X-ray powder diffraction analysis (XRD) was applied for phase identi-
fication. Additionally, X-ray fluorescence spectrometry (XRF) was used to determine the
elemental chemical composition of the sample.

The sample for sieving was homogenized and reduced using the cone and quartering
method. The density of the samples was determined according to the LST EN 15103-20107 [15]
method using a glass pycnometer. The measured density was 2778 kg/m?>.

The bulk density of the sample was determined according to the accredited standard
method EN 1236-2013 [16]. The bulk density of the material was as follows:

- Inamoist state: 1236.1 kg/m3;
- Inadry state: 1122.8 kg/m?3.

The particle size distribution was determined according to the accredited standard
method SRPS ISO 2591-1:1992 [17], using laboratory test sieves made of woven wire cloth
and perforated metal plate (Figure 2).
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Figure 2. Mass distribution of particle size fractions of the sample determined by the sieving method.
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Most of the product appears as a light gray powder, predominantly in the form of
aggregated lumps. These lumps easily crumble with minimal effort, turning into a loose
powder. Larger grains mainly consist of clusters of small particles of different colors bound
together by a grayish powder.

According to the X-ray powder diffraction (XRD) analysis (Figure 3, Table 1), the dom-
inant crystalline phase in the sample is y-dicalcium silicate (C;5), indicating a high content
of calcium and silicon in the matrix. In addition to y-C5S, periclase (MgO) and monticellite—
likely iron-substituted and corresponding to the olivine group mineral Ca(Mg,Fe)SiO4 with
an orthorhombic structure—were also identified.
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Figure 3. Detailed X-ray powder diffraction analysis of the sample.

With regard to chromium- and iron-bearing phases, two were clearly detected the following:
- Magnesiochromite ((Mg,Fe?**)(Cr,Al),Oy), a spinel phase, with the majority of its
characteristic peaks present in the diffractogram.
- Ferrochrome alloy (CrFe), identified by its most intense diffraction peak at d = 2.03 A,
indicating the presence of residual metallic inclusions.

Complementary compositional analysis was performed using wavelength dispersive
X-ray fluorescence (WD-XRF). The oxide composition revealed that CaO and SiO, domi-
nate, together comprising approximately 60-65 wt.% of the sample. MgO (~8 wt.%) and
Al O3 (~3 wt.%) are present as secondary constituents. The total chromium content is
approximately 4 wt.%, while iron occurs at lower levels, indicating that chromium is more
strongly retained in the residual mineral phases.
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Table 1. Semi-quantitative X-ray fluorescence analysis of the examined (submitted) sample.

Component Weight, %
Major Components
CaO 44.539
5i0, 25.237
MgO 9.029
CI‘203 7.135
MnO 6.731
Al,O3 4.521
F6203 0.862
Minor Components
TiO, 0.113
Na,O 0.071
S0O3 0.043
KO 0.018
NiO 0.018
SrO 0.016
ZnO 0.005
P,0s5 0.005
Cl 0.014
Trace Components (n.d.—not detected)
CuO n.d.
Ga203 n.d.
A8203 n.d.
Br n.d.
Rb,O n.d.
PbO n.d.
ZrO, n.d.
BizO3 n.d.

Based on XRD and complementary mineralogical analysis (including optical and
SEM-EDS), the following phases were identified in the sample:

- Portlandite, as a hydration product of lime;

- Silicate minerals, including members of the olivine, pyroxene, and amphibole groups;

- Spinel-group minerals, including both natural and secondary chromite and magne-
siochromite;

- During solidification, various microstructural features were observed, including gar-
net minerals, eutectic structures, and sulfide inclusions (e.g., pyrrhotite);

- Limonite, indicative of post-solidification oxidation and weathering;

- Discrete metallic particles representing residual ferrochrome.

