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Abstract

With the increasing demand for metalliferous and mineral raw materials and the consequent depletion of the global natural
resource base, the possible utilization of secondary raw material sources is receiving more and more attention. In the present
study, we present results from a detailed vanadium deportment study of three basic oxygen furnace slag (BOS) samples
known to containing elevated bulk concentrations of vanadium. Complementary analytical methods that were used to quan-
tify the abundance and composition of V-containing phases include SEM-based automated mineralogy, X-ray fluorescence
analysis, and X-ray powder diffraction as well as electron probe microanalysis. The vanadium deportment was quantified
using Monte-Carlo simulations of the data obtained from automated mineralogy and electron microprobe analysis. The total
V concentrations identified by XRF are between 1.7 and 2.2 wt.% V. The most important hosts of vanadium are larnite-,
brownmillerite- and portlandite-solid solutions. In two samples Ca carbonates also significantly contribute to the V deport-
ment, while wuestite, lime, and native iron do not contribute significantly to the vanadium deportment. A thorough consist-
ency check identifies considerable uncertainties in the density of the V-bearing phases as the most likely reason to explain

remaining discrepancies between measured and calculated V values.
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1 Introduction

Associated with global steel production approaching 2 bil-
lion tons per annum (2022: 1885 million tons [1]), there is a
similar increase in the amount of steel slags generated (2017:
500 million tons [2]). In an effort to increase sustainability
of steel production, this slag needs to be either recycled or
even up-cycled. Although steel slags are generally classified
as non-toxic [3, 4], they do constitute both an economic and
environmental problem. The degree of utilization of steel
slags varies greatly; although it reaches 80% in some coun-
tries, its utilization is usually much lower with the remainder
landfilled [2, 5]. The most common use of steel slags is as
construction material. This application is, however, limited
in some cases by elevated concentrations of metals such as
chromium (Cr) and vanadium (V) [6]. This is because these
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two metals occur in different oxidation states resulting in a
significant ecotoxicological risk. This risk pertains in par-
ticular to the uncontrolled release of Cr¥' and V" from steel
slags into natural systems through weathering processes
[7-11]. Because vanadium and chromium are also both con-
sidered critical raw materials [12, 13], there have recently
been intensive efforts to develop approaches to recover both
vanadium and chromium from steel slags [7, 14—16]. It is the
goal of this research to not only recycle V and Cr but also
to make the remaining slag material amenable for further
utilization.

There are several technological approaches to recover
vanadium (and other valuable elements) from BOS. Current
overviews can be found in [14] and [15]. Despite the fact
that the phase composition of V-bearing BOS is well studied
[17], there is a lack of knowledge concerning the deport-
ment, e.g., the distribution of vanadium between the differ-
ent phases present in the slag. The value of such deportment
studies has been well documented for primary raw materials
[18-21] (and references therein). This contribution takes a
similar approach to [18] in order to quantify the distribution
of vanadium in several examples of vanadium-rich basic
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oxygen furnace slag (BOS). Such quantitative knowledge
of phase composition and phase chemistry (and the vari-
ability of these compositional attributes) provides the key
to develop innovative approaches for the efficient extraction
of vanadium from BOS. This study also provides a compre-
hensive workflow to assess metal deportment in complex
secondary raw materials such as hygroscopic steel slags.

1.1 Steelmaking and Steel Slags

Most steel is produced via two basic processes: the so-called
“primary” blast furnace-oxygen-base furnace (BF-BOF)
route and the “secondary” electric arc furnace (EAF) route.
Blast furnaces (BF) produce iron from iron ore by reduction
with coke. In a second step, the iron is then processed into
steel in an oxygen converter. In the latter process, hot metal,
steel scrap, and flux are charged into the converter furnace.
Pure oxygen is added via a water-cooled lance to this furnace
charge. The oxygen reacts with the silicon and carbon dis-
solved in the hot metal. CO, is generated and escapes as a
gas phase while SiO, forms a liquid slag phase that is then
separated from the steel.

Electric arc furnaces produce steel mainly from scrap
with possible minor amounts of solidified iron or sponge
iron. The heat required to melt the metal is generated by
an arc produced by graphite electrodes in contact with the
metal. Arc temperatures reach up to 3500 °C, while the tem-
perature of the molten metal is around 1800 °C.

Due to these technological differences, steel slags are
mainly divided into “oxygen steelmaking slags” and “elec-
tric arc furnace slags” or synonymously “basic oxygen fur-
nace” (BOS) and “electric furnace” (EF) slags [22, 23].

Basic oxygen furnace slag (BOS) (also called LD-con-
verter slag) forms during the production of steel in a basic
oxygen furnace by blowing oxygen into the metal from the
blast furnace to remove carbon and other elements that have a
high affinity to oxygen. The slag formation needs the addition
of fluxes such as lime (CaO) or calcite (CaCO;) and/or dolo-
mite (CaMg(COs),) that lead to the formation of liquid slag
by reaction with silicates and oxides of the furnace feed. Fig-
ure 1 shows the reaction path in the system FeO-CaO-SiO,-
Al,05-MgO [22] during the addition of the Ca-rich flux.

