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During ferrochromium alloy manufacturing, ferrochrome slag is an inevitable industrial residue. Its environ-
mental impacts depend on chromium speciation rather than on total chromium content alone. This study in-
vestigates chromium speciation within a low-carbon ferrochrome slag aliquot from a large-scale production

EQEFESS facility in the Ural Mountains, using high-energy-resolution laboratory von Hamos X-ray absorption spectroscopy
XPS (XAS), a novel technique only recently made accessible for routine characterization, designed to approach

LCF synchrotron-level performance. XANES analysis reveals the predominance of the trivalent oxidation state. LCF
results indicate Cr occurs mainly in environments similar to FeCr,04 (70.2%), Cr(0) (23.4%), and Cr203 (6.4%).
EXAFS analysis shows that the first (Cr-O) and second (Cr-Cr) coordination shells are arranged in a chromite
spinel-like Cr(IIl) structure. XPS findings confirm the predominance of Cr(Ill) in the slag. Finally, high-energy-
resolution laboratory von Hamos XAS enabled the determination of the chromium oxidation state and the
local coordination environment even in a poorly defined soil matrix, which parameters define the mobility,
reactivity, and potential toxicity of the ferrochrome slag, and promotes this technique as an accessible and
economical alternative for toxic metals speciation, with significant implications for the environmental risk
classification and the safe reutilization of ferrochrome slag.

1. Introduction (1750-1800 °C). In this operation, the chromite ore is reduced by

carbonaceous reductants, typically metallurgical coke, these carbo-

It is well known that ferrochromium (FeCr) is one of the most used
ferroalloys in the stainless-steel industry. Approximately 85% of the
global ferrochromium production is used as raw materials, which typi-
cally contains 10-30% chromium content. The stainless steel is charac-
terized by high resistance to heat, corrosion, oxidation and mechanical
strength, these properties are primarily attributed to the chromium
content [1,2]. The global ferrochromium production grows steadily
annually due to the wide utilization and high demand of stainless steel in
various applications. This sustained increase requires larger quantities
of chromite ore and generates significant quantities of smelting
by-products.

The ferrochromium smelting is an energy-intensive industrial pro-
cess conducted in a submerged arc furnace at very high temperatures

thermic reactions separate the molten ferrochromium from impurities
and produce by-products such as ferrochrome slag at a rate of 1.2-1.5
tons per ton of ferrochromium alloy [3].

The ferrochrome slag serves as a medium for the removal of impu-
rities and absorption of unreduced oxides, enhancing metal yield and
forming a fluid layer. The phase separation is facilitated by the signifi-
cant density difference between molten ferrochromium metal and slag
[4], and also affected by the ferrochrome slag's viscosity, which is
influenced by temperature, pressure, and the SiO5/Al;03 content [5].

The chemical composition of ferrochrome slag bulk is mainly rich in
metal oxides, silicon dioxide (SiOj, 27-33 wt%), aluminium oxide
(Al»03, 15-25 wt%), magnesium oxide (MgO, 20-35 wt%), in addition to
iron chromium compounds (Fe-Cr, 10-15 wt%) [6,7], along with other
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minor constituents such as calcium and manganese oxides, as well as
various trace elements. The ferrochrome slag's chemical composition is
highly influenced by the ore variability, fluxes, and process conditions
[8].

Cooling rate of the molten ferrochrome slag significantly impacts its
crystallinity, rapid water cooling produces amorphous, glassy phases
and fine-grained slag, while slower air cooling promotes the growth of
larger crystalline phases [9], commonly forsterite (Mg, Fe)2SiO4) and
spinel Mg(Al, Cr);04 phases [10]. Understanding the crystallization
process of the ferrochrome slag is crucial to determining phase forma-
tion, which affects its physical properties such as strength, refractori-
ness, and chromium stability [11].

Chromium can exist in different oxidation states and form com-
pounds with a large variety of coordination geometries, influencing its
properties such as toxicity, mobility, and aqueous concentration.
Trivalent and hexavalent oxidation states of chromium are the most
relevant for environmental considerations [12]. Trivalent chromium (Cr
(IID)) is relatively stable and less toxic, typically associated with organic
matter, however, Cr(IIl) is rarely oxidized under natural conditions as
dissolved oxygen has already been reported to act very slowly and
negligibly [13], although the oxidation can occur via manganese oxide
(MnOy), particularly under acidic conditions [14,15].

In contrast, Cr(VI) is highly toxic, soluble, and mobile in the envi-
ronment, though it can easily be reduced by Fe(Il), dissolved sulfides,
and organic compounds [16]. Cr(VI) has been classified as a priority
pollutant with significant risk to ecosystems and human health, due to
its common presence in industrial waste from steelmaking, electro-
plating, and ferrochromium production [17].

