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Abstract: Slags coming from stainless steel (SS) and ferrochromium (FeCr) production generally
contain between 1 and 10% Cr, mostly present in entrapped metallic particles (Fe—Cr alloys) and in
spinel structures. To recover Cr from these slags, magnetic and gravity separation techniques were
tested for up-concentrating Cr in a fraction for further processing. In case of SS slag and low carbon
(LC) FeCr slag a wet high intensity magnetic separation can up-concentrate Cr in the SS slag (fraction
<150 pm) from 2.3 wt.% to almost 9 wt.% with a yield of 7 wt.%, and in the LC FeCr slag from
3.1 wt.% to 11 wt.% with a yield of 3 wt.%. Different behavior of Cr-containing spinel’s in the two
slag types observed during magnetic separation can be explained by the presence or absence of Fe in
the lattice of the Cr-containing spinel’s, which affects their magnetic susceptibility. The Cr content of
the concentrates is low compared to chromium ores, indicating that additional processing steps are
necessary for a recovery process. In the case of high carbon (HC) FeCr slag, a Cr up-concentration
by a factor of more than three (from 9 wt.% to 28 wt.%) can be achieved on the as received slag,
after a single dry low intensity magnetic separation step, due to the well-liberated Cr-rich compounds
present in this slag. After gravity separation of the HC FeCr slag, a fraction with a Cr content close to
high grade Cr ores (>50% Cr,O3) can be obtained. This fraction represents 12 wt.% of the HC FeCr
slag, and can probably be used directly in traditional smelting processes.

Keywords: stainless steel slag; ferrochromium slag; magnetic separation; gravity separation

1. Introduction

In 2018, 50.7 Mt of stainless steel (SS) was produced globally, with an average annual growth
of 5.8% since 1950 [1]. It is estimated that approximately 0.3 tons of slag per ton of SS is produced
as a by-product [2]; thus, about 17 Mt of SS slag is produced annually. In case of FeCr production,
the amount of generated slag depends on the type of produced FeCr. During high-carbon (HC) FeCr
production, 1.1-1.6 tons of slag per ton of HC FeCr is produced with a global annual production of
13 Mt HC FeCr in 2018; this implies an annual production of about 17 Mt of HC FeCr slag. In the case
of low-carbon (LC) FeCr, the amount of produced slag per ton of LC FeCr is 2.4-2.5 tons with a global
annual production 0.9 Mt in 2018 [3], which corresponds to 2.2 Mt of LC FeCr slag.

Although, a significant part of the SS and FeCr slags produced in Europe are being valorized
mainly in the construction industry (road construction, addition in cement and concrete, etc.) [4,5],
the relatively high Cr content in these slags (1-10 wt.%) [3,6,7] represent a serious obstacle in their
full valorization.

In slags from stainless steel and FeCr production, Cr is mostly present in the form of stable spinels,
as Cr(III), which is a non-toxic, non-hazardous, essential trace element [8]. However, there is a risk of
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possible oxidation of Cr(III) to Cr(VI) [9], which present a serious concern for human health and the
environment [8].

Moreover, Cr is an element with high economic importance for the EU economy [10] and SS and
FeCr slags could be considered secondary raw materials for the recovery of Cr and other valuable
elements (e.g., V, Nb, and Mo).

Production of SS and other metal alloys accounts for approximately 85% of Cr consumption [11].
In case of SS production, Cr is added as FeCr, which dependent on carbon content can be classified as
high-carbon (HC) FeCr (2-12% C), medium-carbon (MC) FeCr (0.5-4% C), and low-carbon (LC) FeCr
(0.01-0.5% C) [12].

HC FeCr is produced mainly by direct carbothermic reduction of chromite ore in submerged arc
furnaces (SAF), while MC FeCr can be produced by the silicothermic reduction of chromite ores and
concentrates, or by the decarburization of HC FeCr in an oxygen-blow converter. In the European
union, LC FeCr is produced by the Duplex process, which is based on silicothermic reduction of a
lime-chromite slag in a tiltable AC arc furnace with Sederberg electrodes [12].

