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Abstract: In this study, possible leaching control mechanisms for Cr and V in electric arc furnace slags
were investigated by using a multi-methodological approach. Aside from chemical and mineralogical
bulk analyses, special emphasis was given to surface investigations of the slags prior to and after
leaching. In addition, pH dependence leaching tests were performed and the obtained data were
evaluated with hydrogeochemical models. Investigations revealed that Cr and V are mainly bound in
spinel and wuestite as well as minor amounts of olivine. Spinel and wuestite do not dissolve during
water leaching for 48 h, whereas, depending on the composition of olivine, this phase either dissolves
and releases V and Cr congruently, or does not dissolve but may hydrate. Melilite may also hydrate,
but neither V nor Cr were detected in this phase. It appears that leached V is subsequently adsorbed
onto these newly hydrated phases. The combination of the applied methods further showed that
the abundance of calcium silicates, spinel, and wuestite is influenced by the FeO/SiO2 and CaO/SiO2

ratio in the slag. Therefore, it is assumed that the leaching of V and Cr can be minimized by changing
these ratios to favor the formation of Fe bearing calcium silicate and spinel instead of wuestite.

Keywords: electric arc furnace slag; mineralogical characterization; leaching mechanism; vanadium;
chromium; geochemical modeling

1. Introduction

In Austria, up to 100 million tons of natural rocks are mined as raw materials for building and
construction purposes every year, yielding a consumption of approximately 12 tons per capita a year,
which is twice as high as the average consumption in the European Union (with the exceptions of
Finland, Romania, and Estonia). Additionally, 2.5 million tons of ore are mined per year for steelmaking
industries; however, the major part of the almost 10 million tons required has to be imported [1].
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During the steel making process, approximately 2.5 million tons per year of blast furnace (BF) slags and
steel slags accrue in Austria [2], of which 78,000 tons per year arise from electric arc furnaces (EAF) [3].
Using EAF slag as a building material, for example, in road construction [4–7], not only leads to the
conservation of natural raw materials, but it also supports circular economy aspects, because recycled
steel products, or scrap, are used as the input material instead of primary ore as in the BF. However, a
use is of course only possible, if no environmental risks emanate from EAF slags.

Slag serves as an essential metallurgical instrument during the steelmaking process to ensure
the quality of the steel. Elements such as Si, which have negative effects on the quality of the steel,
are withdrawn by adding slag forming compounds such as CaO and MgO [8]. Depending on the
steelmaking process, the main elements in the slags are Si, Ca, Mg, and Al as well as Fe. Additionally,
minor amounts of alloying elements that are necessary to enhance the steel quality can be incorporated
in the slag, which originates from recycled scrap or from secondary metallurgy. Some of these elements,
like V and Cr, can pose environmental risks if leached from the slags [9,10]. However, particularly in
the case of Cr, the oxidation state is crucial, since Cr(III) is considered to be an essential trace element
for the human metabolism, whereas Cr(VI) is carcinogenic [11,12]. In the case of V, the oxidation state
also has to be considered because the toxicity of V increases with increasing valency [13–15]. For basic
oxygen furnace (BOF) slags, Chaurand et al. [16,17] showed that in powder samples, Cr is present as
Cr(III) prior to and after water leaching and that V is predominately present as V(IV) and increases its
oxidation state to V(V) during ageing. Hobson et al. [18] also showed that V was released as V(V) from
dicalcium silicates in BOF slags. To our knowledge, no analogous information is available for EAF
slags. Attempts to determine the oxidation state of Cr and V in single mineral grains in the original
slag samples and after being exposed to water for 48 h are described in Neuhold et al. [19].

To minimize a potential risk evolving from leaching of the alloying elements V and Cr, several
investigations on slags have been published. These studies reveal that the leaching is controlled by the
mineralogy of the slags in three main ways: through the stability of the primary mineral phases; the
formation of secondary mineral phases; and adsorption onto mineral surfaces. Subsequently, leached
ions may be immobilized due to the sorption properties of the matrix, for example, soil [20,21]. For Cr,
binding in the spinel crystal structure and the low solubility of the spinel phase was identified as
the leaching control mechanism (e.g., [22,23]). Strandkvist et al. [24,25] described the incorporation
of Cr2O3 in magnesiowuestite and the dependence of Cr leaching on the amount of FeO present,
stating that higher amounts of FeO in the grain led to lower Cr leaching. The incorporation of V in
spinel and brownmillerite in EAF slags was shown by Mombelli et al. [26] and its binding in calcium
silicates such as larnite in BOF slags by van Zomeren et al. [27] and Drissen [28,29]. These studies
indicate the influence of the chemical composition on the mineral composition and consequently on
the leaching behavior. Higher Cr2O3, MgO, and Al2O3 contents enhance the formation of spinel and
the addition of SiO2 promotes the formation of gehlenite (instead of brownmillerite), both leading
to a decrease in the leaching of Cr and V, respectively [24–26,30,31]. Other studies have stated that
secondary mechanisms such as the precipitation of calcium silicate hydrates (CSH) and Ca vanadates
control the leaching behavior of V [18]. In contrast, Loncnar et al. [32] postulated that the leaching was
mainly controlled by surface reactions and not by the chemical composition of the investigated ladle
slags. These contradictory results demonstrate that the exact controlling mechanisms for the mobility
of Cr and V in slags are not completely understood yet. Therefore, in this study, hydrogeochemical
modeling and experimental methods, with special emphasis given to surface analyses before and
after leaching tests, were used to investigate these complex connections between slag properties and
leaching behavior. Not all of the above-mentioned mechanisms were confirmed, but new possible
leaching control mechanisms were identified for Cr and V.

