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Abstract

We apply synchrotron radiation assisted X-ray fluorescence (SR-XRF), SR-XRF mapping as well as micro- and conventional X-ray absorption
fine structure (u-XAFS and XAFS) spectroscopies in order to study the bonding environment of Fe and Zn in vitrified samples that contain electric
arc furnace dust from metal processing industries. The samples are studied in the as-cast state as well as after annealing at 900 °C. The SR-XRF
results demonstrate that annealing does not induce any significant changes in the distribution of either Fe or Zn, in both the as-cast and annealed
glasses. The p-XAFS spectra recorded at the Fe-K and Zn-K edges reveal that the structural role of both Fe and Zn remains unaffected by the
annealing procedure. More specifically, Fe forms both FeOq and FeO, polyhedra, i.e. acts as an intermediate oxide while Zn occupies tetrahedral

sites.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Electric arc furnace dust (EAFD) is one of the largest solid
waste streams produced by steel mills, and is classified as a waste
under the Resource Conservation and Recovery Act (RCRA) of
the U.S. Environmental Protection Agency (EPA). Steel pro-
duction by electric-arc furnace (EAF) technology has been of
increasing importance over the past 20 years, and it is expected
that, in the coming years, it will dominate the steel produc-
tion. During the EAF production of steel, about 15-20kg of
dust is formed per tonne of steel. This dust contains heavy met-
als and thus is considered as a toxic waste. These metals are
found both as free oxides (e.g. PbO, ZnO) as well as in the form
of composite structures with iron oxides (e.g. ZnFe;O4). More
specifically, EAF dusts contain iron, zinc, calcium and silicon
in the form of simple or mixed oxides, as well as copper, man-
ganese, chromium, cadmium and lead which either originate
from the scrap iron raw material or are introduced as additives
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[1,2]. Successful recycling of the valuable metals (iron, zinc and
lead) reduces the disposal problems and results in resource con-
servation. Hydrometallurgical or pyrometallurgical processes
can recover only a part of heavy metals (such as Zn) from the
EAFD [2,3] and hence it is of major importance to develop an
additional process that stabilizes metallic Zn and the other heavy
metals found in the residues of Zn recovery processes. One of
the promising methods for safe disposal of the EAF dust is vit-
rification [4,5] that leads to the production of chemically stable
materials, vitreous or glass-ceramic, that can be safely disposed
or used for construction and decorative applications [6,7].

The aim of this work is to determine the distribution, the
bonding environment and the oxidation state of Fe and Zn ions
in the glass matrix of vitrified EAFD-rich industrial wastes. It is
known that the structural role of Fe depends on its valence state
[8,9]: Fe* acts as a glass modifier and participates in the forma-
tion of FeOg polyhedra while Fe>* is an intermediate oxide, i.e.
can also act as a glass network former by constituting FeO4. On
the contrary, in such oxide materials Zn is known to be stable
only in its 2+ oxidation state and can occupy tetrahedral sites
[10]. Therefore it is quite important to study the structural role of
both Fe and Zn oxides, since the structural integrity of the glass
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matrix depends strongly on the type of polyhedra that the Fe
and Zn ions form. It should be pointed out that the glass forming
role of Fe depends also on the waste content [11]. Furthermore,
heating at temperatures above the glass transition temperature
can induce devitrification [12—14]. More specifically, annealing
induced modifications in the bonding environment of Fe were
previously reported in a series of Pb- and Fe-rich waste contam-
inated glasses [12].

In this paper we present the characterization of Fe- and Zn-
rich solidified-stabilized EAFD glasses in the as-cast state as
well after annealing by means of synchrotron assisted X-ray fluo-
rescence (SR-XRF) mapping and X-ray absorption fine structure
(XAFS) measurements at the Fe-K and Zn-K edges. SR-XRF
mapping is a non-destructive characterization technique that per-
mits the two-dimensional imaging of the distribution of different
elements in an inhomogeneous sample with ppm detectability.
The use of capillary optics reduces the beam size (in our set-up
to 5 wm) and thus improves the spatial resolution. The XAFS
spectrum, which shows the dependence of the X-ray absorption
coefficient on the impinging photon’s energy above the absorp-
tion edge of a specific element, consists of two regions: the
extended X-ray absorption fine structure (EXAFS) region and
near-edge extended X-ray absorption fine structure (NEXAFS)
region. The former reflects the bonding environment (as that is
determined by the nearest neighbour distances and coordination
numbers) of the absorbing atom. The latter reflects the density of
empty states of the absorbing atom and it is affected by the sym-
metry, the local coordination geometry and the valence of the
absorbing atom, which can be derived by proper analysis of the
NEXAFS spectra. Local changes in the bonding environment
around Fe and Zn can be identified and mapped over selected
areas of the sample using micro-XAFS (u-XAFS).