The metallic phase content in the sample is estimated to be 2-3 wt.%. It occurs partly
as free, rounded particles (beads, spheres) and partly as finely disseminated inclusions
encapsulated within silicate matrices, which limits liberation during mechanical processing.
Spinel-group minerals were identified as complex solid solutions formed during high-
temperature processing.

Given the high proportion of calcium silicate phases, as well as the presence of port-
landite, the material—after metallic phase recovery—may be considered as a potential
secondary raw material for cement production, pending leaching and mechanical stability
evaluations. The portion of the metallic phase embedded in the silicate matrix as mineral
chromite is not suitable for magnetic separation.

Considering the grain size fraction found and the natural need to increase recovery of
valuable components (freeing the metallic phase included in silicate minerals), the expected
usability of metal in the magnetic fraction cannot be high. In other words, low recovery
is expected, with a significant portion of metal remaining in the non-magnetic fraction,
i.e., in the tails.
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2.1. Determination of Metallic and Total Chromium

The quantitative determination of metallic chromium (Ct’) in the samples was per-
formed in accordance with method MVI 43X-17. This procedure is based on the selective
dissolution of metallic phases in diluted hydrochloric acid under controlled temperature
and time conditions. The released chromium ions (Cr?*) were then titrated using a standard
ferric sulfate (Fe>*) solution. This method allows for the specific quantification of chromium
in its metallic state, distinguishing it from oxide and chemically bound forms.

The total chromium content (Cry,,;) was determined according to method MVI 08X-18,
which involves the oxidative fusion of the sample with sodium peroxide or potassium
nitrate to convert all chromium compounds into the soluble hexavalent state (Cr®*). The
resulting solution was then titrated with a ferrous ammonium sulfate solution to determine
the total chromium content. This method ensures that both metallic and oxidized forms of
chromium are taken into account.

Both methods were carried out in duplicate to ensure reproducibility and control sam-
ples were used to verify accuracy. The results are expressed as a percentage of chromium
relative to the initial sample mass.

2.2. Magnetic Separation of Refined Ferrochrome Slag

Preliminary testing is carried out on a laboratory scale using a series of hand magnets
with varying magnetic field strengths to determine the efficiency of the process of separating
magnetic particles.

Dry magnetic separation experiments were conducted on refined ferrochrome slag
using laboratory equipment designed for dry magnetic separation of highly magnetic and
weakly magnetic ores and non-metallic materials (0.8 T; 0.45 T). The air classification process
was simulated on material sized —1.0 +0.0 mm, and the resulting sands were subjected
to dry magnetic separation (laboratory separator-analyzer SEM 138-T, NPO “Rudmash”,
Saint Petersburg, Russia; 0.55 T).

Prepared samples weighing 100 g each were processed using the DINGS-DAVIS
analyzer (Dings Company Magnetic Group, Milwaukee, WI, USA), specifically at three
consecutively selected strengths of the inhomogeneous magnetic field, as shown in Figure 4.

Figure 4. Dings-Davis magnetic analyzer with glass tube setup for separation of magnetic and
non-magnetic particles in ferrochrome slag samples.
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All analyzed samples were further ground to a particle size class of 100% passing
0.5 mm, which is required for the operation of the magnetic analyzer.

On the analyzer, 50 g of the sample was sequentially passed through three non-uniform
magnetic fields until the mass of the separated magnetic fraction (MF) reached the amount
necessary for chemical analysis.

The experimental setup is shown in Figure 5. In the magnetic separation tests, slags
were classified into two groups: magnetic (M) and non-magnetic (NM).

Refined slag

Decreasing by
coning and
quartering !
Dry magnetic Sieving
separation (0.8T)
Magnetic fraction Non—Ma‘gnetlc +1.0 mm (Size) —1.0 mm (Size)
fraction
Dry magnetic Air classifier
separation (0.45T)
‘ Magnetic fraction Non—Ma.gnehc Dust Sand
fraction

v

Dry magnetic
separation (0.45T)

L ] ]

fraction

Magnetic fraction Non-Magnetic

Figure 5. Scheme of the separation of the metallic particle fraction.