The findings of this study can be used as a basis to further develop an environmentally safe
utilization of EAF slags as construction materials by tailoring the slag properties during the steelmaking
process to minimize the leaching of Cr and V.
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2. Materials and Methods

2.1. Samples

In this study, five EAF slag samples from two different steel plants were analyzed. Slag sample
EAFS1 represents the standard operating conditions of steel plant 1 and was sampled according to
ÖNORM S 2127 [33] by taking ten representative subsamples of 36 kg from one steel charge, adding
up to a total of 360 kg. These subsamples were characterized (see Section 2.2) individually and as a
collective sample. The other four samples (of 20 kg) were taken at steel plant 2. Two of these slag
samples (EAFS2_1 and EAFS2_2) were generated by the standard procedure of the steel plant, but
with different formation times (beginning/not reduced and tapping/reduced) and different cooling
rates: since the melt is poured in a slag pot, sample EAFS2_1 represents a comparably slow cooling
rate (cooled in the center) and sample EAFS2_2 represents a comparably fast cooling rate (cooled at the
pot wall). The other two slag samples were conditioned with varying additives (internal procedure of
the steel plant) during the steelmaking process (EAFS2_A and EAFS2_B).

2.2. Methods

2.2.1. Chemical Characterization

All samples were crushed (jaw crusher, Retsch BB 200, Retsch GmbH, Haan, Germany), ground
(ball mill, Retsch S 1000, Retsch GmbH, Haan, Germany), and dried at 105 ± 3 ◦C (drying oven,
according to DIN EN 14346 [34]) prior to microwave digestion with a mixture of HF, HNO3, and
HCl according to ÖNORM EN 13656 [35]. The chemical composition of all EAF slag samples was
determined by using an inductively coupled plasma mass spectrometry (ICP-MS) system from Agilent
Type 7500 (Agilent Technologies, Inc., Santa Clara, CA, USA) for cation concentrations (according to
ÖNORM EN ISO 17294-2 [36]) and by using inductively coupled plasma optical emission spectrometry
(ICP-OES, Varian Vista-MPX CCD Simultaneous System, 4.1.0, Agilent Technologies, Inc., Santa Clara,
CA, USA) for the sulfur concentrations. To determine the fluorine concentrations, an alkaline digestion
using NaHCO3 and Na2CO3, according to [37], was performed prior to ion chromatography (IC,
Dionex ICS-2000). Hexavalent Cr was determined according to DIN 38405-24/EPA method 3060 A [38]
by using a UV/VIS spectrometer (UNICAM UV4). All analyses were conducted at the Chair of Waste
Processing Technology and Waste Management of the Montanuniversitaet Leoben.

The oxidation states of Cr and V in single mineral grains were investigated for fresh and leached
polished sections via x-ray absorption near-edge spectroscopy (XANES) for samples EAFS1 and
EAFS2_1. The water free preparation of the polished sections is described in detail in Neuhold et
al. [19]. Leaching of the polished sections is described in Section 2.2.3. For each sample, two polished
sections (mirror image) were prepared to analyze the surface prior to and after leaching during one
beamtime at the µSpot beamline at the electron storage ring BESSY II in Berlin-Adlershof of the
Helmholtz Center Berlin for Materials and Energy. Twelve measuring spots (three grains per mineral
phase) were selected per sample (for details see Neuhold et al. [19]). The measuring spots were excited
with x-rays, 50 eV below and 150 eV above the K absorption edge of Cr (5.989 keV) and V (5.465 keV),
covering a range of 200 eV. The following standards were used: Cr2O3, MgCr2O4, Cr(OH)3, CaCr2O4,
FeCr2O4, CaCrO4, BaCrO4, K2CrO4, FeV2O4, VO, VO2, and V2O5.

2.2.2. Mineralogical Characterization

X-ray diffraction (XRD) measurements were conducted for all described samples with a PANalytical
X’Pert Pro instrument (PANalytical B.V., Almelo, The Netherlands) at the Institute of Applied
Geosciences of Graz University of Technology. The data were collected using Co–Kα radiation at
40 mA and 45 kV. The samples were rotated and data points were recorded for a 2θ angle between 4◦

and 85◦ with a step size of 0.008◦.
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The surface of the fresh and leached (see Section 2.2.3) samples was characterized with the electron
microprobe (EMP) technique using the Superprobe JEOL JXA 8200 (JEOL Ltd., Akishima, Japan) at the
Chair of Resource Mineralogy of Montanuniversitaet Leoben. Quantitative analyses were recorded in
wavelength dispersive spectrometer (WDS) mode by using the Kα lines of Ca, Mg, Mn, Si, Al, Fe, V,
Cr, Mo, and F. The following spectrometer crystal arrangement was selected: TAP for Mg, Al and F,
PETJ for Si, Ca, Mo, and LIFH for V, Cr, Mn, and Fe. The instrument was calibrated with the following
standards: chromite, chromium(III) oxide, wollastonite, diopside, and kaersutite. The instrument was
operated with an acceleration voltage of 15 kV and a beam current of 10 nA. The detection limits for
the quantitative analyses ranged between 0.023 and 0.053 mass-% for V and 0.027 to 0.037 mass-% for
Cr and were considered separately for every measuring set during data evaluation (see Tables S1–S14).

2.2.3. Leaching Experiments

The pH dependence leaching tests were conducted according to EN 14429 [39] for 48 h with
a liquid to solid (L/S) ratio of 10. The samples were crushed to a grain size <1 mm and the acid
neutralization capacity as well as the base neutralization capacity were determined. Afterward, eight
leaching experiments were performed per sample: one with distilled water (= natural pH) and seven
by adding the necessary amounts of HNO3 and NaOH, respectively, to reach final pH values after 48 h
from pH 2 to 13 (with a maximum interval of 1.5 pH units). The pH was measured after 4 h, 44 h, and
48 h and the maximum pH change between 44 h and 48 h did not exceed 0.3 pH units. After filtration
with a membrane filter (pore size 0.45 µm) the leachates were analyzed using ICP-MS, ICP-OES, IC,
and photometrically, as described in Section 2.2.1.