When the reaction process is complete, the molten crude
steel accumulates at the bottom of the furnace and the liquid
slag rises to the top. The crude steel and slag are then tapped
into separate ladles/pots at temperatures > 1600 °C. The slag
is in this way separated from the crude steel.

The composition of BOS in terms of its major com-
ponents is well represented by the system FeO-CaO-
S5i0,-A1,05-MgO [2, 24]. The chemical composition of
typical BOS (Table 1 and Table A 1) is extremely vari-
able but always dominated by high CaO contents [25, 26].
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Fig. 1 Generalized reaction path of the formation of BOS in the sys-
tem SiO, —Fe,0; + Al,O; — CaO +MgO during the adding of the Ca-
rich flux (blue arrow) as well as the range of compositions (blue area)
of BOS. Adapted and simplified from [2, 22, 24, 25]

Table 1 Range of the chemical composition of BOS reported in literature
[26]

Sample Summary [26]

wt.% Min Max Average SD
Al O4 0.02 20.56 3.6 4.6
CaO 19.0 60.4 44.2 8.5
FeO, a1 10.0 35.0 24.6 6.2
K,0 0.027 1.23 0.2 0.4
MgO 0.82 28.0 7.5 5.1
MnO 0.28 8.48 39 1.8
Na,O 0.036 0.25 0.1 0.1
SiO, 0.23 24.41 12.0 4.2
TiO, 0.3 2.0 0.8 0.4
S 0.02 0.5 0.1 0.1
P,05 0.11 4.58 1.8 1.15
LOI 0.3 7.54 2.5 2.7
mg¥kg™!

Cr 240 23,000 3172 5954
Ni 2.1 25 10.5 10.2
14 68 25,100 5094 8292
Zn 8.5 200 105 82.9

Depending on the composition of the primary or second-
ary raw materials used in steel production, some of the
slags may contain significant amounts of minor elements
such as P, V, Cr, Zn, Ni, and Ti. Some of these can occur in
multiple oxidation states in BOS [27, 28]. For the current
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Table 2 Mineralogical

o . Name Chemical formula BOF various [30] BOF [31] BOF “fresh” [32]

composition of different types

of BOS reported in literature Larnite B-Ca,SiO, 38.1-52 30.8 21.5-22

[30-32] 1-Ca,Si0, 1-Ca,i0, 7.3-7.9
Srebrodolskite Ca,Fe, 05 32.3 31-37.2
Ca-ferrite CaFe,0, 20.2-30.3
Wauestite FeO 11.5-13.1 6.7 1.1-2.2
Portlandite Ca(OH), 1.1-7.3 3.1
Lime CaO 2-8.1 8.8 10.6-20.6
Iron Fe 0.3-0.4
Enstatite Mg,Si,04 1.9 1.9-3.8
Hematite Fe,04 2.0-4.1
Magnetite Fe;0, 0.4-0.8
(Mg)-ferrosilite FeSiO; 2.2 2.8-3.6
Fayalite Fe,Si0O, 3.8 4.2-5.5
Wollastonite CaSiO; 29 0.7-1.1
Periclase MgO 1.1 0.7-1.6
Calcite CaCO; 1.94
Quartz Si0, 0-10.9 1.4-2.8
“Other” 6.4

study, it is important to note that vanadium can occur in
two oxidation states (V,05 and VO,) in BOS [29].

Vanadium-rich slags result from the smelting of vana-
dium-bearing magnetite (Fe;0,) in BFs [14]. Another pos-
sible source of vanadium in these slags is vanadium-rich so-
called HSLA (high strength-low alloy) steel scrap. However,
since steel scrap is only added to a small extent to the basic
oxygen furnace charge, it is safe to assume that vanadium-
bearing magnetite is the main source of vanadium in BOS.

The phase composition of BOS is mostly determined
by its CaO content, the CaO/SiO, ratio, and cooling kinet-
ics. Typical phases occurring in BOS [30-32] are listed in
Table 2.

2 Materials and Methods
2.1 Samples

Three bulk slag samples were provided for study by a poten-
tial user of BOS from two different sites, designated here
by the codes O and R (Table 3). Figure 2 shows an example
of the appearance of the investigated samples. Details on
sampling are not known, but according to information from
the supplier and owner of the slag dumps, the samples were
taken in such a way that they can be considered as repre-
sentative of three sampled dumps. All samples had a small to
moderate moisture content because the samples had already
been exposed to surface weathering for a longer period of

Table 3 BOS samples included in this study

Sample Origin Weight [kg]
O-1 Slag heap “O” 1048
0-2 Slag heap “O” 1050
R-1 Slag heap “R” 1166
I:I':lllllll'llI|IIIIIIEIII|II|III3II||III‘I (Tt I'I’m[ o o ey
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Fig.2 Slag sample O-1 before crushing and homogenization. Note
vastly different particle sizes from sub-millimeter to centimeter range.
White efflorescence formed on the surface of coarse particles in
response to drying in the laboratory prior to grinding
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time. Fresh, not stockpiled material, was not included in the
investigations, since the weathering effects were to be taken
into account in the deportment analysis.