Ferrochrome slags contain 6-12% of residual chromium, mainly as Cr
(II), but with a potential for Cr(VI) formation under oxidative condi-
tions [18,19]. Therefore, the presence of different chromium species in
ferrochrome slag, combined with the potential of oxidation under spe-
cific conditions, has led many researchers to classify it as hazardous
industrial waste, making precise characterization of chromium specia-
tion and leaching behavior into soil and groundwater systems essential.
Although most fresh slags are stable and meet the European criteria for
inert waste [20], the leaching behavior of chromium varies depending
on pH, particle size, and time [18].

Given the high volumes of ferrochrome slag produced and stockpiled
annually, there is considerable interest in its safe valorization, ranging
from the residual chromium recovery from stockpiled refined slags via
magnetic separation [21] to their conversion to brick-type construction
materials through autoclave carbonization [22], among others. Safe
valorization and rigorous environmental assessment of ferrochrome slag
are both critically governed by the oxidation state of the residual
chromium and its local structural coordination within the ferrochrome
slag matrix.

Despite its environmental significance, few studies on chromium
speciation in ferrochrome slag have been conducted. Mandina and
Mugadza employed selective leaching and UV-Vis spectrophotometry to
prove the dominance of Cr(III) and detect trace Cr(VI) in slag dumps in
Zimbabwe [23]. Another multi-analytical study [24] revealed that
chromium in ferrochrome slag is primarily hosted in spinel phases, often
intergrown with silicates and oxides, which prevents the mineral liber-
ation. Previous research on similar materials demonstrated that the
chromium speciation in slag systems is significantly influenced by
temperature, oxygen partial pressure, and basicity [25,26]. The accurate
determination of chromium oxidation states present in ferrochrome slag
is further complicated by their coexistence and transformation under
varying slag compositions and processing conditions [27], and by the
complex chemical and physical environment (such as silicates, metal
oxides, well-crystallized solids, and glassy phases).

Conventional analytical methods often lack the high selectivity
needed to distinguish coexisting chromium species in complex slag
matrices, where chromium coordination environments are heteroge-
neous and poorly understood. X-ray absorption spectroscopy (XAS) is a
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preferred element-selective, non-destructive technique for probing the
local coordination environment of transition metals in such complex
matrices, regardless of their crystalline order [28,29]. Until recently,
XAS measurements were largely restricted to synchrotron facilities
because of the high photon flux requirements, and limited access to
beamtime made routine industrial and environmental applications
difficult. Recent advances in laboratory-scale crystal spectrometer
design have now made it possible to perform X-ray absorption and
emission spectroscopy measurements in standard research laboratories,
offering a practical and more accessible alternative for routine sample
characterization [30-33].

The present work employs a high-energy-resolution laboratory-
based von Hamos X-ray absorption spectrometer, which offers
synchrotron-comparable data quality through a cylindrical analyzer
crystal and a position sensitive detector in a compact, cost-effective
laboratory setup, to determine the oxidation state distribution and
local structural coordination of chromium in a low-carbon ferrochrome
slag originating from one of the world's largest ferroalloy producers,
located in the Ural Mountains, which manufactures high, medium, and
low carbon ferrochrome, using electric arc and direct current furnaces,
and maintains a dedicated slag processing facility for managing the slag
generated during the smelting process. The heterogeneous mineralogy
of the ferrochrome slag, along with the possible coexistence of trivalent
Cr(IlI) and hexavalent Cr(VI) chromium species, is taken into consid-
eration throughout the spectral interpretation.

The laboratory-based von Hamos configuration offers sufficient en-
ergy resolution to accurately resolve the Cr K-edge position and pre-edge
features in the X-ray absorption spectroscopy (XANES) region, which is
sensitive to formal oxidation state. At the same time, the extended X-ray
absorption fine structure (EXAFS) region provides detailed information
about the local coordination environment by identifying the type,
number, and distance of neighboring atoms. X-ray photoelectron spec-
troscopy (XPS) is used as a surface compositional technique to com-
plement the XAS findings. The aim of this work is to demonstrate that
advanced chromium speciation can be performed at a laboratory scale
without relying on synchrotron access, offering a practical approach for
detailed and rapid characterization of ferrochrome slag for environ-
mental risk assessment and safe valorization.

