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bstract

We apply synchrotron radiation assisted X-ray fluorescence (SR-XRF), SR-XRF mapping as well as micro- and conventional X-ray absorption
ne structure (�-XAFS and XAFS) spectroscopies in order to study the bonding environment of Fe and Zn in vitrified samples that contain electric
rc 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
esults demonstrate that annealing does not induce any significant changes in the distribution of either Fe or Zn, in both the as-cast and annealed

lasses. The �-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
nnealing procedure. More specifically, Fe forms both FeO6 and FeO4 polyhedra, i.e. acts as an intermediate oxide while Zn occupies tetrahedral
ites.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Electric arc furnace dust (EAFD) is one of the largest solid
aste streams produced by steel mills, and is classified as a waste
nder the Resource Conservation and Recovery Act (RCRA) of
he U.S. Environmental Protection Agency (EPA). Steel pro-
uction by electric-arc furnace (EAF) technology has been of
ncreasing importance over the past 20 years, and it is expected
hat, in the coming years, it will dominate the steel produc-
ion. During the EAF production of steel, about 15–20 kg of
ust is formed per tonne of steel. This dust contains heavy met-
ls and thus is considered as a toxic waste. These metals are
ound both as free oxides (e.g. PbO, ZnO) as well as in the form
f composite structures with iron oxides (e.g. ZnFe2O4). More
pecifically, EAF dusts contain iron, zinc, calcium and silicon

n the form of simple or mixed oxides, as well as copper, man-
anese, chromium, cadmium and lead which either originate
rom 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
ead) reduces the disposal problems and results in resource con-
ervation. Hydrometallurgical or pyrometallurgical processes
an recover only a part of heavy metals (such as Zn) from the
AFD [2,3] and hence it is of major importance to develop an
dditional process that stabilizes metallic Zn and the other heavy
etals found in the residues of Zn recovery processes. One of

he promising methods for safe disposal of the EAF dust is vit-
ification [4,5] that leads to the production of chemically stable
aterials, vitreous or glass-ceramic, that can be safely disposed

r used for construction and decorative applications [6,7].
The aim of this work is to determine the distribution, the

onding environment and the oxidation state of Fe and Zn ions
n the glass matrix of vitrified EAFD-rich industrial wastes. It is
nown that the structural role of Fe depends on its valence state
8,9]: Fe2+ acts as a glass modifier and participates in the forma-
ion of FeO6 polyhedra while Fe3+ is an intermediate oxide, i.e.
an also act as a glass network former by constituting FeO4. On

he contrary, in such oxide materials Zn is known to be stable
nly in its 2+ oxidation state and can occupy tetrahedral sites
10]. Therefore it is quite important to study the structural role of
oth Fe and Zn oxides, since the structural integrity of the glass

mailto:paloura@auth.gr
dx.doi.org/10.1016/j.jhazmat.2006.08.016
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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
Al2O3 0.9 Ca 21.1
SiO2 4.1 Mn 1.4
K2O 1.4 Fe 8.2
CaO 4.6 Zn 6.7
MnO 3.3 Na 12.6
Fe2O3 33.9
ZnO 34.9
PbO 6.2
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atrix depends strongly on the type of polyhedra that the Fe
nd Zn ions form. It should be pointed out that the glass forming
ole of Fe depends also on the waste content [11]. Furthermore,
eating at temperatures above the glass transition temperature
an induce devitrification [12–14]. More specifically, annealing
nduced modifications in the bonding environment of Fe were
reviously reported in a series of Pb- and Fe-rich waste contam-
nated glasses [12].

In this paper we present the characterization of Fe- and Zn-
ich solidified-stabilized EAFD glasses in the as-cast state as
ell after annealing by means of synchrotron assisted X-ray fluo-

escence (SR-XRF) mapping and X-ray absorption fine structure
XAFS) measurements at the Fe-K and Zn-K edges. SR-XRF
apping is a non-destructive characterization technique that per-
its the two-dimensional imaging of the distribution of different

lements in an inhomogeneous sample with ppm detectability.
he use of capillary optics reduces the beam size (in our set-up

o 5 �m) and thus improves the spatial resolution. The XAFS
pectrum, which shows the dependence of the X-ray absorption
oefficient on the impinging photon’s energy above the absorp-
ion edge of a specific element, consists of two regions: the
xtended X-ray absorption fine structure (EXAFS) region and
ear-edge extended X-ray absorption fine structure (NEXAFS)
egion. The former reflects the bonding environment (as that is
etermined by the nearest neighbour distances and coordination
umbers) of the absorbing atom. The latter reflects the density of
mpty states of the absorbing atom and it is affected by the sym-
etry, the local coordination geometry and the valence of the

bsorbing atom, which can be derived by proper analysis of the
EXAFS spectra. Local changes in the bonding environment

round Fe and Zn can be identified and mapped over selected
reas of the sample using micro-XAFS (�-XAFS).