2.2 Sample Preparation

Comminution of the bulk slag samples was performed in
a multistage process. Slag particle sized ranged from sub-
millimeter to centimeter range (Fig. 2) and required grind-
ing prior to further treatment. Samples O-1 and O-2 were
crushed to a d(80) value of 1 mm and sample R-1 to a d(80)
value of 1.4 mm by means of a combination of jaw crusher,
hammer crusher, and roller crusher. Sample R-1 showed
strong agglomeration after each comminution step, which
led to “clogging” of the sieve trays and other mechanical
parts. However, extensive drying of the sample material
could likely have prevented such agglomeration. Drying at
elevated temperature was, nevertheless, avoided in order to
preserve the primary phase composition. The sensitivity of
the BOS to changes in humidity is aptly illustrated by the
formation of white efflorescent crusts during drying under
ambient conditions in the laboratory (Fig. 2).

Following the initial comminution step, homogenization
and separation of representative sample fractions for fur-
ther sample preparation and analysis were carried out using
rotary splitters of different sizes and with different sample
throughput. Finally, five representative sub-samples of about
1 kg each were available for every one of the three BOS
samples. The sub-samples were further split using smaller
rotary sample splitters to yield sample amounts necessary
for different analytical methods. Further sample preparation
steps are reported below—together with the respective ana-
lytical methods used.

2.3 X-Ray Fluorescence Spectrometry (XRF)

Wavelength dispersive XRF (WD-XRF) was used to deter-
mine the bulk chemistry of the three BOS samples. For the
preparation of glass beads, around 3 g of sample material
was first used for the determination of the loss on ignition
(LOI). LOI was determined in a muffle furnace at 950 °C
for 2 h. Since the samples remained hygroscopic after deliv-
ery and during all sample preparation steps, the LOI values
determined can only be considered as “snapshots.” In order
to estimate the maximum water absorption of the investi-
gated BOS, one representative sample from each sample
set was exposed to a water-saturated atmosphere for several
weeks and the LOI values were determined again. One gram
of this precalcined material was then thoroughly mixed with
8 g of LiB,0O; as fusing flux and melted in an automatic
CLAISSE TheOx oven in platinum crucibles. This melt was
then used to cast glass beads for XRF analysis.

@ Springer

WD-XRF analysis was carried out using a PANalyti-
cal Axios mineral spectrometer, equipped with a Rh-tube.
The respective parameters are adjusted between 25-60 kV
and 66—-160 mA, depending on the element. The data were
obtained from the fully calibrated WROXI program, pro-
vided by the manufacturer. All elements were in the desig-
nated calibration range. The elements analyzed, including
the limits of determination, are summarized in Table A 2.

2.4 X-Ray Powder Diffraction (XRD)

Aliquots of around 3 g of the material were used for XRD
analysis. The material was wet-milled with ethanol using a
McCrone micronizing mill. The powders were then filled
into sample holders by the so-called back-fill method [33].

X-ray powder diffraction measurements were done using
a PANalytical Empyrean diffractometer, equipped with a Co-
tube and a PIXcel 3D medipix 1 X 1 area detector. The tube
was operated at 35 kV and 35 mA. An iron filter on the pri-
mary beam side was used to suppress K-beta radiation. The
irradiated area on the sample was kept constant at 12X 15
mm? by means of an automated divergence slit. The meas-
ured 2-theta range was set 5 to 80° at a step size of 0.0131°
2-theta. Overall measurement time was about 2 h 30 min
per sample. Phase identification was done using the ICDD
PDF-4 + database, while quantification was performed via
the Rietveld method using the Profex/BGMN v. 4.1 [34]
software bundle.

2.5 SEM-Based Automated Mineralogy (AM)

For quantitative mineralogical analysis using SEM-based
automated mineralogy (AM) and electron probe microa-
nalysis (EPMA), a total of 15 polished grain mounts with
a diameter of 30 mm were prepared. The process involved
mixing the sample material with graphite powder and epoxy
resin. The resulting mixture was used to create epoxy blocks,
which were then cut into five slices. Each slice was rotated
90°, reembedded in epoxy resin, and polished following the
established protocol outlined in [35]. Figure 3 shows a typi-
cal grain mount of the sample series. The resulting grain-
mount sample numbers used in the EPMA and AM analyses
are summarized in Table A 3.

Following carbon coating of the polished sample sur-
face, AM measurements were conducted using a Mineral
Liberation Analyzer (MLA) [36] instrument. The MLA
instrument utilized in this study consisted of a FEI Quanta
650F field emission scanning electron microscope equipped
with two Bruker Quantax X-flash 5030 energy-dispersive
X-ray detectors, along with the MLA software suite (ver-
sion 3.15). The GXMAP measurement mode [37, 38] was
implemented, employing an acceleration voltage of 25 kV,
an image resolution of 1 pm/pixel, a step size of 6 pixels,
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Fig. 3 Polished sample block for AM and EPMA analysis (diameter
2.5 cm) before carbon coating (example) ( © Dirk Sandmann)

and backscattered electron beam (BSE) brightness calibrated
on Cu. AM analyses were carried out on 15 epoxy blocks (5
blocks of each O-1, O-2, and R-1, respectively), aiming for
a sufficient amount of particles to improve particle statistics
for the subsequent deportment calculation.