2. Experimental details
2.1. X-ray absorption spectroscopy
- Sample origin and preparation

The slag investigated in this study is a low-carbon ferrochrome slag,
classified as a stale, self-disintegrating slag, generated before 2019 at
one of the largest ferroalloy production facilities in the Ural Mountains,
and stockpiled at the slag dump for a long period under atmospheric
conditions. Self-disintegrating slag refers to slag that spontaneously
breaks down into a fine powder during cooling. This behavior is
generally associated with the transformation of the crystal form of
dicalcium silicate (a—p— y-CasSiO4), which is accompanied by an in-
crease in crystal lattice volume, and stale slag denotes aged, weathered
slag after prolonged stockpiling under atmospheric conditions. The
analyzed material consisted of a single aliquot collected from this
stockpiled slag, and the original sampling data were not documented.

A set of chromium reference compounds was selected to characterize
the chromium species present in the ferrochrome slag. Chromium foil
from EXAFS Materials (https://www.exafsmaterials.com), as well as
FeCry04 (Kremer Pigmente GmbH & Co. KG), Cry0O3 (Sigma Aldrich),
Cry(S04)3, K2CrO4, and CrO3 (Sigma Aldrich), together, these standards
represent chromium in the Cr(0), Cr(III), and Cr(VI) oxidation states,
and encompass a range of coordination environments (oxide, spinel,
sulfate, chromate, and anhydride structures).

The XAFSmass program [34] was used to calculate the optimal
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sample mass for transmission XAS measurements to achieve an ab-
sorption edge step of approximately 1 at the Cr K-edge. Initially, all
powdered samples were combined with microcrystalline cellulose, a
binder, to obtain a total mixture mass of 100 mg per pellet. The sample
masses ranged from 5.2 to 9.7 mg, while the corresponding cellulose
masses ranged from 90.3 to 94.8 mg, the sample-to-cellulose ratio varied
depending on the chromium compound.

The mixtures were then ground to ensure homogeneity and facilitate
pellet formation. The resulting homogeneous powders were pressed into
13 mm diameter pellets using a manual hydraulic pellet press under an
applied load of approximately 5-8 tons. The pellets were mounted be-
tween two layers of adhesive Kapton tape and placed directly in a fixed
position in front of the X-ray source. All measurements were carried out
at room temperature.

- Laboratory von Hamos Cr K-edge XANES/EXAFS

X-ray absorption measurements were performed at the HUN-REN
Wigner Research Centre for Physics using the laboratory von Hdmos
X-ray spectrometer described in detail by Németh et al. [31]. Trans-
mission spectra were recorded with a fixed X-ray tube operated at 9 keV
and 40 mA, a cylindrical Si (100) analyzer crystal with n = 4 reflection
order, and a Dectris Mythen 1K detector set to a 5 keV energy threshold.

XANES spectra were acquired in a fixed von Hamos geometry
configuration, resolving pre-edge features and edge-position shifts
indicative of distinct chromium oxidation states. EXAFS measurements
require a broader energy range (ca. 5950-6550 eV), which was accessed
by collecting spectra over a series of successive configurations with
progressively decreasing Bragg angles.

The resulting partial datasets were subsequently merged to produce a
single continuous EXAFS spectrum. To achieve a sufficient signal-to-
noise ratio at the laboratory scale, three to four measurement series
were collected for each sample over one to two days of total acquisition
time and merged into a single EXAFS spectrum.

All XAS data were processed using the ATHENA program, part of the
Demeter software package, including pre-edge subtraction, normaliza-
tion, and background removal using the Autobk algorithm, from which
the EXAFS oscillations were extracted.

- Laboratory von Hamos Fe K-edge XANES

For the iron K-edge XANES measurement, the laboratory von Hamos
X-ray spectrometer geometry was defined according to the calculated
Bragg angle for the Fe K-edge energy (~7112 eV), employing a Si(531)
analyzer crystal. The X-ray tube was run at 11 keV and 40 mA, with the
detector threshold energy set to 6.5 keV.

Despite careful optimization of these experimental parameters, the
Fe K-edge spectra showed an inadequate signal-to-noise ratio for reliable
spectral interpretation, attributable to the inherently low iron concen-
tration in the ferrochrome slag, as subsequently confirmed by XPS.

Complementary Mossbauer spectroscopy was also attempted, but the
data quality remained insufficient for any meaningful interpretation. Fe
K-edge XANES data are therefore not reported further. These outcomes
are fully consistent with the low iron concentration measured by XPS
and highlight its utility as a preliminary compositional screening tool.

2.2. X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS) measurement was per-
formed using a Thermo Scientific Escalab Xi + instrument with Al K o X-
ray source (1486.6 eV, 650 pm). Depth profiling was conducted by
monoatomic argon ion sputtering (0.5 keV, 45° angle of incidence) over
a 2 mm area until steady-state concentration was achieved. Survey
spectrum was measured in steps of 0.5 eV with 10 ms dwell time per data
point, afterwards the following high-resolution spectra of: Si (2p), C
(1s), Ca (2p), O (1s), Cr (2p), F (1s), Fe (2p), Mg (1s), and Al (2s) at 20 eV
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pass energies with 0.1 eV steps and 50 ms dwell time per data point,
thirty scans were taken for Cr and Fe to minimize the noise.