. Sample preparation and experimental details

The samples under study are vitrified products of EAF dust
hich mainly consists of zinc (34.9 wt.% ZnO) and ferric oxides

in the form of ZnFe2O4 at 33.9 wt.%). The elemental composi-
ion and the structural analysis of the EAF dust were performed
sing energy-dispersive X-ray spectrometry (EDS) and X-ray
iffraction (XRD), respectively [15]. The loss on ignition (LOI)
ass, as determined with EDS after the EAFD powder was

eated to 1000 ◦C, amounts to 7.2 wt.% [15]. The two main con-
titutive oxides of EAFD are zinc ferrite (ZnFe2O4) and zinc
xide (ZnO), while traces of MgO, Al2O3, SiO2, K2O, CaO,
nO and PbO were also identified. The composition of the as-

ast glass was determined by EDS analysis which revealed that
he weight percentage of Fe, Zn, Ca, Na and Si is approximately
.2, 6.7, 31.1, 12.6 and 50.0 wt.%, respectively. Details on the
omposition of the EAFD powder and the as-cast product are
isted in Table 1.

The vitrification process involves mixing of the EAF dust
ith SiO2, Na2CO3 and CaCO3 powders and co-melting at

400 ◦C for 2 h in a Pt-crucible, followed by quenching in air
11–15]. The sample under study consists of 20 wt.% EAFD,
5 wt.% SiO2, 15 wt.% CaO and 10 wt.% Na2O. After quench-
ng the sample was heated at a temperature 20 ◦C above the glass

s
s
t
Z

OI 7.2
umidity 2.0

ransition temperature (Tg = 583.8 ◦C) for residual stress relax-
tion. Next, the sample was subjected to a two-stage isother-
al treatment process (annealing). In the first stage (20 min

t 680 ◦C), nucleation of wollastonite CaSiO3 takes place and
n the second (30 min at 900 ◦C) crystal growth occurs [15].
he temperatures for the annealing process were determined

rom the differential thermal analysis results reported previ-
usly [15]. Recently reported transmission electron microscopy
TEM) observations and XRD analysis showed that the ini-
ial product was amorphous while EDS analysis revealed that
ll elements were homogeneously dispersed into the vitreous
atrix [15]. Furthermore, upon annealing surface crystalliza-

ion of wollastonite (CaSiO3) initiates from the edges towards
he center [15].

The XRF, XAFS and �-XAFS measurements were conducted
t the KMC2 beamline at the synchrotron radiation (SR) facility
ESSY in Berlin. The beamline is equipped with a double-
rystal monochromator and capillary optics that reduce the beam
iameter to 5 �m. The XRF spectra were recorded with acquisi-
ion time 400 s. The XRF maps were recorded using excitation
hotons of 9600 eV, i.e. higher than the Fe-K and Zn-K absorp-
ion edges and acquisition time 1 s/point. The angle of incidence
f the SR beam was 45◦ and the energy dispersive (Röntec) fluo-
escence detector was positioned normal to the beam. The Fe-K
nd Zn-K edge fluorescence photons emitted from the sample
ere discriminated by setting electronically the energy range of

nterest from 6097 to 7181 eV and 8037–9092 eV, respectively.
he �-XAFS spectra (beam diameter 5 �m) were recorded at

he Fe-K and Zn-K edges, in the fluorescence yield mode, at
wo spots: one at the edge (position E) and the other at the centre
position C) of the annealed sample. Measurement at two spots
as decided because, according to previous reports [15], the

rystallization of wollastonite starts at the edges and progresses
owards the centre of the sample. Therefore local inhomo-
eneities might occur across the sample surface. The spectrum
f the Fe2O3 reference sample was recorded in the transmis-
ion mode using ionization chambers. The conventional EXAFS

pectra (capillary removed, beam size 200 �m × 800 �m) for
he as-cast and annealed samples were recorded at the Fe-K and
n-K edges in the fluorescence yield mode using a Si-PIN pho-
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odiode. Energy calibration was performed using the absorption
dge position of the spectrum of a Fe foil. Hereafter, the spectra
ecorded with the capillary optics are denoted with the prefix
icro (�-). Finally, a powder hematite sample (alpha-Fe2O3) is

sed as reference for the XAFS measurements.