The polished sections were leached by stirring from underneath on the basis of ÖNORM S
2116-4 [40] in distilled water for 48 h (instead of 24 h). The L/S ratio could not be determined exactly
because the samples were already embedded in epoxy resin. However, the leachates were not further
considered, since these leaching tests were solely performed to investigate surface changes.

2.2.4. Hydrogeochemical Modeling

Hydrogeochemical modeling was performed using the software LeachXSTM/Orchestra version
2.0.90 (ECN, DHI, Vanderbilt University, Nashville, TN, USA). The pH dependence leaching tests
served as input data by determining the maximum concentration at pH values between 1 and 14
(availability) for each element. The concentrations for 23 elements (19 cations and four anions) were
implemented. The input amount of CO3

2− in the model is difficult to estimate as the degassing of
CO2 occurs at low pH, while CO2 is adsorbed by the suspension at high pH [41]. Therefore, the
input amount of CO3

2− was estimated for each sample via trial and error by adjusting the calculated
concentrations of Ca compared to the experimentally determined concentrations. Additionally, the
values for hydrous ferric oxides (HFO) as a specific adsorbing surface were determined for samples
EAFS1 and EAFS2_1 via ascorbate, dithionite (both according to Kostka and Luther [42]) and oxalate
(according to Blakemore et al. [43]) extraction. These experiments were conducted by the Energy
Research Centre of the Netherlands (ECN, now ECN part of TNO). For the other samples, the HFO
amount was used as a model calibration parameter. The L/S ratio was set to 10 in the model, according
to the performed leaching experiments and the sum of pe and pH was set to 10. A lower sum of pe and
pH compared to the experimental data (12 to 13) was used because a better fit for Fe was achieved, being
in good agreement with the mineralogical characterizations where Fe(II) is the predominant valence
state for Fe in the investigated EAF slags (see Section 3). The thermodynamic database minteq.v4.dat
was used as the basis for the calculations. To cover various possible precipitation and adsorption
reactions, described as leaching control mechanisms in the literature (see Section 1), further information
was implemented via database extensions (patches). Those patches (created by Dijkstra and Meeussen
and Vollprecht and Neuhold) contained mineral phases from the literature, the thermodynamic
database llnl.dat (Lawrence Livermore National Laboratory), and the adsorption model according to
Dzombak and Morel [44]. Solid solutions (e.g., a spinel solid solution with the end members FeCr2O4,
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MgCr2O4, MgAl2O4, FeAl2O4, Mn3O4, and FeV2O4) were implemented according to Meeussen (2014,
Standard ORCHESTRA object definitions Version 2014). By comparing the experimental data to the
thermodynamic calculations provided by the model, a set of 184 mineral phases, six solid solutions,
and adsorption onto HFOs was selected from the compiled database. Precipitation reactions were
suppressed for mineral phases that were unlikely to occur in slag systems and that underestimated the
experimentally determined leached concentrations by orders of magnitude. For detailed information
regarding the input data, model components, and modeled results for the elements (Ca, Si, Fe, Al, Mg
and Mn), see Supplementary Material Tables S15–S22 and Figure S1.

3. Results

3.1. Chemical and Mineralogical Composition

Table 1 shows the bulk concentrations of selected elements (concentration > 1 mass-%) and V in
the investigated EAF slags. Major elements were Ca and Fe. The concentrations for Crtotal were around
1 mass-%, however, the measured Cr(VI) concentrations were very low. Vanadium concentrations
were around 0.1 mass-%.

Table 1. Bulk chemical composition (in mass-%) of the investigated EAF slags. Non-conditioned:
samples from standard procedure; conditioned: samples with additives (internal steel plant procedure);
(s = 1σ).

Total
Content Non-Conditioned Samples Conditioned Samples

(Mass-%)
EAFS1 EAFS2_1 EAFS2_2 EAFS2_A EAFS2_B
n = 10 n =2 n = 2 n = 1 n = 2

Ca 15.1 ± 1.6 27.5 ± 0.4 28.1 ± 0.4 16.6 16.9 ± 0.6
Si 4.9 ± 0.3 7.8 ± 0.2 6.7 ± 0.9 8.9 11.7 ± 0.3
Fe 29.6 ± 1.4 20.6 ± 0.5 21.8 ± 1.3 22.8 20.3 ± 2.5
Al 3.9 ± 0.4 3.0 ± 0.3 3.1 ± 0.2 2.2 4.8 ± 0.03
Mn 3.6 ± 0.2 5.0 ± 0.3 5.9 ± 0.1 3.1 4.2 ± 0.06
Mg 3.7 ± 1.4 3.3 ± 0.3 3.0 ± 0.3 2.3 2.4 ± 0.04

Crtot 1.2 ± 0.1 0.98 ± 0.05 0.91 ± 0.3 1.2 1.5 ± 0.06
V 0.07 ± 0.01 0.09 ± 0.01 0.10 ± 0.002 0.09 0.11 ± 0.02