Data were processed using ThermoAvantage software. The atomic
concentrations were obtained from the peak areas after removing the
background by applying the sensitivity factor library (Althermol). The
charging was compensated by setting the C-C/C-H component at
284.8 eV.

3. Results and discussion
3.1. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy was employed to determine the
elemental composition of the ferrochrome slag aliquot surface and near-
surface regions. The survey spectrum of the ferrochrome slag aliquot
prior to argon sputtering is presented in Fig. 1, showing the main ele-
ments present in the analyzed material, while minor elements were only
detected in high-resolution spectra. The atomic compositions obtained
before and after argon sputtering are summarized in Table 1, the fer-
rochrome slag aliquot is predominantly composed of O, Ca, Si, and Mg,
with minor contributions from Al, F, Cr, and Fe.

Depth profiling via argon ion sputtering revealed a notable increase
in chromium concentration of approximately 28%, confirming that
chromium is present in the bulk of the analyzed ferrochrome slag aliquot
rather than as surface contamination, while adventitious carbon
decreased. The residual carbon signal originates from the sample itself,
and the carbon tape used for mounting.

Fig. 2 presents the high-resolution Cr 2p spectra before and after
argon sputtering. Chromium exhibits a complex 2p peak structure; Cr
(III) possesses unpaired d electrons resulting in characteristic multiplet
splitting in the 2p region, whereas Cr(VI), with fully paired d electrons,
exhibits a single peak at approximately 579.5 eV, as cited in the litera-
ture data. The quantification of Cr(VI) is complicated by the spectral
overlap with the Cr(III) multiplet, which elevates the detection limit for
Cr(VI) to approximately 10% of total chromium in a Cr(III) dominated
matrix, any contribution below this value is considered undetectable
[35].

The XPS results confirm the presence of Cr, Fe, and other key ele-
ments. The absence of a significant peak at 579.5 eV suggests that
chromium is predominantly present as Cr(IIl) in the analyzed ferro-
chrome slag aliquot.
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Fig. 1. XPS survey spectrum of Cr-rich slag aliquot before monoatomic
argon sputtering.
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Table 1

Elemental composition of the ferrochrome slag aliquot surface before and after monoatomic argon sputtering (atomic %).
Elements [0} Mg Al Ca Si Cr Fe F C
Surface (at. %) 42.1 2.8 1.5 9.0 6.8 0.68 0.38 1.6 35.2
After Sputtering, steady state concentration (at. %) 46.2 6.2 2.0 14.7 10.2 0.94 0.45 1.5 17.8

—— Before argon sputtering
—— After argon sputtering
Cr (VI)

Cr2p 3/2
Cr (1l

Cr2p 1/2

595 590 585 580 575 570
Binding energy (eV)

Fig. 2. High-resolution Cr 2p XPS spectra from the surface and after monoa-
tomic argon sputtering.

3.2. Chromium K-edge XANES
- Oxidation state determination

Normalized Cr K-edge XANES spectra of the analyzed ferrochrome
slag aliquot and all six reference compounds (Cr(0), Cr(IIl), Cr(VI)) are
presented in Fig. 3a, together with their first derivative spectra in
Fig. 3b. All Cr(Ill) reference materials (FeCrpO4, CroOs3, Cra(SO4)3)
exhibit their absorption edges at lower energies, whereas the two Cr(VI)
standards (K2CrO4, CrO3) display a noticeable high-energy edge shift of
approximately 4-6 eV. This energy shift reflects the increase in core-
electron binding energy associated with the reduced electron density
at higher oxidation states [36].

In addition to the absorption edge energy shift, tetrahedrally coor-
dinated Cr(VI) compounds typically display a characteristic pre-edge
peak at ~5992 eV, arising mainly from a 1s—3d transition that gains
significant electric-dipole intensity through 3d-4p orbital hybridization,
permitted by the absence of an inversion centre in non-centrosymmetric
tetrahedral environments. Octahedrally coordinated Cr(III) species, by
contrast, show a much weaker pre-edge feature, as the centrosymmetric
ligand field forbids electric-dipole 1s—3d transitions, leaving only a
weak quadrupole allowed contribution [37,38]. The distinct pre-edge
peak serves as a robust spectral fingerprint for distinguishing Cr(III)
from Cr(VI).