2.3. Air Separation

Tests were conducted on a semi-industrial beneficiation plant consisting of a pneumatic
separator SEPAIR-1-0.5 (Mechanobr-Tekhnika, Saint Petersburg, Russia), which includes a
vibrating feeder, a belt mesh conveyor, a product accumulation hopper, a nozzle, a draft
fan DNu-8/1500 (EZTM JSC, Elektrostal, Russia), and an air aspiration system. The setup
is shown in Figure 6.

The principle of the separator’s operation is as follows: the material fed to the separator
is evenly distributed by the vibrating feeder as a uniform layer across the entire width
onto the surface of the belt mesh conveyor. While being transported, the material enters
the working zone of the nozzle, through which air passes at a certain velocity. The airflow
is generated by the operation of a smoke exhaust fan connected via product and slurry
separation hoppers to the nozzle. A frequency converter adjusts the operating mode of the
draft fan motor and selects the required airflow rate through the nozzle. The ascending
airflow imparts an impulse to the material transported along the conveyor. The resulting
“lifting” force depends on the shape and density of the materials being separated.
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Figure 6. SEPAIR-1-0.5 beneficiation plant.

In the separation zone, a controlled circulating fluidized-like layer is created from
material particles with a density equal to the separation density threshold. Particles with a
density lower than this threshold for the given airflow will be “captured” and transported
to the product hopper, while particles with a higher density will remain on the conveyor
and be transported to the accumulation container for the separation tails.

Separation in the air medium is based on a combined characteristic of the particles—
density /size/shape. The separation result (quality) depends on the ratio of these factors.
By fixing one of the parameters, separation can be conducted according to the others. Since
the ultimate goal is to separate the product by density, it is necessary to minimize the
influence of size and shape parameters on the separation process. This is achieved by
classifying the entire sample into size fractions (machine classes).

Traditionally, tests are performed with size classes of +0-1 mm, +1-3 mm, +3-6 mm,
+6-13 mm, +13-25 mm, and +25-50 mm. Size classes above +50 mm are not processed on
the existing separation setup due to technological limitations of the laboratory equipment.
However, studies on the +50 mm class are conducted by reducing them to smaller classes
through crushing. In industrial conditions, the +50-100 mm size class can be enriched
using pneumatic separation methods.

2.4. Experiments on the Shaking Table with Refined Ferrochrome Slag

Testing of product separation in water was conducted using beneficiation equipment—
a shaking table of the Turkish brand “Merta” with dimensions of 650 x 240 cm. Figure 7
shows the schematic layout of the shaking table device.

Separation of the product in the aqueous medium is based on the combined charac-
teristics of the particles: density, size, and shape. The result (quality) of the separation
depends on the ratio of these factors.
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3. Results and Discussion
The obtained results of magnetic separation are presented in Table 2.
Table 2. Results of dry magnetic separation of refined ferrochrome slag.
Content, % Recovery, %
Product Name Yield, %
Criotal Crmet Criotal Crmet
Magnetic grains (0.8 T) 72.40 9.00 4.00 79.90 72.06
Non-magnetic grains (0.8 T) 27.60 5.94 4.07 20.00 27.94
Direct chemical analysis - 6.10 3.60 - -
Total 100.00 8.16 4.02 100.00 100.00
Magnetic grains (0.45 T) 54.01 11.00 6.70 72.85 90.05
Non-magnetic grains (0.45 T) 54.99 4.81 0.87 27.15 9.95
Direct chemical analysis - 4.70 1.20 - -
Total 100.00 8.16 4.02 100.00 100.00