Cr(VI) < 2.0 × 10−4 2.4 × 10−5
± 0.00 2.4 × 10−5

± 1.1 × 10−5 1.6 × 10−5 1.8 × 10−5
± 8.5 × 10−6

Results for the bulk mineralogy (for the XRD results, see Supplementary Material Figure S2
and Table S23) and the microprobe analyses are summarized in Table 2. Results of the mineral
chemical analyses are listed in Tables S1–S14. Two of the five presented samples showed a similar
mineralogical composition, but varying mineral chemical compositions of the phases due to solid
solutions: a wuestite solid solution (Fe,Mg,Mn)O, a spinel solid solution AB2O4 (with A = Fe, Mg,
Mn and B = Al, Cr, Fe, Mn), an olivine group phase A2SiO4 (with A = Ca, Fe, Mg, Mn), and a melilite
group phase Ca2M(XSiO7) (with M = Mg, Fe, Al and X = Si, Al). The olivine group phase included:
fayalite (Fe2SiO4), forsterite (Mg2SiO4), tephroite (Mn2SiO4), glaucochroite (CaMnSiO4), kirschsteinite
(CaFeSiO4), monticellite (CaMgSiO4), and calcio-olivine (γ-Ca2SiO4) [45] as well as larnite (β-Ca2SiO4)
and bredigite ((Ca14Mg2(SiO4)8) and every solid solution between these end members. The end
members åkermanite (Ca2Mg(Si2O7)), gehlenite (Ca2Al(AlSiO7)), and ferri-gehlenite (Ca2Fe(AlSiO7))
or any solid solution among these end members can be summarized as the melilite group phase.
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Table 2. Mineral phases (determined by XRD) and calculated mean stoichiometric composition of the measured phases (from the EMP analyses) of the investigated
EAF slag samples. All Fe and Mn were calculated as Fe2+ and Mn2+. Italics indicate phases with very low signal in the diffractogram.

Sample XRD EMPA Abbreviation

Mineral Phases Calculated Stoichiometry Analyses

EAFS1

Spinel (Mg0.5Fe0.6Mn0.1)(Cr1.0Al0.9)O4 5 Spl
Wuestite (Fe0.8Mn0.1Mg0.1)O 10 Wus
Gehlenite Ca2(Mg0.2Fe0.2Al1.3)Si1.3O7 5 Mll

Monticellite (Ca1.2Mg0.2Fe0.5Mn0.2)SiO4 5 Ol1

EAFS2_1
Spinel (Mg0.6Fe0.4Mn0.2)(Cr1.6Al0.3)O4 5 Spl

Wuestite (Fe0.6Mn0.2Mg0.2)O 10 Wus
Bredigite (Ca1.9Mg0.1)SiO4 10 Ol2

EAFS2_2

Wuestite (Fe0.7Mn0.2Mg0.1)O 10 Wus
Åkermanite Ca2(Mg0.1Fe0.1Al1.6)Si1.2O7 6 Mll

Bredigite (Ca1.7Mg0.2Fe0.1)SiO4 6 Ol2
- Ca–Si–Ti–Fe (by EDS) 3 T

EAFS2_A

Spinel (Mg0.3Fe0.7Mn0.1)(Cr1.5Al0.5)O4 13 Spl
Wuestite (Fe0.7Mg0.1Mn0.1)O 10 Wus
Gehlenite Ca1.9(Mg0.2Fe0.2Al1.2)Si1.4O7 10 Mll

Kirschsteinite (CaMg0.3Fe0.5Mn0.1)SiO4 13 Ol1
Bredigite (Ca1.8Mg0.1Fe0.1)SiO4 3 Ol2

EAFS2_B

Spinel (Mg0.4Fe0.5Mn0.2)(Cr1.2Al0.8)O4 14 Spl
Wuestite grains < 10 µm - Wus
Gehlenite Ca1.9(Mg0.3Fe0.2Al1.1)Si1.5O7 10 Mll

Kirschsteinite (Ca0.9Mg0.2Mn0.3Fe0.6)Si1.0O4 10 Ol1



Minerals 2019, 9, 525 7 of 19

Table 3. Mean concentrations of Cr and V of all measured phases (see Table 2) before (BL) and after leaching (AL) for spinel solid solutions (Spl), wuestite solid
solutions (Wus), melilite group phases (Mll), and olivine group phases (Ol); (s = 1σ). Abbreviations: no analyzed grain (-), below detection limit (b.d.), and dissolved
(d). Results of the chemical mineral analyses of single grains are listed in Tables S1–S14.

EAFS1 EAFS2_1 EAFS2_2 EAFS2_A EAFS2_B

Phase BL AL BL AL BL AL BL AL BL AL

Chromium (mass-%)

Spl 26.3 ± 2.0 24.2 ± 3.6 40.8 ± 2.0 40.5 ± 2.1 - 38.7 ± 2.3 34.7 ± 4.3 36.6 ± 6.0 28.5 ± 3.9 28.2 ± 4.1
Wus 0.67 ± 0.20 0.74 ± 0.20 1.54 ± 0.32 1.44 ± 0.44 0.96 ± 0.14 0.96 ± 0.27 2.59 ± 2.2 3.50 ± 2.0 <10 µm <10 µm
Mll b.d. 0.07 ± 0.03 - - b.d. 0.05 ± 0.01 b.d. b.d. b.d. b.d.
Ol1 b.d. 0.05 ± 0.03 - - - - b.d. 0.08 ± 0.08 b.d. b.d.
Ol2 - - b.d. d b.d. d 0.04 ± 0.02 d - -

Vanadium (mass-%)