Commercial chromite ores used in FeCr production can be classified based on Cr,O3 content
as low grade (25-38 wt.% Cr,O3), medium grade (38-50 wt.% Cr,O3), and high grade (>50 wt.%
Cr,03). To use a chromite ore directly as an input for smelting FeCr, the ore generally needs to contain
more than 49 wt.% Cr,O3. Chromite ores with Cr,O3 content lower than 49 wt.% need to be further
up-concentrated by mineral processing techniques (e.g., magnetic separation, gravity separation,
flotation, etc.) [13].

Considering the depletion of high-grade Cr ores and the increasing global demand for SS and
FeCr, attention also needs to be paid to recovery of Cr from secondary raw materials. It is evident
that, in order to make Cr recovery from SS and FeCr slags by traditional smelting/pyrometallurgical
processes economically interesting, the Cr content needs to be increased substantially. This could be
achieved by applying mineral processing technologies like magnetic and gravity separation. Several
studies dealing with physical separation techniques for up-concentration of Cr from primary Cr ores
have been published in the last decade [14-17].

As the physical and chemical properties of secondary raw materials (e.g., Cr-containing slags)
often differ from those of primary Cr-ores, technological solutions used for primary Cr ores need to be
adapted for treating these secondary raw materials. For instance, in SS and FeCr slags, small Cr-rich
grains (often 10-100 pum) are enclosed in the matrix minerals [3] and to liberate them an additional
comminution step needs to be included prior to the separation. By comminution, fine-grained material
(often <500 um) is produced which present a serious challenge for physical separation techniques.
This is not the case for primary ores, where grain sizes of 0-15 mm are separated and used in FeCr
production [13]. Moreover, Cr in chromite ore is mostly present as Fe-Cr spinel, while the spinels
present in SS and LC FeCr slag contain no, or very little, Fe. In the SS and LC FeCr slags the main
spinel phase is MgCryO4 [3].

The main aim of this study was to investigate the potential of magnetic and gravity separation
techniques for up-concentration of Cr present in SS and FeCr slags mainly as Cr-containing spinel and
Fe—Cr alloy. Up-concentration of Cr by using physical separation could improve both the feasibility of
subsequent Cr recovery processes and facilitate the valorization of the Cr-depleted fractions.

2. Materials and Methods

2.1. Materials

SS slag, delivered by slag treatment plant from Belgium and two types of FeCr slags coming from
European FeCr producers, were studied. Representative samples of LC FeCr and HC FeCr slags were
delivered as size fractions 4-9 mm and 0-6 mm, respectively. The SS slag is an end product after metal
recovery and was delivered as a fine powder (D90 = 150 um).
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2.2. Methods

2.2.1. Characterization of the Samples

Representative subsamples were taken from all three slag samples. These subsamples were dried
to constant weight at 40 °C. After drying, the samples were crushed, milled, and sieved. Fractions
<125 um were used for chemical and mineralogical analysis.

Chemical analyses of the starting materials were performed by a high performance energy
dispersive X-ray fluorescence spectrometer (EDXRF) with polarized X-ray excitation geometry (HE
XEPOS, Spectro Analytical Systems, Kleve, Germany). The instrument was equipped with a 50 W
tungsten end window tube (maximum 60 kV, 2 mA) and a Silicon Drift Detector. For signal optimization
different targets were applied. All analysis was performed under helium atmosphere. Dried and finely
ground (<125 pm) samples were analyzed as fused beads. The quantification was performed using a
pre-calibrated software package for the quantitative analysis of geological fused beads.

In addition to EDXRE, a handheld XRF analyzer (Niton XL3t GOLDD+, ThermoFisher Scientific,
Madison, WI, USA) placed in a mobile test stand, was used for fast elemental analysis of intermediate
and final fractions produced by magnetic or gravity separation. The XRF analyzer is equipped with a
Ag anode (50 kV and 0.2 mA). Measuring time was 120 s for every measurement. This XRF analyzer
was chosen for the analysis based on initial comparison with ICP-OES, EDXRF (powder) and EDXRF
(fused bead) where it gave comparable values for Cr and Fe in particular.