2. Sample preparation and experimental details

The samples under study are vitrified products of EAF dust
which mainly consists of zinc (34.9 wt.% ZnO) and ferric oxides
(in the form of ZnFe, 04 at 33.9 wt.%). The elemental composi-
tion and the structural analysis of the EAF dust were performed
using energy-dispersive X-ray spectrometry (EDS) and X-ray
diffraction (XRD), respectively [15]. The loss on ignition (LOI)
mass, as determined with EDS after the EAFD powder was
heated to 1000 °C, amounts to 7.2 wt.% [15]. The two main con-
stitutive oxides of EAFD are zinc ferrite (ZnFe,O4) and zinc
oxide (ZnO), while traces of MgO, Al,O3, SiO;, K>0, CaO,
MnO and PbO were also identified. The composition of the as-
cast glass was determined by EDS analysis which revealed that
the weight percentage of Fe, Zn, Ca, Na and Si is approximately
8.2,6.7,31.1, 12.6 and 50.0 wt.%, respectively. Details on the
composition of the EAFD powder and the as-cast product are
listed in Table 1.

The vitrification process involves mixing of the EAF dust
with SiO;, Na;CO3 and CaCO3 powders and co-melting at
1400 °C for 2h in a Pt-crucible, followed by quenching in air
[11-15]. The sample under study consists of 20 wt.% EAFD,
55 wt.% SiO3, 15 wt.% CaO and 10 wt.% Na,O. After quench-
ing the sample was heated at a temperature 20 °C above the glass

Table 1
Composition of EAFD powder and as-cast product as determined by EDS

EAFD powder As-cast product
Compound wt.% (£1%) Element wt.% (£1%)
MgO 0.7 Si 50.0
Al O3 0.9 Ca 21.1
SiO; 4.1 Mn 1.4
K>;O 1.4 Fe 8.2
CaO 4.6 Zn 6.7
MnO 33 Na 12.6
F6203 339

ZnO 34.9

PbO 6.2

LOI 7.2

Humidity 2.0

transition temperature (7 =583.8 °C) for residual stress relax-
ation. Next, the sample was subjected to a two-stage isother-
mal treatment process (annealing). In the first stage (20 min
at 680 °C), nucleation of wollastonite CaSiO3 takes place and
in the second (30 min at 900 °C) crystal growth occurs [15].
The temperatures for the annealing process were determined
from the differential thermal analysis results reported previ-
ously [15]. Recently reported transmission electron microscopy
(TEM) observations and XRD analysis showed that the ini-
tial product was amorphous while EDS analysis revealed that
all elements were homogeneously dispersed into the vitreous
matrix [15]. Furthermore, upon annealing surface crystalliza-
tion of wollastonite (CaSiO3) initiates from the edges towards
the center [15].