Spl 0.12 ± 0.05 0.14 ± 0.03 0.10 ± 0.04 0.07 ± 0.02 - 0.08 ± 0.03 0.07 ± 0.03 0.19 ± 0.10 0.12 ± 0.04 0.19 ± 0.10
Wus 0.05 ± 0.02 0.09 ± 0.05 b.d. b.d. 0.09 ± 0.03 0.06 ± 0.02 0.07 ± 0.03 0.16 ± 0.06 <10 µm <10 µm
Mll b.d. b.d. - - b.d. b.d. b.d. b.d. b.d. b.d.
Ol1 b.d. b.d. - - - - b.d. b.d. b.d. b.d.
Ol2 - - 0.06 ± 0.03 d b.d. d b.d. d - -
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In sample EAFS2_1, no melilite was detected and the olivine group phase lacked Fe and Mn. No
spinels were found in sample EAFS2_2 and an olivine group phase without Mn was formed. In sample
EAFS2_A, an additional olivine group phase was found, again with no Mn present. EMP analyses
revealed higher stoichiometric variations for olivine when compared to the other phases. Aside from
oxides (spinel and wuestite) and calcium silicate phases (olivine and melilite), metallic inclusions
were found in all samples. Regarding Cr and V, the results in Table 2 revealed that Cr was bound in
chromium-rich spinel group phases, but no discrete V bearing phase was found. However, Table 3
shows that V and Cr were present as trace elements in almost all other phases. Vanadium was mainly
incorporated in spinel and wuestite solid solutions and also in the olivine phase in sample EAFS2_1.
Besides the binding of Cr in the spinel phases, Cr could also be incorporated in the wuestite lattice
and, in sample EAFS2_A, in minor amounts in one of the olivine phases (see Table 3). Neither V nor
Cr were detected in the melilite group phase in any of the samples. XANES measurements revealed
that Cr was bound as Cr(III) in the spinel and wuestite phases and V was bound as V(III) in the spinel
(Neuhold et al. [19]). No Cr(VI) was found, either in the fresh or leached samples.

3.2. Qualitative and Quantitative Surface Investigations

Comparison of the fresh and leached surface of the slag samples (Figure 1) showed that the spinel,
wuestite, and melilite phases did not dissolve after being exposed to water for 48 h in all samples.
However, possible hydration reactions during the leaching of melilite and olivine group minerals
were assumed because the quantitative analyses of some of these phases did not add up to 100% after
leaching (see Tables S1–S14). The olivine phases dissolved completely in some samples, depending on
the amount of Mn, Fe, and Ca present in the phase (Figure 1 and Table 2); higher Mn and Fe content
and a lower Ca content enhanced the stability of this phase. Due to the roughness of the sample surface
after the leaching, the quantitative analysis was restricted for some grains and the analyses showed
significant standard deviations. However, in general, incorporation of Cr and V in the spinel via
cationic substitution seemed to be favorable for both elements when compared to their incorporation
in olivine and wuestite phases. V and Cr may leach from olivine if it dissolves during leaching, and
wuestite only incorporates limited amounts of Cr and V in its structure [25].

The differences in Cr concentrations in the investigated spinel grains (Table 3) prior to and after
water leaching for 48 h were within the range of standard deviations for the measurement, hence, no
significant decrease due to leaching was detected. The change in Cr concentrations in single wuestite
grains after leaching could only be evaluated in samples EAFS1 and EAFS2_1, respectively EAFS2_2.
In sample EAFS2_A, the standard deviation of the measurements was in the range of the determined
mean concentration and in sample EAFS2_B, no quantitative analysis could be performed on wuestite
because the grain size of the phase was below 10 µm. After considering the mean concentrations and
standard deviations, it can be deduced that Cr is bound, comparably stable, in both wuestite and spinel.
A high FeO content above 65 mass-% in the investigated wuestite prevented Cr leaching [25] (see
Tables S1–S14). However, the absolute Cr concentrations in the investigated spinel and wuestite phases
were quite different. Spinel compositions were close to the chromian end members, corresponding to
Cr concentrations up to 40 mass-% per grain, whereas Cr was incorporated in the wuestite structure
only in traces, with up to 3 mass-% per grain. Chromium concentrations in the analyzed calcium
silicate phases were below or close to the detection limit and have to be evaluated with caution due
to the high standard deviations up to 100%. Nevertheless, in sample EAFS2_A, the olivine phase
(Ol2) dissolved during water leaching for 48 h, therefore, it can be assumed that the incorporated Cr
was released.
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The concentrations of V in the single grains prior to and after leaching did not differ significantly,
neither in spinel nor in wuestite, after taking the elevated standard deviations for the measurements
after leaching (up to 50%) into account. Similar low V concentrations (close to the detection limit)
were present in wuestite and spinel. Exceptions are sample EAFS2_1, where no V was detected in
wuestite but in spinel, and sample EAFS2_B, where the wuestite crystals were too small for quantitative
analyses. In all analyzed calcium silicate phases (except sample EAFS2_1), the V concentrations were
below the detection limit. In sample EAFS2_1, V was released due to the dissolution of the V bearing
olivine phase.

3.3. Modeling Results

The results of the pH dependence leaching tests combined with those of thermodynamic modeling
are shown in Figure 2 for the non-conditioned samples (EAFS1, EAFS2_1, and EAFS2_2) and in
Figure 3 for the conditioned samples (EAFS2_A and EAFS2_B). Although the total and the leached
concentrations of Cr and V differed (Tables 1 and 4) for all of the presented samples, the same specific
leaching trends, meaning the leaching behavior over the pH range from 2 to 14, was observed for
Cr and V, respectively, in all samples. The experimental concentrations for leached Cr showed the
highest concentration at pH 2 and a continuous decrease up to pH 5. Between pH 5 and pH 10/11,
the concentrations remained low at around 0.01 mg/kg DM and below, and increased toward higher
pH values, but did not exceed the maximum concentrations at low pH values. In the pH range from
9 to 13, higher concentrations of Cr were released from sample EAFS1 than from the other samples.
For environmental evaluations, the pH domain between natural pH (around 11) and expected lower
pH values (around 8) for fully weathered samples are the most relevant.