. Results and discussion

.1. SR-XRF results

SR-XRF spectra from the as-cast and annealed samples were
sed in order to identify possible local variations in the distri-
ution of Fe and Zn. The spectra shown in Fig. 1 were recorded
ith excitation energy equal to 9600 eV, i.e. high enough to

xcite K� and K� photons from both Fe and Zn. Among the
pectra, those recorded from the edge and the center of the
ample are �-SR-XRF. As shown in the spectra, the samples
nder study contain Fe, Zn, Ca and Mn, while the presence
f Si and Na, that also exist in the glass, is not detected due
o the high excitation energy and the resulting low absorption
ross-section for low Z elements. In order to quantify annealing-
nduced changes in the sample composition, the XRF spectra
ere fitted with Gaussian functions that simulate the Fe-K�,
e-K� and Zn-K� emission lines (at 6.34, 7.04 and 8.61 keV,
espectively). More specifically, the concentration ratio of Fe
ersus Zn (CFe/CZn) can be calculated using the expression
Fe/CZn = ((QFeωFeαFe)/(QZnωZnαZn))(IFe/IZn) [16], where Qi

s the absorption cross-section of element i for incident photon
nergy equal to 9600 eV, ωi the fluorescence yield of the K�
mission lines of element i and αi is the K� transition probabil-
ty of element i. The error in the determination of the elements’
oncentration was evaluated from the least square fitting method.
he analysis of the XRF spectra reveals that the CFe/CZn con-
entration ratio at the edge and center of the annealed product is
qual to 1.90 ± 0.01 and 1.94 ± 0.01 respectively, i.e. practically
qual between the two spots. This observation indicates that the

ormation of either Fe- or Zn-rich regions has been avoided in
ccordance with Kavouras et al. [15].

The homogeneous distribution of Fe and Zn over rather large
reas of the samples is depicted in the XRF maps shown in

ig. 1. Fluorescence spectra normalized at the Zn-K� peak, recorded at the edge
nd the centre of the annealed sample (�-SR-XRF) and at random positions of
he as-cast and annealed sample.
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ig. 2. The 7500 �m × 15 �m �-SR-XRF maps of the distribution of Fe and Zn
n the annealed sample. The regions depicted as E and C, refer to the positions
t the edge and at the centre of the annealed sample, respectively.

ig. 2. The maps have dimensions 6200 �m × 15 �m and reveal
hat the distribution of Fe and Zn is rather homogeneous and
ormation of Fe and Zn clusters has been avoided.

.2. EXAFS and μ-EXAFS results

The EXAFS and �-EXAFS spectra were recorded at the
e- and Zn-K edges at room temperature. In order to avoid
elf-absorption effects the EXAFS spectra were recorded at
ear normal incidence (θ = 85◦ to the sample surface). How-
ver, due to geometrical limitations set by the capillary optics
he �-EXAFS spectra were recorded at θ = 45◦ and were cor-
ected for self-absorption phenomena [17]. Prior to analysis, the
XAFS and �-EXAFS spectra were subjected to subtraction
f the atomic absorption using the AUTOBK program [18] and
orrected for monochromator-induced energy shifts using the
pectrum of a Fe foil. The model for the fitting was constructed
sing the FEFF8.0 [18] program. The Fourier transforms (FT) of
he k3-weighted EXAFS spectra at the Fe- and Zn-K edges are
hown in Fig. 3(a) and (b), respectively. The FT was calculated
n the k-range 2.5–9.3 Å−1 for both the Fe- and Zn-K edges. As
hown in the figure, the FTs of the samples under study have
ell-resolved structure up to a distance of about 3.5 Å from the

bsorbing atom. Therefore, mid-range order exists around both
he Fe and Zn ions, possibly in the form of nanocrystallites which
re not resolved in the XRF maps due to their small size (smaller
han the 5 �m resolution limit set by the capillary optics).

The errors in the determination of the nearest neighbour dis-
ances and coordination numbers in the Zn-K EXAFS analysis
ere calculated using different spline functions for the subtrac-

ion of the atomic absorption background. These errors are equal
o 10, 20 and 30% and±0.01 Å,±0.02 Å and±0.03 Å in the first,
econd and third nearest-neighbour (nn) shells, respectively. In

he case of the Fe-K edge spectra, where the mixed model is used,
ome of the parameters were kept fixed (i.e. Debye–Waller fac-
ors and Fe–O bondlength of tetrahedrally coordinated Fe) in
rder to eliminate the error introduced in the determination of
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ig. 3. Fourier transforms of the EXAFS spectra recorded at the (a) Fe-K and (
olid lines, respectively.

ercentage of the FeOx polyhedra. The error bars used are those
etermined by the FEFFIT program [18].