Mineralogy was determined by X-ray powder diffraction (XRD), carried out with a PANalytical
Empyrean system (PANalytical B.V., Almelo, the Netherlands), operated at 40 kV and 45 mA, with Co
tube (fine focus, wavelength = 1.7903 A). Continuous scans with a step size rate of 0.013°/49.725 s were
performed in a 26 range of 5 to 120° (2D-detector). The obtained diffractograms were qualitatively
analyzed with the aid of HighScore Plus software (version 4.6a).

For SEM-EDS analysis, the samples were embedded in a low-viscosity epoxy resin and gradually
polished down to }L um diamond powder grit size. The samples were coated with Pt-Pd prior to
microscopic analysis. Morphological observations were carried out by a SEM microscope FEI NOVA
NANOSEM 450 (Brno, Czech Republic) with EDX analyzer BRUKER QUANTAX 200 (Berlin, Germany)
with SDD detector.

2.2.2. Sample Preparation

In cases when crushing and/or milling were applied as pre-treatment methods, a laboratory jaw
crusher (Model BB200, Retsch, Germany) and planetary ball mill (Model PM400, Retsch, Germany)
were used. Sieving was carried out using a vibratory sieve shaker (Model AS200, Retsch, Germany).

2.2.3. Magnetic Separation

Several magnetic separation techniques were employed in order to up-concentrate Cr-rich phases
present in SS and FeCr slags. Based on preliminary experiments, the most suitable magnetic separation
techniques were selected for a certain slag. All the magnetic separation equipment was delivered by
Master Magnets Ltd. Tested magnetic separation techniques and their allocations to slag materials
(including particle size) are listed in Table 1.

LIMS/HIMS (Supplementary Materials, Figure S1a) was carried out by spreading a dry sample
of ca. 200 g in a thin layer on a flat surface. The permanent magnet (ferrite or REE(Rare-earth elements)
was covered with a plastic bag for convenient removal of the magnetic fraction. After the separation
magnetic and non-magnetic fractions were analyzed by XRE.
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Table 1. Magnetic separation techniques tested in this study.

.. - Magnetic Field Tested Material
Abbreviation Description (Type) Strength (Tesla) (Size Fraction)
LIMS Dry low intensity magnetic separation 015 HC ! FeCr slag
(Handheld ferrite magnet) ’ (0.5-4 mm)
LC ! FeCr slag
HIMS Dry high intensity magnetic separation 1 (0.125-0.5 mm)
(Handheld REE 2 magnet) HC FeCr slag
(0.5-4 mm)
Wet low intensity magnetic separation HC FeCr slag
WLIMS (Wetchute with ferrite magnet) 0.15 (<0.5 mm)
L . . . SS 1 slag (<0.15 mm)
WHIMS Wet high 1nten51t){ magnetic separation 08 HC FeCr slag
(Wetchute with REE magnet)
(<0.5 mm)
Wet high gradient/intensity magnetic 55 slag (<0.15 mm)
WHIMSe . 0-2 LC FeCr slag
separation (WHIMS 500) (<0.125 mm)

1 HC—High carbon; LC—Low carbon; SS—stainless steel. 2 REE—Rare-earth elements.

WLIMS/WHIMS were carried out on a wetchute (Supplementary Materials, Figure S1b) with a
permanent magnet (ferrite or REE). A sample of 10 g was mixed with 500 mL water (L:S ratio = 50),
and the suspension was fed at the top of the wetchute. The magnetic fraction stayed on the wetchute,
while the non-magnetic fraction was washed out. Additional washing of the magnetic fraction with
500 mL of distilled water was carried out to clean the magnetic fraction. Resulting fractions were dried
for 24 h at 40 °C before milling (<125 pm) and XRF analysis.

WHIMSe experiments were carried out using WHIMSe separator (Supplementary Materials,
Figure Slc). Steel wool was used as a separation matrix. The purpose of the steel wool in the WHIMSe
is to hold magnetic (ferro- and paramagnetic) materials in the magnetic field while diamagnetic
(non-magnetic) particles are being washed out. The magnetic field in WHIMSe can be adjusted from 0
to 2 T by adjusting the electric current (0-17.5 A) in the coils. As it is difficult to measure the exact
magnetic field strength when steel wool is used as a matrix, in this paper the WHIMSe set-up is
reported in Amperes. An indicative relation between the electric current (in Amperes) and the magnetic
field (in Gauss), provided by the equipment manufacturer, can be found in Supplementary information
(Supplementary Materials, Figure S2). The material was first fed into the WHIMSe at the maximum
current of 17.5 A and the non-magnetic fraction was washed out. The magnetic fraction was recovered
by turning off the magnetic field and washing with water. All output fractions were dried for 24 h at
40 °C before XRF analysis.