The XRF, XAFS and p-XAFS measurements were conducted
at the KMC2 beamline at the synchrotron radiation (SR) facility
BESSY in Berlin. The beamline is equipped with a double-
crystal monochromator and capillary optics that reduce the beam
diameter to 5 wm. The XRF spectra were recorded with acquisi-
tion time 400 s. The XRF maps were recorded using excitation
photons of 9600 eV, i.e. higher than the Fe-K and Zn-K absorp-
tion edges and acquisition time 1 s/point. The angle of incidence
of the SR beam was 45° and the energy dispersive (Rontec) fluo-
rescence detector was positioned normal to the beam. The Fe-K
and Zn-K edge fluorescence photons emitted from the sample
were discriminated by setting electronically the energy range of
interest from 6097 to 7181 eV and 8037-9092 eV, respectively.
The w-XAFS spectra (beam diameter 5 pm) were recorded at
the Fe-K and Zn-K edges, in the fluorescence yield mode, at
two spots: one at the edge (position E) and the other at the centre
(position C) of the annealed sample. Measurement at two spots
was decided because, according to previous reports [15], the
crystallization of wollastonite starts at the edges and progresses
towards the centre of the sample. Therefore local inhomo-
geneities might occur across the sample surface. The spectrum
of the Fe,O3 reference sample was recorded in the transmis-
sion mode using ionization chambers. The conventional EXAFS
spectra (capillary removed, beam size 200 pm x 800 pwm) for
the as-cast and annealed samples were recorded at the Fe-K and
Zn-K edges in the fluorescence yield mode using a Si-PIN pho-
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todiode. Energy calibration was performed using the absorption
edge position of the spectrum of a Fe foil. Hereafter, the spectra
recorded with the capillary optics are denoted with the prefix
micro (w-). Finally, a powder hematite sample (alpha-Fe,03) is
used as reference for the XAFS measurements.

3. Results and discussion
3.1. SR-XRF results

SR-XREF spectra from the as-cast and annealed samples were
used in order to identify possible local variations in the distri-
bution of Fe and Zn. The spectra shown in Fig. 1 were recorded
with excitation energy equal to 9600¢eV, i.e. high enough to
excite Ko and KB photons from both Fe and Zn. Among the
spectra, those recorded from the edge and the center of the
sample are pw-SR-XRF. As shown in the spectra, the samples
under study contain Fe, Zn, Ca and Mn, while the presence
of Si and Na, that also exist in the glass, is not detected due
to the high excitation energy and the resulting low absorption
cross-section for low Z elements. In order to quantify annealing-
induced changes in the sample composition, the XRF spectra
were fitted with Gaussian functions that simulate the Fe-Kao,
Fe-KB and Zn-Ka emission lines (at 6.34, 7.04 and 8.61 keV,
respectively). More specifically, the concentration ratio of Fe
versus Zn (Crge/Czy) can be calculated using the expression
Cre/Czn = ((QFewFere ) (Qznwznoizn))UFe/Izn) [16], where Q;
is the absorption cross-section of element i for incident photon
energy equal to 9600 eV, w; the fluorescence yield of the Ka
emission lines of element i and «; is the Ka transition probabil-
ity of element i. The error in the determination of the elements’
concentration was evaluated from the least square fitting method.
The analysis of the XRF spectra reveals that the Cp./Cz, con-
centration ratio at the edge and center of the annealed product is
equalto 1.90 £ 0.01 and 1.94 £ 0.01 respectively, i.e. practically
equal between the two spots. This observation indicates that the
formation of either Fe- or Zn-rich regions has been avoided in
accordance with Kavouras et al. [15].

The homogeneous distribution of Fe and Zn over rather large
areas of the samples is depicted in the XRF maps shown in
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Fig. 1. Fluorescence spectra normalized at the Zn-Ka peak, recorded at the edge
and the centre of the annealed sample (p-SR-XRF) and at random positions of
the as-cast and annealed sample.
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Fig. 2. The 7500 pm x 15 pm w-SR-XRF maps of the distribution of Fe and Zn
in the annealed sample. The regions depicted as E and C, refer to the positions
at the edge and at the centre of the annealed sample, respectively.

Fig. 2. The maps have dimensions 6200 pum x 15 wm and reveal
that the distribution of Fe and Zn is rather homogeneous and
formation of Fe and Zn clusters has been avoided.