The XANES spectrum of the ferrochrome slag aliquot (red) closely
resembles the Cr(III) standard spectra, with an absorption edge position
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Fig. 3. Normalized Cr K-edge XANES spectra (a) and their first derivatives (b) of the ferrochrome slag aliquot and reference materials: Cr(0): Cr foil, Cr(III): FeCr,04,

Cry03, Cra(S0O4)3, Cr(VI): KoCrOy, CrOs.
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that lies in the lower energy range of Cr(II). The absence of the pro-
nounced characteristic pre-edge peak of Cr(VI) indicates that chromium
in the analyzed aliquot is predominantly present as Cr(IIl). This is sup-
ported by the first-derivative spectra (Fig. 3b), in which the slag aliquot
shows derivative features that align with those of Cr(III) references, both
in peak position and overall shape.

In particular, the first derivative maximum at 5997.5 eV, followed by
the main edge peak at ~6004 eV, mirrors the Cr(III) spectral pattern and
remains well below the Cr(VI) derivative peaks. The absence of any
high-energy Cr(VI) type derivative maximum further confirms that no
detectable Cr(VI) is present in the analyzed slag aliquot within the
detection limit given below, and indicates that chromium occurs almost
entirely as Cr(IIl) in an environment consistent with octahedral
coordination.

Based on the noise level of the pre-edge baseline in the ferrochrome
slag aliquot spectrum relative to the pre-edge peak intensity of the Cr
(VD) KoCrO4 reference measured in the same laboratory von Hamos
XANES setup, the detection limit for Cr(VI) was estimated at approxi-
mately 5.7% of total chromium. This is consistent with the detection
limit reported for synchrotron-based Cr K-edge XANES in the literature,
approximately 5% of the total chromium [39].

- Linear Combination Fitting (LCF)

The linear combination fitting (LCF) method was applied using the
ATHENA software package [40] to quantitatively determine the pro-
portions of chromium species present in the ferrochrome slag by
reconstructing the experimental XANES spectrum as a weighted linear
superposition of known reference spectra from known standards. The
LCF analysis was carried out over an energy range of —30 to 50 eV
relative to the absorption edge, using six reference compounds, Cr foil,
FeCry04, Crp0s3, Cra(SOg4)3, KoCrO4, and CrOs as standards. All
twenty-six combinatorial fits of these standards were evaluated to
identify the most suitable combination, this selection is based on the
R-factor parameter, which quantifies the goodness of fit. The optimal
linear combination fit, shown in Fig. 4, was obtained using a three
component combination of Cr-foil, FeCr,O4, and CryOs, yielding an
R-factor of 0.002. The results are model-dependent, and they reflect the

Normalized Absorption

5960 5980 6000 6020 6040
Energy (eV)

Fig. 4. Linear combination fitting of the ferrochrome slag XANES data using Cr
foil, FeCry04, and Cr,03 standards.
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chosen reference set along with the fitting constraints, and they do not
constitute an independent identification of mineral phases.

The application of the LCF to experimental XANES data reveals that
the fitted contributions were 70.2% (41.9) FeCr,04-like, 23.4% (4-0.8)
Cr(0)-like, and 6.4% (+4.8) Cr,0s-like environments. It should be noted
that, with the use of chromium foil as a reference, the Cr(0)-like
contribution should not be interpreted as evidence for the presence of
pure metallic chromium. Still, this contribution most likely represents
chromium in a metallic or metal-rich environment, such as residual Fe-
Cr alloy droplets entrained in the ferrochrome slag.

The fitted results indicate that the two Cr(IIl)-like components
together account for 76.6%, and the Cr(0)-like component for 23.4%
likely originating from Fe-Cr alloy, which aligns perfectly with the
reducing smelting conditions under which ferrochrome slag is formed.
Within this model, the relatively small uncertainties associated with the
FeCry04-like and Cr(0)-like components (£1.9% and +0.8%) indicate
that these contributions are robust and consistently required to repro-
duce the experimental spectrum. In contrast, the larger uncertainty
associated with the CryOs-like component (+4.8%) suggests that this
minor component is less precisely constrained. Importantly, this un-
certainty does not alter the overall interpretation of the spectrum.

During the LCF application, no hexavalent chromium standards were
required to obtain a satisfactory fit, corroborating the absence of any
detectable Cr(VI) above the detection limit established by both XANES
edge analysis and XPS results described in previous sections. This applies
only to the analyzed aliquot and not to the stockpile in general. The
coexistence of chromite, chromium oxide, and metallic chromium Cr(0)-
like environments identified here is consistent with synchrotron-based
chromium speciation studies of analogous high-temperature residues,
although these studies concern other materials and do not validate the
present results [41]. demonstrated that during the direct reduction of
chromite, chromium is progressively dissolved into slag, then reduced in
the molten phase, and finally metallized, producing mixed spinel-,
oxide-, and metal-bearing environments in which Cr(III), Cr(II), and Cr
(0) coexist within the final product. Their findings are compatible with
the interpretation of the present data as reflecting a heterogeneous,
partially reduced chromite derived system. Similarly, another
synchrotron-based XANES study [42] showed that chromium in ther-
mally processed mineral residues is commonly stabilized in spinel-like
and Cr-silicate environments, and that chromium speciation is
strongly controlled by the local redox environment and melt interactions
during high-temperature processing.