In order to optimize WHIMSe for Cr up-concentration, sequential experiments were carried out
by gradually decreasing the electric current. In this case, after washing out the non-magnetic fraction
at the highest current (17.5 A), the current was sequentially reduced to 15, 10, 5,1, and 0 A, and the
non-magnetic fraction was washed out at every step. The final fractions were dried for 24 h at 40 °C
and analyzed by XRE.

2.2.4. Gravity Separation

The gravity separation test was carried out using a Holman-Wilfley wet shaking table (WST).
The test was performed only for HC FeCr slag, fraction 1-2 mm. Approximately 360 g of the sample
was used for the test. Conditions used during WST separation are listed in Table 2.
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Table 2. Conditions for wet shaking table (WST) separation of HC FeCr slag (fraction 1-2 mm).

Parameter Value Unit
stroke speed 250 rpm
washing water flow 1000 L/h
feed dilution water 250 L/h

The final output fractions were dried for 24 h at 40 °C, milled (<125 um) and analyzed by XRF.
The WST, with the indication of outputs for different fractions (fraction 1 = the lightest; fraction 5 = the
heaviest), are shown in Supplementary Materials, Figure S3.

3. Results

3.1. Characterization of the Samples
Table 3 shows the chemical composition of the studied slags analyzed by EDXRE.

Table 3. Chemical composition of the studied slags.

Element/Oxide Units SS Slag LC FeCr Slag HC FeCr Slag 2

AL, O3 wt.% 42 +0.5 72+0.6 17.9
CaO wt.% 45.1+2.6 43.0+£29 25
Fetot. wt.% 0.6 + 0.1 0.3+0.1 6.4
MgO wt.% 11.0+ 18 140+ 1.8 15.8
MnO wt.% 1.1+0.2 0.1+0.01 0.2
5i0, wt.% 30.8+5.6 30.3+29 29.1
V205 wt.% 0.09 +0.03 0.06 + 0.02 0.09
Cr wt.% 23+£0.5 32+04 11.5
Mo mg/kg 401 <5 <5
Nb mg/kg 6171 <5 <5

1 Only 1 measurement. 2 Measured by Handheld XRF as a powder.

The main phases identified in the SS slag by XRD analysis were: Ca-(Mg-Al-)silicates (merwinite,
bredigite, akermanite, cuspidine, and dicalcium silicate), calcite, periclase, and spinel (MgCr,Oy).
Significant differences in chemical composition (Table 3) and mineralogy between LC FeCr slag and
HC FeCr slag were observed. In the case of LC FeCr production, reduction with silicon proceeds in
the presence of lime, which results in a significantly higher CaO content of the LC FeCr slag (present
mainly as bredigite and merwinite minerals in the slag). In the case of HC FeCr slag, also metallic
Fe-Cr grains were identified. The reason for the presence of Fe-Cr particles might be that in HC FeCr
production, after carbothermal reduction in SAF, molten metal and slag are tapped off through the
same tap holes using cascade tapping into the same metal vessel [12].

As can be seen from SEM-EDS analysis, the matrix of the SS slag consists of Ca-silicates and
Ca-Mg-Al-silicates (Figure 1a). Cr-spinel phases can be clearly identified, showing a potential for
physical separation. However, due to the small dimensions of the Cr-rich particles, full liberation
would require additional milling.