The concentrations of leached V decreased significantly from pH 2 to approximately 6, followed
by an increase to natural pH (10.8–11.2). Between pH 11 and 14, the concentrations slightly decreased.
According to the modeled results for the pH-dependent leaching behavior of the non-conditioned
slag samples (Figure 2), Cr leaching might be controlled by two primary mineral phases: a Cr-spinel
solid solution in the range of the natural pH and a wuestite solid solution also in the range of the
natural pH (except for sample EAFS1) and at a lower pH. Additionally, a secondary mineral phase
Ba(S,Cr)O4(96%SO4) (data implemented from Rai et al. [46]) might precipitate over a large pH range
and adsorption onto HFOs is suggested as the controlling mechanism. For the conditioned samples
(Figure 3), the same controlling mechanisms were calculated, except for sample EAFS2_A, where no
wuestite solid solution was predicted to form. According to the results from the thermodynamic
model, the leaching of V is mainly controlled by adsorption onto HFOs and at lower pH by the
precipitation of Fe vanadate (Figures 2 and 3). For all non-conditioned samples, in addition to the
predominant species Fe(VO3)2, the wuestite solid solution may precipitate at pH 4–6. For sample
EAFS1, an ettringite solid solution was calculated to subordinately control the leaching in the natural
pH range (see Supplementary Material Figure S3).
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Figure 2. pH-dependent leaching behavior of Cr (left column) and V (right column) in the
non-conditioned EAF slag samples EAFS1, EAFS2_1, and EAFS2_2. Partitioning in the solution
(A) and in the solid (B–D) are given on a weight basis. (A) Experimentally determined
release of Cr and V, respectively (larger symbols without line) and calculated results with
LeachXSTM/Orchestra (corresponding symbols with lines). (B–D) Calculated concentrations of leaching
control phases/mechanisms for Cr and V, respectively in samples EAFS1 (B), EAFS2_1 (C), and
EAFS2_2 (D).
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Figure 3. pH-dependent leaching behavior of Cr (left column) and V (right column) in the conditioned
EAF slag samples EAFS2_A and EAFS2_B. Partitioning in the solution (A) and in the solid (B,C) are
given on a weight basis. (A) Experimentally determined release of Cr and V, respectively (larger
symbols without line) and calculated results with LeachXSTM/Orchestra (corresponding symbols with
lines). (B,C) Calculated concentrations of leaching control phases/mechanisms for Cr and V, respectively,
in samples EAFS2_A (B) and EAFS2_B (C).
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Table 4. Total content (tc) and leached amount at natural pH (in mg/kg DM and % of tc) for Cr and V
as well as basicity (CaO/SiO2), FeO/SiO2 ratio, Al2O3, and MgO concentrations.

Parameter EAFS1 EAFS2_1 EAFS2_2 EAFS2_A EAFS2_B

Chromium

Total content (mg/kg) 11,850 9775 9080 11,700 14,550
Leached amount at natural

pH (mg/kg DM) 0.13 0.0065 0.0098 0.0084 0.0035

Leached amount at natural
pH (% of tc) 1.10 × 10−3 6.65 × 10−5 1.08 × 10−4 7.18 × 10−5 2.41 × 10−5

Vanadium

Total content (mg/kg) 730 885 955 880 1085
Leached amount at natural

pH (mg/kg DM) 2.5 1.5 2.4 1.3 0.37

Leached amount at natural
pH (% of tc) 0.34 0.17 0.25 0.15 0.034

Ratio of total content/total content

CaO/SiO2 2.03 2.31 2.74 1.21 0.94
FeO/SiO2 3.66 1.59 1.95 1.53 1.04

Al2O3 (mass-%) 7.3 5.6 5.8 4.2 9.1
MgO (mass-%) 6.2 5.4 5.0 3.8 3.9

Leachate with distilled water (L/S = 10)

Natural pH 11.2 11.1 11.2 11.2 10.8

3.4. Leached Concentrations and Chemical Composition.

By comparing the percentage of leached Cr and V at natural pH (10.8–11.2) relative to the total
content (Table 4), it can be seen that the most significant difference evolved between the non-conditioned
sample EAFS1 and the conditioned sample EAFS2_B (i.e., the samples showed two orders of magnitude
difference in Cr leaching and one order of magnitude in V leaching).

The phase composition and the observed dissolution behavior after leaching for 48 h of both
samples were similar (see Table 2 and Figure 1), however, the mineral phase distribution differed
significantly (i.e., the wuestite to calcium silicate phase ratio). In EAFS1, wuestite was the main
mineral phase, whereas in EAFS2_B, the calcium silicate phases were predominantly formed (Figure 1).
Additionally, the Cr–spinel crystals in sample EAFS2_B were larger than those in sample EAFS1.
Comparison of the bulk chemical composition with the leached amount revealed that a higher FeO/SiO2

ratio correlated with higher V and Cr leaching (Table 4), with a Pearson correlation coefficient of 0.92
(p < 0.05) and 0.97 (p < 0.01), respectively. The basicity (CaO/SiO2) of the samples and concentrations of
elements, which are known to enhance the formation of spinel (e.g., MgO and Al2O3) showed weaker
correlations and were not statistically significant at the 0.05 level for V and Cr leaching with Pearson
correlation coefficients of 0.69, 0.84 and −0.26 for V and 0.19, 0.76, and 0.23 for Cr.

4. Discussion

4.1. Chromium

The incorporation of Cr in spinel and the stability of these phases prior to and after leaching
was confirmed by the applied analytical methods (XRD, EMPA, and XANES) as well as by the
hydrogeochemical model. Aside from the incorporation of Cr(III) in spinel, Cr is also bound in minor
amounts in wuestite and in trace amounts in the olivine phases. The main controlling factor for the
leaching of Cr is the formation of chromian spinel in the slag, which prevents the release of Cr into the
environment, yielding a release below <0.15 mg/kg at natural pH.