A comparison of the results obtained for dry magnetic separation at different field
strengths shows that separation at 0.45 T is more effective for producing cleaner tailings.
Specifically, at 0.45 T, the tailings account for approximately 46% of the feed and contain
only 0.87% (1.2%) of metallic chromium, indicating a high level of impurity removal. In
contrast, tailings obtained at 0.8 T contain significantly higher levels of metallic and total
chromium (6.10% and 3.60%, respectively), which contradicts the theoretical expectation
of magnetic separation efficiency. According to magnetic separation theory, increasing
the magnetic field strength should enhance the recovery of magnetic particles, resulting
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in less metal content in the tailings. However, the observed results may be attributed
to the heterogeneous nature of metallic inclusions in the slag, where some particles are
rich in chromium and others in iron. At higher field strength, Fe-rich particles are more
readily captured by the magnet, while Cr-rich particles with lower magnetic susceptibility
may remain in the tailings. This explains why increasing field strength does not lead to
a proportional increase in chromium recovery. Considering that the primary goal of the
preliminary separation stage is to isolate as many final tailings as possible and reduce
the load on subsequent processing stages, the use of dry magnetic separation at 0.45 T is
considered optimal for this purpose.

Figure 8 shows a metallic bead grain with a heterogeneous phase composition. The
SEM-BSE image (Figure 8B) reveals that the grain has a chromium-rich matrix, presumably
representing a metallic alloy. SEM-EDX analysis identified dark gray areas on the grain
surface, morphologically resembling cubic structures composed of magnesium and oxygen
(Mg—0O). SEM-EDX also revealed lighter gray regions whose chemical composition (Ca—-Si—-
O) indicates the presence of calcium silicate.

B spectrum 24 1g B Spectrum 21

©) (D)

Figure 8. Metallic bead grain with phase composition ((A) Image of the bead obtained using optical
microscopy, (B) SEM-BSE image of the metallic bead (alloy), (C) SEM-EDX spectrum (24) of the main
matrix composed primarily of chromium (Cr), (D) SEM-EDX spectrum (21) of the dark gray areas
consisting of magnesium and oxygen (Mg-0)).

In slag, CrFe typically contains about 0.6-2.2% of metallic inclusions and beads [5],
presumably representing a reduced CrFe alloy. For a more detailed study of the magnetic
grains, manual selection was carried out. A representative example is shown in Figure 9A,
where an alloy grain is presented. The SEM-BSE image (Figure 9B) displays a homogeneous
matrix with a smooth surface, and the SEM-EDX spectrum (Figure 9C) shows that the
composition consists of chromium and iron (Cr-Fe).
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Figure 9. Image of a metallic alloy grain.

In the second stage of the experiment, the initial material was screened through a sieve
with a mesh size of 1 mm prior to air classification. The sand fraction obtained after air
classification was subjected to magnetic separation at a magnetic field intensity of 0.55 T.
The results of the experiment are presented in Figure 10.

Crmet 111

Recovery, %

0.99

0.50

Crmet - S50

Content, %

8.93

Efficiency, %

0.00 10.00 20.00 30.00 40.00 50.00 60.00

Non-MG after air classification m MG after air classification

Figure 10. Results of magnetic separation after air classification of refined slag.
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Application of Magnetic Separation to Sand Fractions

Magnetic separation of the sand fractions allowed for the recovery of a magnetic
fraction containing 3.6% metallic chromium (Crmet), accounting for 83% of the original
sand mass, and a non-magnetic fraction with 0.5% Crmet, comprising 17%.

The metallic fraction (MF) obtained after air classification demonstrated a separation
efficiency of 43.43%, although it had slightly lower values of total chromium (Cryyt,—9.10%)
and metallic chromium (Crpet—7.70%) compared with the coarser +1 mm fraction (48.47%
Criotal and 49.45% Crmet). This indicates that air classification influenced the chromium
distribution, likely due to particle size separation, which is supported by data from a
scientific study [18].

The non-metallic fraction (non-MF) obtained after air classification exhibited signif-
icantly lower efficiency (8.93%) and Crmet content (0.50%), indicating a predominance
of non-metallic or low-chromium materials. Recovery values for this fraction were also
minimal (1.11% for Crmet), confirming that the majority of valuable chromium remained in
the metallic fractions.