Phases were identified based on their EDX spectra. Phase
identification was carried out until the total content of unknown
phases was lower than 0.25 wt.% in all samples after process-
ing. Phase identification and sample characterization were par-
ticularly challenging due to the compositional heterogeneity of
the slag samples and strong zonation of certain phases. Hence,
electron probe microanalysis (see below) was used to refine the
mineral standard list used for phase classification. For more
details of this procedure, see [38]. The list of mineral standards
(see Table A 17) is different from the list of phases that was
ultimately used for the deportment analysis. The latter combines
different phases—mostly those that represent different members
of a continuous solid solution series (see Table 6).

2.6 Electron Probe Microanalysis (EPMA)

The chemical composition of phases from two representative
grain mounts of each sample was determined with a JEOL
JXA 8530F electron probe microanalyzer equipped with a
field emission electron gun and five wavelength dispersive
spectrometers. Operating conditions were set at 20 kV and
25 nA, with a beam diameter of 1 to 10 pm, respectively.
Matrix corrections were done using the ZAF method. An
additional correction was made for peak overlaps following
the procedure described in [39]. Corrections were made for
the following overlaps: V-Ka by Ti-Kf, Cr-Ka by V-Kp,
Cl-Ka by Mo-Ly, S-Ka by Mo-La, S-Ka by Co-Ka 3rd

order, Mo-La by S-Ka, and P-Ka by Mo-LL. Further ana-
lytical details regarding the reference materials used for
calibration, measured X-ray lines, dwell times on peak, and
background positions can be found in Table A 4. Major ele-
ments with concentrations above 5 wt.% were corrected for
machine drift assuming linear drift between two successive
analyses of reference materials measured as unknowns (peri-
clase, diopside, magnetite, rhodonite, vanadium metal, and
plagioclase from ASTIMEX Ltd.). Concentrations below the
quantification limit calculated by the JEOL software were
excluded from the dataset, as well as concentrations with
relative 2SD above 20% and obvious mixed analyses.

3 Results
3.1 Chemical Composition

The chemical composition of the samples in terms of their
major components is summarized in Table 4. A complete
summary of all analytical values is provided in Table AS.
The comparison of the LOI values “as delivered” and
“hydrated” is shown in Table A6. These results show that
the maximum water contents can reach three to four times
the LOI values reported for the samples in Table 4. This fact
must be taken into account when evaluating the deportment
data.

To ensure comparability of the results and a uniform basis
for the deportment analysis, the chemical composition is
presented in recalculated “anhydrous form™ and then nor-
malized to 100 wt.%.

The chemical compositions of the three slag samples are
within the range of typical BOS (see Table 1 and A 1 for
comparison). Vanadium contents range between 1.7 and 2.2
wt.% in all three samples—well above the average reported
for BOS. In addition, the three slag samples are rather poor
in P,O5 and sulfur, while chromium contents are close to the
global average for BOS.

Comparison of the three samples illustrates the two sam-
ples O-1 and O-2 to be of rather similar chemical composi-
tion. The R sample, on the other hand, is marked by dis-
tinctly lower concentrations of MgO and Cr,0O3, but higher
contents of Ca0O, V, alkali elements, and phosphorus. The
significant difference in CaO and MgO contents is reflected
in the Ca/Mg ratio that has a value of 28 in the R sample, but
only around 5 in the two O samples. Despite the overall low
sample number of 5 sub-samples per sample, a significance
test (one-way ANOVA) was performed to estimate whether
the measured differences between the different BOS were
significant. The results are presented in Table A 7 and show
that almost all differences are statistically significant at the
0.05 level. This illustrates that the results of the analytical
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Table 4 Chemical composition of the BOS in terms of the key com-
ponents determined by WD-XRF. The reported results have been

LOlI is listed for information only. The limits of determination of the
method are listed in Table A2