3.2. EXAFS and u-EXAFS results

The EXAFS and pw-EXAFS spectra were recorded at the
Fe- and Zn-K edges at room temperature. In order to avoid
self-absorption effects the EXAFS spectra were recorded at
near normal incidence (8=85° to the sample surface). How-
ever, due to geometrical limitations set by the capillary optics
the w-EXAFS spectra were recorded at 6 =45° and were cor-
rected for self-absorption phenomena [17]. Prior to analysis, the
EXAFS and pw-EXAFS spectra were subjected to subtraction
of the atomic absorption using the AUTOBK program [18] and
corrected for monochromator-induced energy shifts using the
spectrum of a Fe foil. The model for the fitting was constructed
using the FEFF8.0 [18] program. The Fourier transforms (FT) of
the k3-weighted EXAFS spectra at the Fe- and Zn-K edges are
shown in Fig. 3(a) and (b), respectively. The FT was calculated
in the k-range 2.5-9.3 A~! for both the Fe- and Zn-K edges. As
shown in the figure, the FTs of the samples under study have
well-resolved structure up to a distance of about 3.5 A from the
absorbing atom. Therefore, mid-range order exists around both
the Fe and Zn ions, possibly in the form of nanocrystallites which
are not resolved in the XRF maps due to their small size (smaller
than the 5 pm resolution limit set by the capillary optics).

The errors in the determination of the nearest neighbour dis-
tances and coordination numbers in the Zn-K EXAFS analysis
were calculated using different spline functions for the subtrac-
tion of the atomic absorption background. These errors are equal
to 10,20 and 30% and £0.01 A, £0.02 A and £:0.03 A in the first,
second and third nearest-neighbour (nn) shells, respectively. In
the case of the Fe-K edge spectra, where the mixed model is used,
some of the parameters were kept fixed (i.e. Debye—Waller fac-
tors and Fe—O bondlength of tetrahedrally coordinated Fe) in
order to eliminate the error introduced in the determination of
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Fig. 3. Fourier transforms of the EXAFS spectra recorded at the (a) Fe-K and (b) Zn-K edge, respectively. The raw data and the fitting are shown in thin and thick

solid lines, respectively.

percentage of the FeO, polyhedra. The error bars used are those
determined by the FEFFIT program [18].

Given that Fe can act as either a modifier or an intermediate,
by constituting FeOg octahedra and/or FeOy tetrahedra respec-
tively, we chose to fit the Fe-K edge EXAFS spectra using a
mixed model according to which X% of the Fe ions occupy octa-
hedral sites, that belong to the ZnFe,O4 phase (which exists in
the EAF dust), while (1 — X)% form tetrahedra, and participate
in the formation of the glass. In both the as-cast and annealed
samples, the fitting procedure was performed using four shells:
the first nearest neighbour (nn) shell consists of oxygen ions
that are either octahedrally or tetrahedrally coordinated to the
Fe atom. The second, third and forth nn shells are comprised
of Fe, Zn and O ions, according to the ZnFe,O4 model. The
Zn-K EXAFS spectra were fitted using the ZnFe;O4 model and
the fitting procedure was performed assuming four shells: in the
first nn shell Zn is tetrahedrally coordinated with four oxygen
ions while the second, third and fourth shells comprise of Fe,
O and Zn ions, respectively. During the fitting of the Fe-K edge

spectra, where the mixed model is used, some of the parameters
were kept fixed (i.e. Debye—Waller factors and Fe—O bondlength
of tetrahedrally coordinated Fe) in order to reduce the error in
the determination of percentage of the FeO, polyhedra. This
choice does not degrade the quality of the presented results but
instead improves the accuracy. More specifically, we chose to
keep the Fe—O distance in the FeO, units constant because this
bond length is expected to vary in the narrow range 1.86-1.88 A
[19,20]. Contrary to that the Fe—O bond length in the FeOg units
can vary over the broader range 1.92-2.10 A [19,20]. Therefore
since we do not expect any significant changes in the Fe—O dis-
tance in the FeO4 units we chose to keep this distance fixed and
iterate for Fe—O in the FeOg octahedra thus reducing the number
of iterated parameters during the fitting. The analysis of the spec-
tra from the hematite reference sample reveals the expected trig-
onal distortion of the FeOg octahedron, which causes a splitting
of the first nearest neighboring shell (three oxygen ions at 1.93 A
and three oxygen ions at 2.09 A, respectively) [21]. The results
of the EXAFS and p-EXAFS analysis are listed in Table 2.