The dust fraction constituted a small portion of the total material (4.27%) with relatively
low Criotq) (3.70%) and Crmet (0.70%) contents. Low chromium recovery values (1.94% for
Criota] and 0.74% for Crmet) indicate minimal chromium loss via dust, though this fraction
still warrants further investigation. Additional analysis of this fraction could assess the
potential for fine material recovery and improve overall chromium utilization.

The study demonstrated that the applied method of dry gravity concentration is
effective for enriching the supplied samples of chromium-containing slag.

This segment of the research on slag sample enrichment by pneumatic separation
using the “SEPAIR” technology was conducted on size-classified fractions of 0-1 mm,
1-3 mm, 3-6 mm, and a wide size range of 0—20 mm. The Cr content in the initial samples
ranged from 1.34% to 1.71%. The qualitative and quantitative parameters of the obtained
concentrates, depending on the enrichment depth, are presented in Table 3.

Table 3. Results of the enrichment study using the SEPAIR unit.

Concentrates Total Yield, % Cr Content, % Cr Recovery, %

Class 1-3 mm

Class 3-6 mm 1.69 24.58 31.05

Enrichment by the wide size
class 0-20 mm
Size class1-3, 3-6 and 0-1 mm 2.18 23.64 30.16

* When enriching the wide size class, re-cleaning Product No. 1 (dust 0-1.0 mm) and undersize 0-1.6 mm on a
separate separator designed for fine classes can increase recovery by 6-18% or more.

3.94 29.12 40.32 *

Based on the comparison of the data in this table, it can be concluded that good results
were achieved for all particle size classes, regardless of the separation depth.

Nevertheless, the most efficient enrichment was observed when processing the wide
particle size class. This is due to the fact that during separate classification, materials larger
than 6 mm were not involved in the enrichment process. Re-cleaning Product No. 1 (dust
0-1.0 mm) and undersize 0-1.6 mm on a separator for fine fractions can increase recovery
up to 69% or more.

The high efficiency of enrichment using the wide particle size class without prior size
classification is attributed to the significant density difference between the slag particles
and the metallic droplets. This is a clear advantage, as industrial-scale enrichment would
not require a separate separator for each size class.
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The industrial products obtained from enrichment, with chromium content ranging
from 1.8% to 5.5%, can be subjected to re-cleaning for additional chromium recovery after
further crushing.

Enrichment of refined ferrochrome slag using a shaking table effectively separated
the chromium-containing fraction as a concentrate. Despite the small mass yield of the
concentrate (only 3.8% of the total mass), its chromium content was high—29.9%, ensuring
a 90.7% total chromium recovery. This indicates the high selectivity of the separation by
density and particle size. Such a result is especially valuable in waste processing, where
minimizing the loss of valuable components is crucial.

The main portion of the material (93.2%) was discarded as tailings with a very low
chromium content—0.2%. Their contribution to total recovery was only 8.1%, confirming
the effective concentration of the valuable phase in the heavy fraction. The intermediate
product, accounting for 3.1% of the mass, had a chromium content of 0.4% and an insignifi-
cant contribution to recovery—1.2% (Table 4). Figure 11 visually illustrates the separation
of products on the shaking table, confirming the high-quality sorting of the material.

Table 4. Results of slag enrichment on the concentration table.