recalculated as “water-free” and normalized to 100%. Therefore,

Sample LOI  Si0, TiO, ALO; Fe,0; MnO, MgO CaO Na,O K,0 P,0; SO, V'  Cr0,
O-1-1 35 1113 129 156 2679  3.60 9.84 4163 001 002 046 025 167 042
0-1-2 36 1129 130 157 2556 3.68 1008 4231 001 002 047 025 169 043
0-1-3 38 1136 131 156 2521 3.68 1008 42.57 001 002 047 025 170 042
0-14 39 1134 133 160 2531 3.68 1003 42.48 001 002 047 025 170 042
0-1-5 38 1130 131 159 2566  3.65 1000 4229 001 002 047 025 168 043
02-1 22 1089 118 130 2562 3.9 890 4427 <001 002 046 015 178 071
022 19 1097 119 133 2494 332 9.03 4463 <001 002 046 016 179 072
023 20 1095 120 131 2502 335 9.02 4459 <001 002 046 015 179 073
024 23 1101 120 131 2470 3.33 9.05 4480 <001 002 046 015 180 072
025 21 1100 119 130 2483 336 9.09 4465 <001 002 046 015 179 073
RI-1 38 1312 094 198 2434 298 206  49.17 007 008 089 020 215 032
R1-2 36 1323 094 197 2375 301 207 49.56 008 008 090 020 216 031
R-1-3 43 1311 094 198 2383 3.0 212 4959 008 008 090 021 214 031
R1-4 38 1313 093 199 2412 299 208 49.30 007 008 089 020 215 032
R-1-5 40 1336 095 203 2364 3.0 211 4946 008 009 08 020 216 032

$Vanadium values are reported here as V not V,0s for ease of comparison with the following deportment analysis—see Table A 5 for calculation

of analytical totals

methods used are robust enough to reliably determine such
differences, which are essential for a deportment analysis.

3.2 Phase Composition

The phase composition of the three slag samples was quantified
by two complementary analytical methods, namely, XRD and
AM. Because of the complexity of the phase composition, it
was deemed appropriate to cross-validate between the two meth-
ods. The phase contents determined by XRD are summarized
in Table 5. Since the amount of amorphous glass phases can be
considered to be negligible in BOS [30-32, 40], the XRD data
report the sum of all crystalline phases. Tables 6 and A 8 report
the phase composition as obtained by AM analyses. Comparison
reveals the generally good correspondence between the results
obtained by XRD and AM, but also qualitative differences.

Qualitative differences are mainly due to the presence of dif-
ferent members of solid solution series. Marked by different
chemical compositions, such members are easily distinguished
by AM, while the presence of complex solid solutions will lead
only to peak broadening in diffractograms that is best addressed
by aggregating solid solution series members. XRD on the other
hand is able to distinguish between polymorphs (e.g., Ca carbon-
ates) and easily recognizes different Fe oxides. To ease compari-
son and further data treatment, solid phase abundance data were
suitably grouped.

AM measurements revealed the presence of more than 10
different phase groups including iron and iron oxides, a mag-
nesiowuestite-wuestite solid solution series, brownmillerite,
larnite, Ca carbonates, and lime. In addition, silicates (e.g.,
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feldspars) and quartz were identified. It must be noted that a
significant number of the identified phases display a large het-
erogeneity in their chemical composition. Therefore, phases
were grouped to allow a better overview of the types of phases
present. Figure 4 illustrates the intergrowth relationships of
the individual phases in the slag particles.

Some notable differences in phase composition can
be observed between the R sample on the one hand and
the two O samples on the other hand. “Ca carbonates”
(which subsume calcite, dolomite, and ankerite), quartz,
Mg-wuestite, larnite, metallic iron, brownmillerite, aker-
manite, portlandite, and CaO (lime) are present in all three
samples, while the presence of ferrite is limited to the two
O samples. The R sample, besides the absence of ferrite,
is characterized by the presence of gehlenite, coulsonite,
and magnetite. Gehlenite represents the Mg- and Na-free
end member of the melilite solid solution series [41, 42]
to which also dkermanite belongs. This difference can be
attributed to the different Ca/Mg ratios in the R and O slag
samples. Magnetite belongs to the spinel group with possi-
ble solid solution series with, e.g., chromite and coulsonite
[43—-45]. Broad XRD peaks of magnetite indicate the pres-
ence of at least one of these solid solutions (e.g., coul-
sonite). Its presence was, however, not verified by AM.

3.3 Phase Chemistry
The chemical composition of different phases identified by AM

and XRD was studied by EPMA using two polished samples for
each of the three BOS samples. This was done to constrain the
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Table 6 Phase composition of slag samples determined by AM?®. The results are reported individually for every one of the sub-samples created

from each of the three samples supplied for this study

Mineral ~ Brownmillerite Cacarbonate Lime Portlandite (Mg)-wuestite Larnite Feldspar Iron oxide Quartz Others Total