Table 2
EXAFS and n-EXAFS results for the Fe-K and Zn-K edges
Samples Fe-K edge Zn-K edge
Percentage (%) of FeO, Ree_o (£0.01 A) DW (x1073 A) N (0) (10%) Rzn-o (£0.01A) DW (x1073 A)
EXAFS
o FeOg =51 (£4%) 1.86 2
As-cast FeO, =49 1.95 3] 43 1.94 4.4
. FeOg =47 (+6%) 1.86* 2%
Annealed at 900 °C FeO4 =53 1.92 3 1% 4.1 1.94 3.7
w-EXAFS
FeOg =69 (£10%) 1.86* 2%
Annealed at the edge FeOy =31 1.92 3 1% 4.2 1.94 5.4
A led at th FeOg =57 (£7%) 1.86* 2% 4 194 3.9
nnealed at the center FeOy =43 1.94 3 1% . . .

The symbols N and R indicate the coordination numbers and interatomic distances in the first nearest-neighbour shell. The asterisk (*) indicates parameters that were

kept fixed during the analysis.
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As shown in the table, in both the as-cast and annealed sam-
ple, about 50% of the Fe ions are tetrahedrally coordinated with
oxygen ions while the rest 50% form octahedra. The correspond-
ing Fe—O distances, which are characteristic of tetrahedral and
octahedral coordination [19,20], are 1.86 and 1.93 A, respec-
tively. It has been previously reported that the reduction of Fe3*
to Fe>* can happen during melting in iron-silicate glasses when
the concentration of Fe in the melt is below 5 mol% [22]. Such
a reduction cannot be directly detected in the EXAFS spectra.
In addition, previous work on iron silicate glasses suggested
that it is possible that Fe>* ions can occupy tetrahedral sites in
the glass matrix [23,24]. However when Fe?* ions constitute
tetrahedra, the Fe—O bondlength in the FeO, polyhedra (1.99 A
[22]) is expected to be significantly longer than the respective
in the FeOy4 of Fe3* ions (1.865 A [20,22]). Hence, if we take
into account that only Fe3* ions can constitute both tetrahedra
and octahedra with such short Fe—O bondlengths [22] into the
glass matrix we can conclude that the observed alteration in the
Fe-O bondlength can only be attributed to Fe>* ions. Hence,
Fe3* participates in the formation of the vitreous matrix by con-
stituting FeO4 and FeOg polyhedra, i.e. the intermediate role of
the Fe3* oxide is revealed. As far as the second and third nn
shells are concerned, in both the as-cast and annealed samples,
the Fe and Zn ions occupy sites at distances 2.99 and 3.35 A,
from the central Fe atom, respectively. Therefore, it can be con-
cluded that annealing does not cause any major changes in the
bonding environment of Fe.

The EXAFS analysis at the Zn-K edge reveals that the
bonding environment around the Zn atom is not affected by
annealing. In both the as-cast and annealed samples, the Zn
atom is coordinated with four oxygen ions at a distance 1.94 A.
The second nn shell is found to consist of approximately 12
Fe ions at a distance of 3.35 A, i.e. in agreement with the
ZnFe;O4 model. Finally, the Zn—-O distance in the third nn
shell ranges from 3.53 to 3.46 A (the coordination number is
not discussed since the determined changes are within the 30%
error bar of the EXAFS analysis in the third nearest neighbour
shell).
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In order to investigate possible changes in the bonding envi-
ronment due to local compositional variations as well as due to
differences in the cooling rate between the center and at the edge
of the samples, we resorted to p-EXAFS spectra recorded at the
Fe-K and Zn-K edges, from two spots of the sample surface:
spot E corresponds to the edge of the sample annealed at 900 °C
while spot C corresponds to the center of the same sample (here-
after denoted as E and C, respectively). The Fourier transforms
(FTs) of the k3-weighted w-EXAFS spectra recorded at the Fe-
and Zn-K edges are shown in Fig. 4(a) and (b), respectively. The
FTs were calculated in the k-range 2.7-9.3 and 2.5-9.3 A~! for
the Fe- and Zn-K edges, respectively. In accordance with the
EXAFS analysis, the existence of mid-range order around both
the Fe and Zn ions is again evident in the FTs.