However, the quantitative Cr(0)-like fraction should be interpreted
with caution, as the reference spectrum used for this component was
obtained from pure chromium foil, whereas chromium in the slag is
more likely to exist in an Fe-Cr alloy. The local coordination and elec-
tronic structure of chromium in an Fe-Cr alloy may differ from those of
pure metallic chromium, which may introduce a systematic bias in the
fitted Cr(0)-like contribution. No suitable Fe-Cr alloy reference standard
was available for the presented measurements, and the Cr foil was used
as the closest available spectral equivalent. The reported value
(23.4 £ 0.8%) should therefore be considered as the contribution of the
spectrum exhibiting a Cr(0)-like metallic character rather than as an
exact concentration of pure metallic chromium.

The simultaneous presence of spinel-like, Cr(0)-like, and chromium
oxide-like spectral contributions in the present ferrochrome slag aliquot
is not anomalous but rather a characteristic feature of ferrochrome slag
produced under industrial smelting conditions. This mixed-valence
chromium distribution reflects incomplete thermodynamic equilibra-
tion and heterogeneous redistribution of chromium during ferrochrome
production, rather than the formation of a single homogeneous chro-
mium phase. Because sampling information is unavailable, this inter-
pretation cannot be generalized beyond the analyzed aliquot.
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3.3. Local coordination environment by EXAFS analysis

To investigate the local atomic environment around chromium
atoms in the ferrochrome slag aliquot, the extended X-ray absorption
fine structure (EXAFS) data were processed using the ATHENA program.
The Fourier transform (FT) of the EXAFS spectra was applied over the k-
range 3-11 A~} using a k? weighting factor and a Hanning window for
the ferrochrome slag aliquot and Cr (II). Fig. 5 presents the Fourier
transform (FT) magnitude in R-space and the corresponding k?-weighted
y(k) EXAFS spectra for the ferrochrome slag aliquot and Cr (III) refer-
ences FeCry04, Cro03, and Cro(SO4)s.

In k-space (Fig. 5b), the EXAFS oscillation patterns of the ferro-
chrome slag aliquot resemble those of iron chromite (FeCroO4) and
chromium oxide (Cry03). This high degree of similarity in frequency
suggests that the local atomic arrangement around Cr(IIl) in the ferro-
chrome slag aliquot is analogous to that found in spinel-type and
corundum-type structure environments, with a slight difference be-
tween them due to the height of the outer peaks. In R-space (Fig. 5a), all
samples display a dominant peak at approximately ~1.6 A (without
phase correction), corresponding to the first Cr-O coordination shell.
This feature reflects the octahedral environment characteristic of
trivalent chromium coordinated by oxygen atoms. A second shell peak is
observed at 2-3 A for FeCry04 and Cry03, attributed to Cr—Cr and Cr-Fe
scattering paths, reflecting a well-ordered metal-metal coordination
environment in these crystalline oxide phases.

The ferrochrome slag aliquot shows a similar second-shell feature,
which is consistent with Cr octahedrally coordinated within a crystalline
oxide matrix with a defined metal-metal coordination. Conversely,
Crp(SOy4)3 lacks a distinct second-shell peak, consistent with the mo-
lecular coordination environment created by sulfate ligands that isolate
Cr ions and eliminate Cr-Cr interactions. The qualitative similarity of
the ferrochrome slag FT to those of FeCr,04 standards in both first- and
second-shell peak positions indicates that the chromium in the slag
aliquot occurs predominantly as octahedrally coordinated Cr (III).

Qualitative comparison of the experimental FT of the ferrochrome
slag aliquot with theoretical scattering paths from both FeCr,O4 and
Cry03 structural models is presented in Fig. 6. Theoretical scattering
paths were generated by FEFF6 calculations (ARTEMIS [40]) based on
structural models retrieved from the Crystallography Open Database
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Fig. 6. Comparison of the Fourier Transform of the ferrochrome slag aliquot
and the theoretical paths corresponding to the first and second shells of FeCr04
and Cr,0s;.

(COD) [43].