wt.-% wt.-% wt-% wt.-% wt.-% wt.-% wt.-% wt.-% wt-% wt-% wt-%
O-1-TP1 142 294 1.6 14.4 20.9 15.0 0.2 0.4 0.0 4.1 100.0
O-1-TP2 14.6 304 1.7 10.6 20.9 18.5 0.2 0.2 0.1 29 100.0
O-1-TP3 145 31.1 2.0 10.7 21.3 17.5 0.0 0.1 0.0 2.8 100.0
O-1-TP5 139 28.3 1.3 18.9 19.9 13.1 0.0 0.2 0.0 44 100.0
0-1-TP6 13.3 32.8 14 12.5 19.0 17.3 0.0 0.2 0.0 35 100.0
0-2-TP1 15.0 343 1.0 12.2 20.3 16.1 0.0 0.1 0.0 1.1 100.0
0-2-TP2 14.8 33.6 2.2 9.7 19.6 18.8 0.1 0.2 0.1 1.0 100.0
0-2-TP4 18.7 28.1 0.8 13.1 222 15.7 0.0 0.1 0.0 1.3 100.0
0-2-TP5 15.6 33.1 0.9 12.2 20.6 16.4 0.1 0.1 0.0 1.1 100.0
0-2-TP6 14.8 34.6 1.9 10.6 194 17.4 0.1 0.3 0.1 0.9 100.0
R-1-TP1 199 29.1 1.7 10.2 10.4 25.0 1.0 0.7 0.8 1.3 100.0
R-1-TP2 19.2 29.0 1.2 12.2 11.0 24.1 0.2 1.2 0.3 1.8 100.0
R-1-TP3 19.3 29.7 24 7.9 11.2 274 0.5 0.3 04 0.7 100.0
R-1-TP4 20.8 27.4 1.3 12.7 10.7 23.8 0.5 04 03 2.1 100.0
R-1-TP6 16.3 34.7 2.6 9.2 10.1 24.6 0.7 0.4 0.3 1.2 100.0

$Note that AM results are typically not reported with analytical uncertainties, which can be calculated using the approach of [18]

concentration range of vanadium in major and minor phases.
The phases and number of points per phase to be analyzed by
EPMA were defined based on the results of XRD and AM anal-
yses—based on the modal abundances of the different phases
and expected vanadium contents (see Table A9). A total of 13
phase (groups) were thus selected for analyses (Table 6).

All analytical results were checked for conclusiveness,
since the analyzed grains were often very fine-grained or very
closely intergrown. Mixed analyses were thus very common.
Only results that could be unequivocally assigned to a specific
phase are reported in Table A10. A summary of these results
with the mean values and 95% confidence intervals of every
sample is provided in Tables A11-A13.

The results illustrate that larnite, brownmillerite, and
portlandite are the main carriers of vanadium in the inves-
tigated BOS samples. These three minerals, together with
Ca carbonates, also dominate the mineralogy of the BOS
(Tables 5 and 6). They do not only form the matrix of the
slag but are also almost always rather heterogeneous in their
chemical composition. This manifests itself on the one hand
in the formation of a classical zonation (see Fig. 4F, H) and
on the other hand in complex irregular patterns reminiscent
of displacement processes (see Fig. 4B, D).

4 Hydration of BOS

Strong hydration of the BOS samples was evident at all
stages of the study. This was most evident for the R sample
that readily agglomerated after each comminution step. This

@ Springer

led to “clogging” of the sieve trays and other mechanical
parts. The results of a hydration experiment carried out on
all three BOS samples (summarized in Table A6) illustrate
the extent of the hydration process as the water content was
found to increase three to four times the value recorded for
the initial samples delivered for this study. Under the experi-
mental conditions we have chosen, we can assume that no
significant amounts of CO, have been incorporated during
the hydration experiments [40, 46]. The effects of hydration
must, of course, be taken into careful account in all attempts
of slag valorization. Hydration has, on the other hand, no
effect on the deportment of vanadium that is the focus of
this study.

5 Discussion

The goal of the present study is to quantify the deportment
of vanadium in V-rich BOS. This requires the integration of
bulk chemistry, phase abundance, and phase chemistry (e.g.,
vanadium content in the different phases) data [18]. The bulk
chemistry data obtained for five sub-samples of each studied
BOS yielded uniform results, indicating that sampling and
sub-sampling procedures were successful to retain a repre-
sentative composition. The phase composition and phase
chemistry data, in contrast, are marked by very significant
variability for all three BOS samples. The latter confirms the
well-known microscale compositional complexity of slags
as technological products [40, 47, 48].
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B iron

[l !ron Oxide

B Larnite
B Portlandite [l
B Lime O

B Brownmillerite

Ca-Carbonate Quartz
(Mg)-Wuestite [J] Others

Gehlenite

Fig.4 Typical BSE (A, C, E, G) and classified AM (B, D, F, H)
images (same image section and magnification, respectively) showing
the complexity of intergrowths and associations of different phases
in the BOS sample. A, B Sample O-1-TP1 with large angular slag
particles composed of <brownmillerite or larnite matrix containing
multiple inclusions of other slag phases. C, D Sample O-1-TP2. One
very large (broken) angular particle with brownmillerite matrix con-
taining an abundance of dendrite-like zoned Ca carbonate and smaller
equigranular (Mg)-wuestite crystals. Note also smaller spherical

particles with a portlandite matrix. E, F Sample R-1-TP6, rounded
particle with a core of iron metal surrounded by a matrix of Ca car-
bonate with many portlandite and (Mg)-wuestite inclusions (partly
also spherical). The second large particle in this figure consists of Ca
carbonate crystals with larnite-dominated rims and brownmillerite
and (Mg)-wuestite as interstitial phases. G, H Sample R-1-TP1. This
image shows a variety of particles with complex larnite—-Ca carbon-
ate—portlandite—brownmillerite intergrowths. In some cases, larger Ca
carbonate crystals occur
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5.1 Deportment Model

To make robust estimates of the vanadium deportment for the
three samples and estimate the associated uncertainties, results
from AM and EPMA measurements were integrated using
Monte-Carlo simulations following the method of [18]. Deport-
ments quantitatively describe the allocation of an element to
different phases in a sample and are a key factor in the recovery
of minor and trace metals from different raw materials. For the
present study, vanadium deportment was defined by the set of
percentages:

{ SN 1009 }
. ) 1
CV i=1,....N ( )

where c; is the vanadium concentration in phase i, x; is the
modal abundance of phase i (in wt.%), and Cy, is the bulk
vanadium concentration in the sample [18].