The Fe- and Zn-K w-EXAFS spectra were fitted using the
same models applied for the analysis of the EXAFS spectra.
The analysis of the w-EXAFS spectra from the annealed sample
(Table 2) reveals that the percentage of the Fe ions that constitute
octahedra is, within the error bar, equal at the center and at the
edge of the sample. More specifically, 69% of the Fe ions form
octahedra at the edges of the sample, while 57% form octahedra
at the center of the sample. The Fe—O bond length in the FeOg
polyhedron is equal to 1.93 A whilst the respective value in the
FeOg4 tetrahedronis 1.86 A. Therefore, the w-EXAFS results ver-
ify that the intermediate role of Fe is retained, i.e. Fe participates
in the formation of the vitreous matrix by forming FeOy, tetrahe-
dra and acts as a glass modifier when bonded in FeOg octahedra.
As far as the second and third nn shells are concerned, we detect
a small distortion around Fe at the center of the sample, i.e.
the Rpe_re and Rpe._7, distances are 2.92 and 3.16 A at the cen-
ter and 2.99 and 3.60 A at the edge, respectively. The Fe ions
that occupy octahedral sites belong to ZnFe, O4 nanocrystallites,
which are not resolved in the XRF maps due to the limited spa-
tial resolution of the experimental set-up. In particular, the lateral
resolution of the XRF maps is limited by the beam dimension
provided by the available capillary optics which in the present
case is 5 wm (without the capillary the beam dimensions are
200 pm x 800 wm). Therefore, if nanocrystallites with smaller
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Fig. 4. Fourier transforms of the (a) Fe-K and (b) Zn-K edge w-EXAFS spectra recorded at the edge and at the centre of the annealed sample. The raw data and the

fitting are shown in thin and thick line, respectively.
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dimensions than 5 pwm exist, they will not be imaged in the XRF
maps. On the other hand, EXAFS is not limited by the beam
dimensions, thus it is more sensitive and the presence of well-
resolved structure at distances beyond the first nn shell, as it is
the case in our spectra, is the signature of nanostructure. The
presence of zinc ferrite nanocrystallites in an amorphous silica
matrix has been previously reported in sol—gel materials [25].
More specifically, Zhou et al. reported that upon annealing at
900 °C, the glass structure was preserved and zinc ferrite crystal-
lites of ~3 nm sizes were uniformly dispersed in the amorphous
silica matrix.

Finally, the w-EXAFS analysis at the Zn-K edge reveals that
the bonding environment of the Zn atom is the same in both the
centre and the edge of the annealed sample. More specifically, in
both regions, the Zn atom participates in the formation of ZnO4
tetrahedra, i.e. Zn is coordinated with four oxygen ions at a dis-
tance 1.94 A. The characteristics of the higher shells are, within
the error bar, identical to those determined from the EXAFS
analysis discussed earlier. Therefore, the bonding environment
of Zn is invariant in different regions of the annealed sample.

3.3. u-NEXAFS and NEXAFS results

The Fe-K NEXAFS and w-NEXAFS spectra of the samples
under study and the reference Fe,O3 compound are shown in
Fig. 5(a) (the spectra from the center and the edge of the sample
were recorded in the w-NEXAFS mode). The NEXAFS spectra
of Fe-containing compounds are characterized by a pre-edge
peak that is attributed to 1s— 3d transitions [26]. In a cen-
trosymmetric environment (e.g. octahedral) the intensity of the
pre-edge peak is weak due to the quadrupole character of the
transition. Contrary to that, in a non-centrosymmetric environ-
ment (e.g. tetrahedral) the pre-edge peak gains intensity due to
the d—p mixing of the final state that gives dipole character to the
transition. Thus, the intensity of the pre-edge peak is inversely
proportional to the coordination number of the absorbing atom
due to the loss of inversion symmetry of the iron site [27,28]. Not
only the intensity but also the shape of the pre-edge peak depends
on the local coordination around Fe. According to Westre et al.
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[29], fitting of the pre-edge peak with one Lorentzian is a finger-
print of the tetrahedral coordination of the Fe ions. Contrary to
that, two Lorentzians are necessary to fit the pre-edge peak when
Fe occupies octahedral sites. Finally, it should be mentioned that
the position of the pre-edge peaks is a measure of the portion of
various oxidations states of Fe in a mixed valence sample, i.e.
the Fe3*/XFe ratio, and depends on the bonding environment of
the Fe atom [30].