The implementation of a spinel solid solution into the hydrogeochemical database, used for the
applied model, yielded a good fit with the experimental data, supporting the hypothesis that spinels
control the leaching of Cr in the pH range of approximately 8 to 13. However, the higher release of
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Cr between pH 9 and 13 from slag sample EAFS1 when compared to all other slag samples could
not be explained by the model, which underestimated the leaching behavior of Cr. Due to EMP
analyses, which showed that Cr was also bound to wuestite, a wuestite solid solution with Cr2O3

as an end member was also implemented into the database. This did not affect the fit for sample
EAFS1, but improved the fit for EAFS2_1 and EAFS2_2 in the natural pH range, where leaching was
overestimated prior to the implementation of the wuestite solid solution. According to the model
results, in most of the samples, except for sample EAFS2_A, the wuestite solid solution precipitated
and bound Cr at a lower pH (4.5 to 5.5) or above pH 9–10. Nevertheless, the stability of wuestite at low
pH values was not investigated experimentally because phase analyses by EMP was only performed
with samples leached at natural pH. The precipitation of Ba(S,Cr)O4(96%SO4), calculated by the model
for all samples, would assume an oxidation of Cr(III) to Cr(VI) after leaching, although moderately
oxidizing and reducing conditions were observed, respectively. Additionally, an oxidation reaction of
Cr(III) to Cr(VI) was not confirmed analytically as neither the XANES measurements on single crystals
prior to and after leaching [19], nor the chemical analyses after digestion of the leachates showed
considerable concentrations of Cr(VI). These results indicate that the presence of Ba(S,Cr)O4(96%SO4)
is considered to be unlikely in the investigated slag samples.

In general, the extension of the database with solid solutions, which were identified by the
mineralogical investigations, yielded good fits for the leaching of Cr from the described slag samples.
Discrepancies between the modeled and experimental results may be based on the comparison of
thermodynamic equilibrium calculations with a non-equilibrium system.

The study shows that the leaching behavior of Cr is influenced by the amount of spinel in which Cr
is bound stably and in some samples (although the Cr concentrations are very low) by the incorporation
of Cr in the olivine group phases, if these phases dissolve during leaching. No significant surface
alterations for either spinel or wuestite were observed after leaching for 48 h (see SE-images, Figure 1),
however, hydrogeochemical modeling of a simplified slag system (dissolved species: Fe(OH)4−,
CrO4

2−, Mg2+, Mn2+; Figure S4) showed that the solubility of the spinel solid solution was almost one
order of magnitude lower than that of the wuestite solid solution in the natural pH range. Therefore, it
is assumed that a high abundance of spinel in addition to a low abundance of wuestite leads to low Cr
release from EAF slags.

4.2. Vanadium

EMP analyses combined with XANES measurements [19] showed that V substitutes for cations in
the B-position in the spinel structure, but is also incorporated in wuestite. Additionally, in one sample,
V was bound in the olivines. EMP analyses of fresh and leached samples showed that the stability of
the olivine depends on the amount of Mn, Fe, and Ca present in this phase: A higher amount of Mn
and Fe and a correspondingly lower amount of Ca leads to a higher stability and subsequently to a
reduced congruent V leaching. Congruent leaching from olivines was only observed in one sample.
A possible Ca vanadate formation [18] as the secondary leaching control mechanism could not be
investigated experimentally and was not supported by the applied geochemical model. Additionally,
according to this hypothesis, sample EAFS2_1, where the olivine group phase dissolves after leaching,
should leach less V than sample EAFS2_B, where neither the olivine nor the melilite group phases
dissolved (Table 3 and Figure 1). Experiments showed that the opposite was the case and the lowest
concentrations of V in all presented samples were detected in the leachate of sample EAFS2_B (Table 4).

In fact, by combining the gained experimental results with geochemical modeling in this study, a
hypothesis was established where the leaching of V is controlled by the stable binding in spinel and by
the potential adsorption onto hydrated mineral phases (e.g., calcium silicate hydrate (CSH) phases like
melilite or (Fe, Mn bearing) olivine hydrates).

In contrast to Cr, where extending the database based on experimental results improved the model
outcome, this approach did not show any effect for V. Although coulsonite (FeV2O4) was implemented
into the database as an end member in the spinel solid solution and V2O4 and V2O5 (data for V2O3
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are not available) in the wuestite solid solution, adsorption onto HFOs was the main controlling
mechanism for the leaching of V, based on the modeled results. Experimental data of the amount
of HFO was only available for two samples. Using this data as input for the model yielded a good
agreement for sample EAFS2_1, but significantly overestimated the amount of adsorbing surface for
sample EAFS1. Therefore, the amount of HFOs was fitted for every sample (except sample EAFS2_1),
which resulted in a good fit of the shape of the modeled curve, but not for the concentration levels at
natural pH. In addition to the HFO amount, the modeled adsorption curve strongly depends on the
modeled Si curve, which itself is influenced by the Ca and Fe calculations. By decreasing the sum of pe
and pH to 10 and adjusting the CO3

2− input for every sample, not only the fit for Fe and Ca, but also
for Si and subsequently the fit for V was improved. This led to the assumption that the stability of the
Fe bearing calcium silicate phases influences the adsorption capacity, meaning that due to the lower
stability of the phase, more ions are released into the solution, which are more favorably adsorbed
onto HFOs than V ions. As argued above, the dependence of the V leaching on the stability of calcium
silicate phases is only of limited validity for the investigated samples because congruent leaching was
only observed in one slag sample.