The SEM-EDS analysis of LC FeCr slag (Figure 1b) shows elongate grains of Ca-silicates in between
which veins of spinels are present. Small (20-40 um) metallic FeCr particles are spread out diffusely
over the material. As shown in Figure 1b, some of them are encapsulated in the Ca-silicate matrix. In
the case of HC FeCr slag (Figure 1c), Cr-rich grains (mostly as FeCr particles) and Ca-silicates grains are
already very well liberated indicating potential for their separation. Observation of the SEM analysis
are well aligned with the results of mineral liberation analysis (MLA) published in our recent study [3].
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254 um | 7.0 mm

Figure 1. SEM-Backscattered Electron (BSE) images of (a) SS slag,(b) LC FeCr slags and (¢) HC FeCr slag.
SS = stainless steel, Ca = Ca- silicates, A = CaMgAl-silicates, Cr = Cr-rich spinel phase, P = Periclase,
Sp = spinel, FeCr = Ferrochrome particle. Phase identifications are based on SEM-EDS analysis.

3.2. Results of Magnetic Separation

3.2.1. Magnetic Separation—SS Slag

A combination of WHIMS and WHIMSe was used to process SS slag. The final flowsheet,
including chemical compositions of input, intermediate and final fractions, is shown in Figure 2. The SS
slag, as received (Dgg = 150 um), was treated by WHIMS, after which the magnetic fraction was further
purified by a second WHIMS separation step and the non-magnetic fraction was processed by a single
WHIMSe separation step (at 17.5 A). Three output fractions (M2, NM2+M3, and NM4) with different
Cr contents were obtained. The Cr-rich fraction (M2) contains 8.8% Cr, which represents an increase by
almost a factor 4. The weight yield of the Cr-rich fraction was 7% representing 31% of Cr recovery.
As expected, Fe was up-concentrated in the M2 fraction together with Cr. Up-concentration of Mn in
the same fraction indicates presence of Mn-Cr spinels.

During sequential WHIMSe separation, similar Cr up-concentration (but also V and Nb) can be
observed. As shown in Figure 3, the Cr content in the magnetic fractions increases with decreasing
magnetic field, indicating than Cr-rich particles are those with the highest magnetic susceptibility.
The highest Cr content (8.3 wt.%) was measured in the final magnetic fraction washed out at the lowest
magnetic field (current 0 A). In this case the weight yield was 5% representing 21% Cr recovery in
this fraction. On the other hand, the fraction washed out at the highest magnetic field (at 17.5 A),
with a weight yield of 73%, contains only 0.7 wt.% Cr, and thus only 22% of the initial Cr. These
results indicate that by performing a single WHIMSe separation at 17.5 A, the majority of the Cr can be
removed from the matrix (non-magnetic) material.
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Figure 2. Processing of SS slag by combination of WHIMS and WHIMSe.
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Figure 3. Results of the sequential WHIMSe separation for SS slag.

3.2.2. Magnetic Separation—LC FeCr Slag

A combination of HIMS and WHIMSe was employed to process LC FeCr slag (size fraction
<500 um). The process flow with the mass balance and chemical composition of the different streams

are shown in Figure 4.
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Figure 4. Processing flowsheet for LC FeCr slag.

As shown in Figure 4, the <500 pum fraction was first sieved into <125 um and >125 pm fractions,
which were treated by different techniques (dry vs. wet). Generally, in case of coarse particles (>75 pm)
both dry or wet magnetic separation can be used, while in case of fine particles (<75 um) wet magnetic
separation is more appropriate [18]. HIMS was used to treat the fraction >125um while single WHIMSe
(at 17.5 A) was used for treating the fraction <125 um.

The difference in Cr content before and after HIMS separation (3.1 wt.% vs 3.4 wt.%) was too
small to justify the separation. On the other hand, treating the fraction <125 um by WHIMSe shows a
more significant Cr up-concentration in the magnetic fraction (M2) (7.3 wt.% vs. 2.9 wt.%). This might
be explained by a better liberation of the Cr-rich phases in the fraction <125 um as shown by SEM-EDS
analysis (Figure 1b). However, the weight yield of fraction M2 was only 3%, representing only 7%
Cr recovery.

Figure 5 shows the results of sequential WHIMSe on LC FeCr slag <125 mm with decreasing
electric current. The fraction with the highest Cr content (11 wt.%) was obtained after washing at 5 A.
The weight yield and Cr recovery were 3% and 14%, respectively.