Table 7 provides an overview of the V-bearing phases con-
sidered in the deportment calculation including their densities.
A relative uncertainty of 5% was assumed for these density
values, reflecting uncertainties related to porosity and den-
sity variations with phase composition. It is important to note
that no actual vanadium phases such as the ternary compound
Ca;V,S51,04 [49], vanadium garnets like goldmanite [50] or
momoiite [51], or pure coulsonite [45] were identified, despite
the studied samples containing bulk concentrations of 1.7-2.2
wt.% of V (Table 4). This suggests that the vanadium occurs
as a minor component in solid solutions—in good agreement
with [52]. Table A 14 lists the modal abundances of these
phases in the three studied BOS samples, including the cor-
responding 95% confidence intervals (CI) as estimated from
the AM data. These numbers correspond to the set of x; in
Eq. (1). Table A 15 then gives an overview of the vanadium

concentrations in each phase, corresponding to the set of c;
in Eq. (1). The contribution to the deportment (Table A 15)
versus the modal mineralogy is illustrated in Fig. 5. Finally,
the absolute contributions of each phase to the bulk vanadium
contents of the samples are shown in Table A 16.

The most important vanadium host phases in all three
samples appear to be the various members of the larnite
group (representing a solid solution in the system CaO-V,0s-
Si0, described in [52]) and members of the brownmillerite
group as well as portlandite. In O-1 and O-2, calcium car-
bonate phases are also relevant hosts. Importantly, vanadium
appears to be rather evenly distributed across 3—6 distinct
phases/phase groups, each containing no more than one-third
of the total vanadium content in the sample.

5.2 Validation

To test the deportment results for consistency with the meas-
ured bulk V contents determined by XRF (Table 4), the
results of the deportment model were used to back-calculate
V contents for the three samples. The results are shown in
the last line of Table 8. It is evident that back-calculated
V concentrations are consistently and significantly lower
than chemically determined concentrations. Nevertheless,
it is remarkable that mean values rather consistently reach
between 58 and 60% of the chemically measured V contents
as reported in Table 4. There are several possible reasons
that may contribute to this systematic discrepancy. Possible
reasons include the following:

a) The study may have failed to identify a phase with high
vanadium concentrations in all three samples. Yet, this
explanation appears highly unlikely as such a phase

Table 7 Phases used for

Ideal formula

Major impurities (>1 wt.%) Density Standard error

deport.ment analysis including [g/em’] [glem’]

densities used for deportment

modeling Brownmillerite T (high Al) Ca,(ALFe),05 V,Ti, Cr, Mg, Si 3.7 0.2
Brownmillerite II (medium Al) Ca,(Al,Fe),05 Ti, V, Cr, Mn, Mg, Si 3.7 0.2
Brownmillerite III (low Al) Ca,(AlFe),05 Mn, V, Cr, Ti, Si 3.7 0.2
Calcium carbonate CaCO;, Mg, Fe, Mn, Si in some 29 0.2

samples

Lime CaO Fe, Mn, Mg 3.3 0.2
Portlandite Ca(OH), Fe, Si, Mn, Mg, V 22 0.2
Magnesiowuestite I (high Mg)  (Fe,Mg)O Mn, Ca, Cr 4 0.2
Magnesiowuestite II (low Mg)  (Fe,Mg)O Mn, Ca, Cr 4.5 0.2
Wauestite I (high Mg) FeO Mg, Mn, Ca, Cr 4.9 0.3
Wauestite II (low Mg) FeO Mg, Mn, Ca, Cr 53 0.2
Larnite Ca,Si0, P, V, Fe 3.3 0.2
Larnite (V) Ca,Si0, V,P 33 0.2
Native iron Fe Mn 7.8 0.4

@ Springer
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Fig.5 Modal mineralogy as determined by AM versus the V contribution to the deportment of the respective minerals

Table 8 Phase contributions to overall V content (wt.%) with 95%
confidence intervals and the resulting calculated vanadium content for

the three BOS samples (last line in bold)