Nevertheless, the fact that the modeled and the experimental curve showed the same trend
indicates that adsorption may influence the leaching of V. However, if the adsorption onto HFOs is the
main controlling mechanism for the mobility of V, it could be expected that the sample, characterized
by the highest concentrations of Fe (sample EAFS1) and additionally the highest amount of the
presumably less stable phase wuestite (compared to spinel), would release the lowest V concentrations.
The opposite was the case, where the highest concentration of V was leached from this sample at
natural pH. Moreover, samples showing less V leaching contained a lower amount of Fe and wuestite,
but a higher number of calcium silicate phases. Hence, the adsorption onto alternative secondary
mineral surfaces might control the release of V. From the EMP analyses after leaching, it is assumed
that the melilite group phases (end members, i.e., åkermanite and gehlenite) and Fe, Mn bearing
olivines hydrate. The adsorption capacity of hydrated gehlenite was demonstrated by Dimitrova et
al. [47], indicating that these phases may provide adsorbing surfaces in EAF slags instead of HFOs.
Consequently, the leaching of V can be minimized by not only increasing the spinel formation, but also
by decreasing the amount of wuestite in favor of increasing the amount of Fe bearing calcium silicate
phases, which are hydrated during leaching and provide sorption sites for V.

4.3. Influence of FeO/SiO2 and CaO/SiO2 on the Release of Cr and V

Combining all experimental and modelled results, the following hypothesis can be proposed: both
elements (Cr and V) are bound stably in spinels but may leach congruently from olivines, if these phases
contain low amounts of Fe and Mn and high amounts of Ca. Additionally, melilites and Fe, Mn bearing
olivines may hydrate during leaching and serve as potential adsorption surface for V. The formation
of spinel, wuestite, and calcium silicate in the investigated EAF slags is influenced by the chemical
composition of the slags, more precisely by the FeO/SiO2 and CaO/SiO2 ratio. In melts with low SiO2

and high FeO content, the formation of wuestite is fostered, whereas the formation of silicate phases is
less pronounced [48,49]. Higher SiO2 concentrations therefore lead to lower quantities of wuestite and
higher amounts of Fe bearing calcium silicate phases, which do not dissolve during leaching for 48 h,
as shown in this study. Additionally, higher SiO2 concentrations in the slag lead to a lower basicity
(CaO/SiO2 ratio). As described by Cabrera-Real et al. [30] more MgCr2O4 is formed at CaO/SiO2 = 1
than at CaO/SiO2 = 2 and higher MgO concentrations also support spinel formation. Comparison of
the investigated EAF slags in this study, however, revealed only a weak positive correlation between Cr
and V leaching and the MgO concentration in the slags. However, Cabrera-Real et al. [30] investigated a
system without FeO, whereas in this study, slag samples contained up to 38 mass-% FeO. The influence
of CaO/SiO2 in the simplified system CaO–SiO2–Fe2O3–MgO is described by White [50], showing
that at a ratio larger than 2:1 Fe2O3 is completely or partly bound to CaO, forming dicalcium ferrite,
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whereas at a ratio below 2:1, Fe2O3 completely reacts with MgO to spinel. Similar relationships hold
with FeO, Al2O3, and Cr2O3 present in the system.

Both described mechanisms are shown in sample EAFS1 with much higher amounts of FeO
compared to SiO2 (ratio = 3.66) and a basicity slightly above two (CaO/SiO2 = 2.03). Therefore, more
wuestite phases than Fe bearing calcium silicate phases formed and spinel formation was inhibited.
Although the highest MgO concentrations were present in this sample, most of the MgO was consumed
by the crystallization of the wuestite solid solution (Fe,Mg,Mn)O and spinel formation was additionally
suppressed. This led to the highest leached concentrations of both V and Cr, of all investigated EAF
slag samples because a high number of large wuestites was formed where only limited amounts of V
and Cr could be incorporated and only a few and small spinels were formed, where V and Cr were
bound stably. Additionally, hardly any hydrated melilites or Fe, Mn bearing olivines had formed,
which would provide adsorption sites for V, if available. In contrast, slag sample EAFS2_B with the
lowest ratio of FeO/SiO2 (1.04) of all investigated slag samples and a CaO/SiO2 ratio slightly below one
(0.94) was characterized by numerous large crystals of Fe bearing calcium silicate phases, spinels, and
a very small amount of small wuestite crystals. The MgO concentration was lower than in sample
EAFS1, but MgO was not consumed by wuestite and was available for spinel formation. Thus, higher
amounts of Cr and V could be bound in spinel and high amounts of potential adsorbing surfaces were
available to additionally impede the leaching, as proven by the lowest observed concentrations of V
and Cr in the leachates.

To achieve a low release of Cr and V from EAF slags, it is assumed that both the FeO/SiO2 and
CaO/SiO2 ratios should be in the range of one.

5. Conclusions

Possible leaching control mechanisms for Cr and V from electric arc furnace slags were identified
by combining experimental data and hydrogeochemical modeling results. Higher contents of spinel
and Fe bearing calcium silicate phases and lower amounts of wuestite are supposed to reduce the
release of Cr and V. The ratio of wuestite to Fe bearing calcium silicates and the abundance of spinel is
controlled by the chemical composition (i.e., the FeO/SiO2 and CaO/SiO2 ratio present in the EAF slag).
Therefore, minimized leaching of Cr and V may be achieved by adjusting the chemical composition,
which controls the resulting mineral phase distribution. First conditioning experiments, where the
FeO/SiO2 (accompanied by the CaO/SiO2) ratio of slag sample EAFS1 was modified in crucibles and in
a pilot plant scale EAF, were conducted and show promising results.
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