Table 2 summarizes the crystal system and space group of the model
compounds used in this study, and the theoretical contributions of the
first- and second-shell atoms and paths of the standards used, with their
theoretical coordination numbers (CNy,) and the theoretical bond dis-
tances (Reff). Only atoms with distances smaller than 4 A are shown. The
Cr1-01 and Cr1-Cr1 scattering paths of FeCry04 align well with the first
two peaks in the experimental FT. Although the Cr1-O1 and Cr1-Crl
paths of Cry0O3 exhibit structural similarity.

Fig. 6 compares the Fourier Transform of the experimental data of
the ferrochrome slag aliquot with selected individual theoretical scat-
tering paths from the FeCryO4 and CryOs structures, as the FT of the
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Fig. 5. Fourier Transform (FT) of EXAFS spectra at the Cr K-edge in R-space (a) and the corresponding k*-weighted spectra in k-space (b) of the slag aliquot and Cr

(IID): FeCry04, Cry03, Cry(SO4)3 reference compounds.
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Table 2

Crystal and theoretical structural parameters for multiple scattering paths of the
model samples, obtained from the Crystallography Open Database (COD) and
from the FEFF6 calculations at Cr K-edge using the ARTEMIS program [40].

Samples Crystal system/space group Atoms Paths CNy Rer (A)

FeCr,04  Cubic/Fd-3m 01 Cr1-01 6 1.994
Crl Cr1-Crl 6 2.962
02 Cr1-02 2 3.444
Fel Cr1-Fel 6 3.473

Cro03 Trigonal/R -3¢ o1 Cr1-01 3 1.905
Crl Crl-Crl 1 2.767
Cr2 Cr1-Cr2 3 2.906

aliquot is best characterized at distances shorter than 3 A. Only scat-
tering paths with lengths up to 2.9 A were included in the analysis. As
shown in Fig. 6, the Crl-O1 (Reff = 1.994 ;\) and Crl1-Crl
(Reff = 2.962 A) scattering paths of FeCry04 align perfectly with the first
two peaks observed in the experimental Fourier Transform of the fer-
rochrome slag aliquot. Although the Cr1-01 and Cr1-Cr1 paths of CroO3
also show significant similarity, considering the weight percentage ob-
tained from the linear combination fitting LCF (70.2% FeCry04-like and
6.4% Cro03-like), which are model-dependent, suggests that FeCry04 as
structurally dominant contribution, making it the most appropriate
reference model for the EXAFS fitting of the ferrochrome slag aliquot.
The experimental data of the FeCryO4 standard were also fitted for
comparison. Table 3 lists the fitted results.

Quantitative EXAFS fitting was performed in ARTEMIS [40] over the
R-range 1-3 10\, using the first two shells (Cr1-O1 and Cr1-Crl) of the
FeCry04 structural model, with amplitude reduction factor (Sp) fixed at
0.7 throughout EXAFS fitting, consistent with the literature value for
chromium K-edge analysis. Table 3 lists the fitted structural parameters
for both the FeCry04 reference compound and the ferrochrome slag
aliquot, and the corresponding experimental and fitted FT spectra are
shown in Fig. 7.

For the EXAFS fit for the FeCr,04 reference, the fitted Cr1-O1 bond
distance of 1.975 A (CN = 5.62) and Cr1-Crl with a bond distance of
2.987 A (CN = 5.84) are in excellent agreement with the crystallo-
graphic values for cubic chromite spinel (Reff(Cr1-O1) = 1.994 A and
Reff(Cr1-Crl) = 2.979 A, Table 2), with a low R-factor of 0.007 con-
firming a high quality fit.

For the ferrochrome slag aliquot, the fitted Cr1-O1 and Crl-Crl
bond distances are 1.961 A and 2.979 A, respectively, with coordination
numbers of 5.10 and 6.54 (R-factor = 0.04). The Cr1-O1 bond distance
is slightly shorter than the FeCry04 reference value (by ~0.014 ;\), and
the first-shell coordination number is nominally reduced relative to the
theoretical value of 6 (Table 2), both indicative of an approximately
octahedral, structurally disordered spinel-like Cr(IlI) environment, in
line with possible structural disorder in the heterogeneous slag matrix
composed of intergrown crystalline and potentially glassy phases. The
higher R-factor (0.04 vs 0.007) is expected for such a complex material
and reflects inherent structural heterogeneity, this value falls within the
range generally considered acceptable for EXAFS fitting of complex in-
dustrial matrices.