100 - 2% Cr
00 | 003%V . a 11% cr
8 0.1%V 7% Cr

80 2 s 0.06% V 4% Cr
—_ = 0.04% V
X 70 - S
H g °
< 60 S
B 50 4 3
g = o0
a 40 A 5 1 0
< 304 Current [A]

20 - 1«

10

0 - j—]
17.5 15 10 5 1 0

Current [A]

Figure 5. Results of sequential WHIMSe separation for LC FeCr slag-fraction <125 pm.

Based on the results shown in Figures 4 and 5, it can be concluded that to up-concentrate Cr
present in LC FeCr slag by magnetic separation requires an additional milling step to liberate Cr-rich
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particles from the matrix. However, considering the very low yield and Cr recovery, the economic
feasibility of using a magnetic separation for LC FeCr slag is questionable.

3.2.3. Magnetic Separation—HC FeCr Slag

A combination of low and high intensity magnetic separation techniques was used to separate
a Cr-rich phase from a Si-rich matrix. As observed in the SEM images (Figure 1c), relatively large
fully liberated FeCr particles of around 500 um diameter, can be found in the HC FeCr slag. For this
reason, magnetic separation tests were performed on a wide range of particle sizes (from <125 pm to
>2 mm). Depending on the particle size either dry or wet magnetic separation techniques were used.
The fractions >500 pm were separated by dry magnetic separation and the fractions < 500 pm by wet
magnetic separation techniques. Figure 6 shows the separation process with three final output fractions.

HC FeCr slag
(all size fractions)

|

LIMS/WLIMS
l
. '
M1 NM1
(strongly magnetic) l
HIMS/WHIMS

|

{ }

M2 NM2
(weakly magnetic) (non-magnetic)

Figure 6. Combination of low and high intensity magnetic separation used for HC FeCr slag. (LIMS
and HIMS for fractions >500 um and WLIMS and WHIMS for fractions <500 um).

Before magnetic separation, the material was split into different size fractions. Chemical analysis
of all size fractions (Table 4) clearly showed that Cr tends to concentrate in the smallest size fractions
(<125 pm and 125-250 um). As Cr is mostly present as a FeCr alloy, the Fe content follows the
same trend.

Table 4. Chemical composition of different size fractions after sieving (HC FeCr slag).

Content (wt.%)

Fraction Yield (wt.%) -

Fe Cr Ca Al Si
2-4 mm 10.9 6.8 8.7 1.8 10.9 13.7
1-2 mm 20.4 5.2 10.1 1.9 9.9 13.8
0.5-1 mm 25.5 5.0 9.4 1.9 9.5 13.3
250-500 um 17.9 5.9 10.7 1.9 9.8 13.8
125-250 pm 14.8 8.8 14.8 1.7 10.5 13.6
<125 pm 10.1 10.9 16.8 1.8 11.2 12.8
Total 100 6.5 11.2 1.8 10.1 13.5

All size fractions were subjected to the magnetic separation according to Figure 6. As shown in
Figure 7, the amount of the strongly magnetic fraction (M1) increased with decreasing particle size
indicating that FeCr particles are mainly present as particles smaller than 250 um.
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Figure 7. Mass balance after separation for all size fractions of HC FeCr slag.

Figure 8 clearly shows that Cr is concentrated in the M1 fraction up to a level comparable with Cr
ores of different grades (dashed lines in Figure 8). As expected, Fe also tends to concentrate in the M1
fractions (Supplementary Materials, Figure S4) while Si concentrates more in the non-magnetic (NM2)
fractions (Supplementary Materials, Figure S5).

30

Medium grade Cr ores (min.38% Cr,0;)

Pl B D B R
20 1 Low grade Cr ores (min.25% Cr,0;)
----- T TTTTT TTTTT T T s T T
14.7
15 4 - m M1(strongly magnetic)
M2(weakly magnetic)
10 - ONM2(non-magnetic)
7.5 7.6
> 2 7
1.9 1.6
0 [1 [1 '

>2 1-2 0.5-1 0.25-0.5 0.125—0.25 <0.125

Cr content [%)]

Size fraction [mm]

Figure 8. Cr content after magnetic separation of HC FeCr slag (Cr ores grades according to [13]).