Prior to analysis the spectra were normalized for the trans-
mission function of the monochromator and were subjected to
linear background subtraction (by fitting the spectrum far before
the absorption edge) and normalization to the edge jump. The
characteristics of the Fe-K and Zn-K NEXAFS spectra were
determined via fitting using a sigmoidal (Boltzmann function)
to simulate transitions to the continuum and Gaussians to sim-
ulate transitions to bound states [31]. The pre-edge peak in the
Fe-K edge NEXAFS spectra was fitted using Lorentzians.

The presence of the pre-edge peak in the NEXAFS spectra of
all the samples under study indicates that the polyhedron around
Fe is either a tetrahedron and/or an asymmetric octahedron. In
the reference hematite (Fe,O3) sample, where Fe belongs to a
distorted octahedral environment, two Lorentzians (centered at
7113.5and 7116.8 eV, respectively) were necessary to fit the pre-
edge region. Contrary to that the pre-edge peak in the spectra of
the studied samples was fitted using one Lorentzian. It should
be pointed out that, in the case of a mixed bonding environment
(both octahedral and tetrahedral), due to the weak contribution of
the centrosymmetric environment, one Lorentzian would be ade-
quate to fit the pre-edge peak. Therefore, in the case of the studied
samples, the use of one Lorentzian is an indication that the Fe
either belongs to a tetrahedral environment or a mixed octahe-
dral/tetrahedral bonding environment. However, if we take into
account the EXAFS results, it becomes clear that in the stud-
ied samples the use of one Lorentzian signifies that the Fe atom
is coordinated both octahedrally and tetrahedrally with oxygen
ions. Finally, the energy position of the pre-edge peak (centered
at7113.2 £0.2eV), which depends on the oxidation state of Fe,
is the same in all the samples indicating that the Fe’*/XFe ratio
remains constant in all vitrified products, i.e. is unaffected by
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Fig. 5. The (a) Fe-K edge and (b) Zn-K edge w-NEXAFS and NEXAFS spectra from the as-cast and annealed sample. The spectra from the annealed sample were
recorded at the edge (.-NEXAFS), at the centre (W-NEXAFS) and at a random position. The spectrum of the reference Fe, O3 is also included in (a).
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annealing and is invariant in different positions of the annealed
sample. It should be pointed out that, even though the reduction
of Fe3* to Fe2* cannot be excluded, the overall reduction of the
Fe3* would cause a shift of the position of the pre-edge peak of
about 0.2 eV [30] which is of the order of the resolution of the
NEXAFS spectra (0.2 eV) and thus cannot be evaluated.

The energy position of the absorption edge (Ejyps), in the
samples under study is equal to that in hematite (7122.2¢eV).
According to Salem et al. [32], the Eys is a fingerprint of the
valence of the absorbing atom and can be affected by modi-
fications in the ionicity of the Fe—O bond and the symmetry
(bondlength and coordination) around the Fe atom. Since we
did not detect any energy shifts, it is affirmed that no alteration
in the parameters mentioned above occurs, in agreement with
the EXAFS analysis.

The NEXAFS and w-NEXAFS spectra recorded at the Zn-
K edge are shown in Fig. 5(b). The spectra have structure at
energies above the absorption edge (Eqps), which indicates that
the material is nanocrystalline around the Zn atom in accordance
with the results of Zhou et al. [25].

4. Conclusions

SR-XRF mapping of vitrified EAF dust reveals that the
annealing at 900 °C does not alter the distribution of Fe and
Zn in the studied samples. According to the EXAFS results the
environment around the Fe atom is mixed, i.e. Fe forms FeOy4
tetrahedra that link to the vitreous matrix, while it also occupies
octahedral sites in ZnFe,;O4 nanocrystallites. The Fe—O distance
is found equal to 1.93 and 1.86 A for tetrahedrally and octahe-
drally coordinated Fe, respectively. Therefore, Fe participates
in the formation of the glassy network acting as an intermediate
oxide. Annealing does not affect the concentration of FeOg and
thus does not modify the structural role of Fe. On the other hand,
Zn occupies tetrahedral sites in both the as-cast and annealed
sample, i.e. annealing does not affect its bonding environment.
Finally, analysis of w-EXAFS recorded from different spots of
the samples under study reveals that there are no detectable local
changes in the bonding environment of either Fe or Zn.
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