9

R-1 O-1 0-2
Brownmillerite I 0.08 (0.06-0.09) 0.06 (0.05-0.07) 0.08 (0.07-0.09)
Brownmillerite IT 0.20 (0.18-0.23) 0.16 (0.14-0.18) 0.23 (0.20-0.26)
Brownmillerite I1I 0.05 (0.01-0.23)  0.08 (0.06-0.10) 0.10 (0.07-0.14)
Calcium carbonate 0.00 (0.00-0.01)  0.10 (0.06-0.16) 0.12 (0.07-0.23)
Lime 0.00 (0.00-0.00)  0.00 (0.00-0.00) 0.00 (0.00-0.00)
Portlandite 0.10 (0.07-0.13) 0.18 (0.13-0.25) 0.14 (0.10-0.19)
Magnesiowuestite I~ 0.00 (0.00-0.00) 0.00 (0.00-0.01) 0.00 (0.00-0.00)
Magnesiowuestite I 0.0 (0.0-0.0) 0.01 (0.00-0.01) 0.01 (0.00-0.01)
Wauestite I 0.00 (0.00-0.00) 0.00 (0.00-0.01) 0.00 (0.00-0.00)
Wauestite I1 0.00 (0.00-0.01) 0.00 (0.00-0.01) 0.01 (0.01-0.01)
Larnite 0.39 (0.32-0.49) 0.18 (0.13-0.25) 0.13 (0.10-0.17) d)
Larnite (V) 0.34 (0.29-0.40) 0.17 (0.14-0.20) 0.19 (0.16-0.22)
Native iron 0.0 (0.0-0.0) 0.00 (0.00-0.00) 0.0 (0.0-0.0)
Other minerals 0.0 0.0 0.0

Total

1.18 (1.07-1.38)  0.96 (0.86-1.06) 1.02 (0.92-1.14)

b)

would need to occur in significant—and similar—
amounts (>> 1 wt.%) in all three studied slag samples.
The modeled vanadium contents in the analyzed
phases are incorrect, especially the phases that were
calculated with medium vanadium concentrations
(see Table A 14). The influence of such individual
errors can, in the worst case, add up and not cancel
each other out and have a significant impact on the
back-calculated bulk composition. Although we can-
not entirely exclude this source of error, we regard its
impact as rather small, because the deviation of the
back-calculated vanadium concentrations from the

chemically determined contents are just too consist-
ent to be related to spurious deviations.

A clearly noticeable source of discrepancy is the sam-
ple preparation for XRF analysis. On the one hand,
ignition causes a significant loss of mass due to the
release of components like H,O and CO, from various
phases such as portlandite and Ca carbonates, which
is counteracted by the oxidation of other components
like iron. This leads to an inconsistent change in the
analyzed masses and consequently reduces the com-
parability between results from XRF and AM and
XRD likewise, but it is unlikely to be responsible for
the consistent deviation observed here.

The use of idealized densities for the phases/phase
groups used the for deportment modeling [53] may
be a significant source of error. Many phases present
in the BOS samples are members of complex solid
solution series. In addition, phases involved in the
hydration processes exhibit distinct porosities. These
effects may result in large and rather consistent devia-
tions from density values reported for compositional
end members in literature. The effect of this error is
easily illustrated. For instance, a relative increase of
30% in the density of the larnite phases—the most
important hosts of vanadium in our deportment
model, compared to the other phases present in the
sample would result in an increase of 5-10% in the
back-calculated vanadium concentration, respectively.

Although several possible sources of error can thus

be identified, we deem poorly constrained densities of

@ Springer
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V-bearing phases as the greatest single source of error in
our deportment model, resulting in significant and consist-
ent underestimation of bulk vanadium contents, respectively.

6 Conclusions

This study introduces a comprehensive workflow for
quantitative characterization and quantitative deportment
of metal distribution on slags. Preservation of representa-
tiveness of sampling and sub-sampling processes is found
to be equally important as the consistent/coherent identi-
fication of slag phase—in a phase system marked by an
abundance of compositional variability and solid solution
series. Results clearly illustrate that the combination of
complementary methods like XRF and EPMA with AM
is needed to provide a sound understanding of the phase
composition and metal deportment of slags.

The results obtained also allow for a first, cautious
geometallurgical evaluation of technological opportuni-
ties for V recovery from BOS. In the analysis of the three
studied vanadium-rich BOS, no phases were identified
that contain vanadium in stoichiometric amount—and
not single phase (group) dominates the deportment of
vanadium. The bulk of vanadium is bound in Ca-rich
solid solution series—(almost) none occurs in spinel or
wuestite phases. The vanadium-bearing minerals consti-
tute a very large mass fraction of the BOS. Any effort to
extract vanadium from these slags will thus necessitate
the chemical processing of the bulk material—with no
opportunity to significantly enrich vanadium-bearing
hosts by physical beneficiation processes.

In a highly generalized view, these results show that,
even for the utilization of secondary raw material sources
such as slags, an evaluation by simple bulk chemical
investigations will not provide sufficient results. In order
to decide which principal routes of physical treatment
and/or chemical processing are suitable for beneficiation
and metal extraction, comprehensive (i.e., geometallurgi-
cal) characterization of the samples is mandatory.
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tary material available at https://doi.org/10.1007/s42461-023-00851-w.
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