The final recoveries of Cr and Fe are shown in Figure 9. The highest recoveries of Cr and Fe (76%
and 86%) were obtained for size fraction 125-250 um. This is mainly due to the better liberation of Cr
(and Fe) rich phases. A slightly lower recovery for the fraction < 125 um can be caused by the presence
of very fine particles, which are difficult to separate even by wet magnetic separation.
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100 -

80 -

60 -

mCr
40 M Fe
20
0 -

0.5-1 0.25-0.5 0 125-0. 25 <0.125

Metal recovery in magnetic fraction [%]

Size fraction [mm)]
Figure 9. Recovery of Cr and Fe after magnetic separation of HC FeCr slag in M1 fraction.

3.3. Results of Gravity Separation

Gravity Separation—HC FeCr Slag

Five fractions (Supplementary Materials, Figure 56) were obtained after the gravity separation of
HC FeCr slag (size fraction 1-2 mm) using a wet shaking table (WST). The mass balance of the output
fractions is shown in Figure 10. After separation, all fractions were dried (24 h at 40 °C) and milled
below <125 um for XRF analysis. Results of XRF analysis are shown in Figure 11. Due to the very
small amounts and visual similarity between fractions 4 and 5, these two fractions were combined and
analyzed as one fraction.

60 -

I

i 40

=

L

ke]
20 A

£ 113

a

S 0.17 0.13
0 - - .

4 5
The Iightest Fraction The heaviest

Figure 10. Mass balance after WST separation of HC FeCr slag (fraction 1-2 mm).

The combined fraction (4 + 5) contains more than 38 wt.% Cr and has a Cr content comparable with
high grade Cr ores. However, this fraction represents only 0.3 wt.% of the initial material. By further
combining with fraction 3, the Cr content of the combined sample would stay high (>32 wt.% Cr) and
the weight yield would increase to almost 12 wt.%, representing 36% Cr recovery. This material could
possibly be used as a replacement for primary high grade Cr ores in FeCr production plants.
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Figure 11. Content of metals in different fractions after WST (Cr ores grades according to [13]).
4. Discussion

By using magnetic separation, the Cr content of SS slags can be increased fourfold up to
8.8 wt.% with 31% Cr recovery. While the obtained concentrations are too low to recover Cr by
traditional pyrometallurgical processes, the up-concentration can be beneficial for the application
in alternative hydrometallurgical processes. Such processes can be based on heap leaching [19],
alkaline pressure leaching or alkaline roasting followed by water leaching where after selective Cr
removal, the Cr-depleted matrix can be used as a construction material [20,21]. As the capacity of
hydrometallurgical facilities (especially those working at hydrothermal conditions) are often limited,
reducing the amount of material to treat by preparing an up-concentrated fraction prior to the leaching
step can be beneficial.

The Cr content in LC FeCr slag can be increased from 3% up to 11% by sequential WHIMSe
separation. However, in this case the weight yield (3 wt.%) and total Cr recovery (14%) are relatively
low. Moreover, to achieve such Cr up-concentration, the slag needs to be milled down to <125 um,
what incurs additional costs. Considering the facts above, the economic feasibility of processing this
LC FeCr slag by magnetic separation is questionable.

Cr content in HC FeCr slag can be increased by single step LIMS/WLIMS to the level comparable
with medium grade ores. This can be achieved due to the presence of well liberated Cr-rich grains in the
initial material (as shown by SEM in Figure 1c). XRD analysis of the up-concentrated magnetic fraction
(Figure 12) showed that except of Cr-spinels also metallic Fe-Cr particles can be clearly identified.
However, Cr content in up-concentrated magnetic fractions was still below the typical requirements
(>49% Cr,0O3) for using it as input material for smelting of FeCr. Additional Cr up-concentration can
be achieved, for instance, by combining magnetic and gravity separation and/or combining different
gravity separation techniques in one process as demonstrated by Can et al. [22].
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Figure 12. XRD patterns showing Cr-phases in the most up-concentrated fractions of SS, LC FeCr, and
HC FeCr slag (not identified peaks belong mostly to Ca-(Mg-Al-)silicates like merwinite, bredigite, and
akermanite).