Product Mass, kg Yield, % Cr Content, % Cr Recovery, %
Tails 15.0 93.2 0.2 8.1
Intermediate product 0.5 3.1 0.4 1.2
Concentrate 0.6 3.8 29.9 90.7
Total 16.1 100.0 2.2 (Average) 100.0

Figure 11. Distribution of products on the concentration table.
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The concentrate obtained on the concentration table contained several green, spherical
grains with an uneven surface texture. At high magnification under SEM-BSE, a heteroge-
neous matrix was revealed, with black spots surrounded by a lighter pattern (Figure 12).
A bright gray pattern of various shapes is observed: some are rounded, while others are
elongated. The black cubic-shaped spots are enriched with magnesium (Figure 12D). This
phase may correspond to periclase (MgO), which is supported by XRD analysis results.
Elemental mapping analysis (Figure 12B) shows that the gray areas consist of Ca-5i-O, pre-
sumably dicalcium silicate (CaySiO4), which was identified in the XRD analysis. Between
them, a small transition zone of Ca-Mg silicate is assumed.

Cr Kal

(4) _ (B)

B Map Sum Spectrum i} Spectrum 31

Figure 12. Microstructure and elemental analysis of the slag grain: (A) Image of the grain at higher
magnification using SEM-BSE; (B) Mapping of the selected fine-grained matrix: pink color indicates
larnite (pink for Ca, blue for Si, and red for O), and greenish color indicates magnesium oxide (green
for Mg and red for O); (C) SEM-EDX analysis of the grain matrix; (D) SEM-EDX analysis of spectrum
31, consisting mainly of Mg-O. Al and Cr are present in minor amounts throughout.

4. Conclusions

The results of both magnetic separation and pneumatic classification highlight the
effectiveness of different separation methods for concentrating chromium (Cr).

Magnetic separation: At a magnetic field intensity of 0.8 T, most of the material (72.40%)
passes into the magnetic fraction, but the distribution of metallic chromium (Cret) between
the magnetic and non-magnetic fractions is almost equal, which reduces the efficiency
of extracting metallic chromium. At 0.45 T, although less material (54.01%) enters the
magnetic fraction, the Crpet content is significantly higher (6.70%), and the extraction of
Crmet reaches a much higher level—90.05%.

According to these results, the 0.45 T mode is more effective for selective concentration
of metallic chromium, while 0.8 T captures more total material but with lower selectivity.
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Combination of pneumatic classification and magnetic separation: This can optimize
chromium recovery. Pneumatic classification effectively concentrates chromium in the
metallic fraction, while magnetic separation at 0.45 T is especially efficient for the selective
extraction of metallic chromium.

Pneumatic separation using the “SEPAIR” technology: This method demonstrated high
efficiency in enriching chromium-containing slags, especially when processing a wide
size fraction (0-20 mm), which allowed chromium recovery up to 40.32%. This is due to
the involvement of larger particles in the process, thanks to the significant difference in
densities between slag grains and metallic particles. Also, using a single separator for a
wide fraction reduces costs and simplifies the technological process.

Enrichment on a concentration table: The process showed high selectivity, producing
a concentrate with a chromium content of 29.9% and a recovery of 90.7%. Despite the
low concentrate yield (only 3.8% of the total mass), the process effectively separated the
chromium-containing fraction, minimizing losses of valuable components. Such results
confirm the high efficiency of both methods for slag processing, contributing to improved
final product quality and overall profitability.

Comparison of methods: The highest chromium content concentrate can be obtained via
processing on the concentration table, although the yield is low. Dry magnetic separation
at 0.45 T provided 72.85% product extraction as magnetic particles with a total chromium
content of 11% and an efficiency of 54.01%.

Based on the studies of mechanical, mineralogical, and chemical properties of the raw
material—slag—as well as laboratory testing of various enrichment methods, the following
conclusions can be made:

- Magnetic separation/enrichment methods, due to their low extraction and enrichment
degrees, can be applied as primary processing methods.

- Pneumatic separation shows satisfactory results, and the concentrates obtained can
already be economically justified as feedstock for remelting and production of com-
mercial ferrochrome.

- Enrichment on concentration tables allows for maximum extraction of the valuable
component as concentrates are suitable for remelting and for direct use after briquetting.

The tails obtained can be used as raw material for producing shaped construction
products subjected to autoclave carbonation with carbon dioxide [19].
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