The larger Debye-Waller factor for the first shell of the ferrochrome
slag aliquot (6% = 0.0063 vs. 0.0039 A2 for the standard) is consistent

Table 3

Case Studies in Chemical and Environmental Engineering 14 (2026) 101514

2.5 —— Data
-—— Fit

= = g
=) ] =)

Magnitude of Fourier Transform (a.u)

o
]

0.0

Radial distance (A)

Fig. 7. Best fitting of the FT of the experimental data of ferrochrome slag
aliquot and FeCr,0y4, and the theoretical data.

with greater structural disorder around Cr atoms in the ferrochrome slag
aliquot [29,44]. The second shell Cr1-Crl distance (2.979 ;\) agrees
with the FeCry04 theoretical value (2.962 10\) and with distances ex-
pected for edge-sharing CrOg octahedra in the spinel structure [10,24].
The elevated energy shift (AE) for the slag (+8.19 eV) compared to the
reference (—2.79 eV) is within the normal range for complex
multi-phase materials where multiple chromium environments
contribute to the edge region and may reflect the multiple Cr(IIl) envi-
ronments, as suggested previously by LCF.

During the fitting process, several attempts were made to include
additional scattering paths, Cr1-O2 and Crl-Fel, in the model.
Although these paths yielded an acceptable fit, but the resulting pa-
rameters, particularly the bond distances R + AR (A), fell outside
physically reasonable ranges, even when the coordination numbers were
held fixed. These paths were therefore excluded from the final fit.

It is also worth noting that, although the LCF and k-space analysis
results strongly suggest FeCroO4 as the most suitable structural refer-
ence, the theoretical scattering paths derived from the Cr,0j3 structural
model were also evaluated. This yielded a significantly poor fit with
unreasonable structural parameters, and these results are therefore not
reported.

The combined XANES and EXAFS analysis mutually and unambig-
uously proves that chromium in the ferrochrome slag aliquot is pre-
dominantly present as Cr(Ill), adopting a chromite spinel-like
arrangement in which oxygen atoms form the first shell and chromium
atoms constitute the second shell in an approximately octahedral,
structurally disordered geometry. This arrangement with the chromium
firmly incorporated within the thermodynamically stable spinel lattice is

The fitted structural parameters of ferrochrome slag aliquot and FeCr,0,, obtained from EXAFS fitting at Cr K-edge using the FeCr,04 theoretical model cited in
Table 2. CN stands for the coordination number, R for the bond distance. The Debye-Waller factor o2 and the energy shift AE. S, parameter was fixed at 0.7. The values
in parentheses represent the standard errors of the fitted parameters, as calculated by the Artemis EXAFS-fitting software.

Samples Paths CN R(A) %A% AE(eV) So Reactor

FeCry04 Cr1-01 5.62 (0.41) 1.975 (0.019) 0.00391 (0.0009) —2.79 (1.08) 0.7 (fixed) 0.007
Cr1-Crl 5.84 (1.05) 2.987 (0.025) 0.00146 (0.0019)

Ferrochrome slag aliquot Cr1-01 5.10 (1.20) 1.961 (0.033) 0.00626 (0.0034) 8.191 (1.89) 0.7 (fixed) 0.04
Cr1-Crl 6.54 (3.42) 2.979 (0.017) 0.01364 (0.0064)
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expected to influence its environmental behavior; however, evaluating
the actual leaching risk and environmental safety of the ferrochrome
slag would require dedicated leaching studies that also account for
factors such as particle size, pH, coexisting oxidants, and long-term
weathering.

4. Conclusion

This study demonstrates the effectiveness of laboratory-based high-
energy-resolution von Hamos X-ray absorption spectroscopy (XAS) for
chromium speciation in an aliquot of aged ferrochrome slag, a complex
industrial matrix with notable environmental and health concerns. The
combined XANES analysis and linear combination fitting indicate that
chromium in the analyzed aliquot is predominantly Cr(III), accounting
for 76.6% of total chromium and no detectable Cr(VI) above the
detection limit. The EXAFS fitting analysis confirmed the octahedral
coordination of Cr(IIl) within a slightly structurally disordered chromite
spinel-like environment. At the same time, XPS independently corrob-
orated the predominance of Cr(Ill) at the surface. The dominance and
stabilization of chromium within a spinel lattice suggest a potentially
reduced propensity for Cr(VI) leaching under ambient conditions;
however, confirming its environmental safety would require dedicated
leaching studies.

Sampling data for the analyzed slag aliquot are unavailable. The
findings, including the absence of detectable Cr(VI), therefore apply
only to this aliquot and cannot be generalized to the stockpile or to
ferrochrome slag in general. This speciation study thus provides a sci-
entific basis for future investigations of Cr leaching behavior and asso-
ciated environmental risk on representative sample material. Within
these limits, laboratory von Hamos X-ray absorption spectroscopy de-
livers high-quality bulk speciation data, positioning it as a promising,
accessible, and cost-effective alternative tool to synchrotron-based
measurements for the routine environmental characterization of toxic
metal-bearing industrial wastes.
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