Although, SS slag and LC FeCr slag have very similar chemical and mineralogical compositions,
there are significant differences in Cr up-concentration after magnetic separation. This can be explained
by different Cr-containing spinels present in both samples. As shown in Figure 12, in case of LC FeCr
slag, the Cr containing spinels were represented by Mg-Cr-Al and Mg-Mn-Cr-Al spinels, while in
SS slag it was mainly Mg-Cr-Fe and Mg-Cr-Fe-Al spinels. Even though all those spinels have the
same structure (cubic, space group Fd-3m) different metal cations present in the structure can be
responsible for different magnetic susceptibility, and thus a slightly different behavior in a magnetic
field. The presence of Fe in the Mg-Cr-Fe spinels, in case of SS slag, can explain why Cr was concentrated
mostly in the most magnetic fraction while in case of LC FeCr slag, the Cr rich fraction was obtained as
a weak-magnetic fraction at 5A. As shown in Figure 13, compounds with spinel structure containing
Fe in their lattice are more magnetic compared to those without Fe.

Mostmagnetic == === cccc e m e e e e e e e e ———— - — - - - » Least magnetic
0 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 Amps

v oy v
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v
ZnAlL0,

Figure 13. Magnetic properties of different spinel structures [23].

In case of gravity separation of HC FeCr slag, the Cr content in the heaviest fractions can be
increased by a factor of more than three to the level comparable with high grade ores, which might
be used directly in FeCr production. Light fractions after gravity separation, containing 7.0 and
8.5 wt.% Cr, might be processed, in a similar way as the up-concentrated fraction of SS slags, i.e., by
hydrometallurgical methods to selectively remove Cr and enable full valorization of the Cr-depleted
matrix in construction industry.
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In comparison with other studies (summarized in a review paper of Murphy et al. [14]), where the
aim was to up-concentrate Cr in low grade ores by applying gravity and magnetic separation techniques,
reported Cr up-concentrations were rarely above a factor of two. Moreover, in order to reach such
up-concentrations, a combination of different separation techniques was used (e.g., shaking table and
WHIMS). Results of our study clearly show that even one-step gravity separation of HC FeCr slag, can
lead to Cr up-concentration by a factor of more than three to the level of high grade Cr ore, with 35% of
Cr recovery. This is caused by the presence of metallic Fe-Cr particles (mainly in HC FeCr slag, as
shown in Figure 12) which due to higher magnetic susceptibility and density can be separated from
the matrix (mostly Ca-Mg-Al silicates) more easily. This proves, that HC FeCr slag can already be
considered, after magnetic or gravity separation, as a replacement for medium or even high grade
primary ores used in FeCr production. Reusing a part of FeCr slag back in FeCr production could help
to accelerate the transition to a circular economy in FeCr industry.

5. Conclusions

Magnetic and gravity separation techniques were investigated in order to up-concentrate Cr in
Cr-containing slags coming from SS and FeCr productions. Results of this study clearly show potential
for applying of these beneficiation methods in processing SS and HC FeCr slags.

In case of SS slag, Cr up-concentration up to almost 9 wt.% can be obtained by WHIMS. As this
Cr content is still low for FeCr production, this can be considered as a pre-treatment step prior
to hydrometallurgical Cr recovery. Although, similar Cr up-concentration by using WHIMSe was
obtained also in case of LC FeCr slag, in this case due to required milling and low yield (3 wt.%) such
treatment would not be economically feasible. In case of HC FeCr slag, both magnetic and gravity
separation resulted in an up-concentrated fraction with a Cr content comparable with commercial
primary Cr ores. Especially, when gravity separation by wet shaking table was applied on 1-2 mm HC
FeCr slag, material comparable with high grade Cr ores was obtained.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/10/906/s1,
Figure S1: Magnetic separation equipment used: (a) LIMS/HIMS, (b) WLIMS/WHIMS, and (c) WHIMSe.; Figure S2:
Relation between current (in Amperes) and magnetic field (in Gauss)—provided by the equipment manufacturer
Master Magnets Ltd.; Figure S3: The WST (wet shaking table) with the indication of the output fractions.; Figure
S4: Fe content after magnetic separation of HC FeCr slag.; Figure S5: Si content after magnetic separation of HC
FeCr slag. Figure S6: Output fractions after WST separation of HC FeCr slag (fraction 1-2 mm).
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