Given that Fe can act as either a modifier or an intermediate,
y constituting FeO6 octahedra and/or FeO4 tetrahedra respec-
ively, we chose to fit the Fe-K edge EXAFS spectra using a

ixed model according to which X% of the Fe ions occupy octa-
edral sites, that belong to the ZnFe2O4 phase (which exists in
he EAF dust), while (1 − X)% form tetrahedra, and participate
n the formation of the glass. In both the as-cast and annealed
amples, the fitting procedure was performed using four shells:
he first nearest neighbour (nn) shell consists of oxygen ions
hat are either octahedrally or tetrahedrally coordinated to the
e atom. The second, third and forth nn shells are comprised
f Fe, Zn and O ions, according to the ZnFe2O4 model. The
n-K EXAFS spectra were fitted using the ZnFe2O4 model and
he fitting procedure was performed assuming four shells: in the
rst nn shell Zn is tetrahedrally coordinated with four oxygen

ons while the second, third and fourth shells comprise of Fe,
and Zn ions, respectively. During the fitting of the Fe-K edge

o
o
a
o

able 2
XAFS and �-EXAFS results for the Fe-K and Zn-K edges

amples Fe-K edge

Percentage (%) of FeOx RFe–O (±0.01 Å)

XAFS

As-cast
FeO6 = 51 (±4%) 1.86
FeO4 = 49 1.95

Annealed at 900 ◦C
FeO6 = 47 (±6%) 1.86*
FeO4 = 53 1.92

-EXAFS

Annealed at the edge
FeO6 = 69 (±10%) 1.86*
FeO4 = 31 1.92

Annealed at the center
FeO6 = 57 (±7%) 1.86*
FeO4 = 43 1.94

he symbols N and R indicate the coordination numbers and interatomic distances in t
ept fixed during the analysis.
-K edge, respectively. The raw data and the fitting are shown in thin and thick

pectra, where the mixed model is used, some of the parameters
ere kept fixed (i.e. Debye–Waller factors and Fe–O bondlength
f tetrahedrally coordinated Fe) in order to reduce the error in
he determination of percentage of the FeOx polyhedra. This
hoice does not degrade the quality of the presented results but
nstead improves the accuracy. More specifically, we chose to
eep the Fe–O distance in the FeO4 units constant because this
ond length is expected to vary in the narrow range 1.86–1.88 Å
19,20]. Contrary to that the Fe–O bond length in the FeO6 units
an vary over the broader range 1.92–2.10 Å [19,20]. Therefore
ince we do not expect any significant changes in the Fe–O dis-
ance in the FeO4 units we chose to keep this distance fixed and
terate for Fe–O in the FeO6 octahedra thus reducing the number
f iterated parameters during the fitting. The analysis of the spec-
ra from the hematite reference sample reveals the expected trig-

nal distortion of the FeO6 octahedron, which causes a splitting
f the first nearest neighboring shell (three oxygen ions at 1.93 Å
nd three oxygen ions at 2.09 Å, respectively) [21]. The results
f the EXAFS and �-EXAFS analysis are listed in Table 2.

Zn-K edge

DW (×10−3 Å) N (O) (10%) RZn–O (±0.01 Å) DW (×10−3 Å)

2
4.3 1.94 4.43.1

2*
4.1 1.94 3.73.1*

2*
4.2 1.94 5.43.1*

2*
4.1 1.94 3.93.1*

he first nearest-neighbour shell. The asterisk (*) indicates parameters that were
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As shown in the table, in both the as-cast and annealed sam-
le, about 50% of the Fe ions are tetrahedrally coordinated with
xygen ions while the rest 50% form octahedra. The correspond-
ng Fe–O distances, which are characteristic of tetrahedral and
ctahedral coordination [19,20], are 1.86 and 1.93 Å, respec-
ively. It has been previously reported that the reduction of Fe3+

o Fe2+ can happen during melting in iron-silicate glasses when
he concentration of Fe in the melt is below 5 mol% [22]. Such
reduction cannot be directly detected in the EXAFS spectra.

n addition, previous work on iron silicate glasses suggested
hat it is possible that Fe2+ ions can occupy tetrahedral sites in
he glass matrix [23,24]. However when Fe2+ ions constitute
etrahedra, the Fe–O bondlength in the FeO4 polyhedra (1.99 Å
22]) is expected to be significantly longer than the respective
n the FeO4 of Fe3+ ions (1.865 Å [20,22]). Hence, if we take
nto account that only Fe3+ ions can constitute both tetrahedra
nd octahedra with such short Fe–O bondlengths [22] into the
lass matrix we can conclude that the observed alteration in the
e–O bondlength can only be attributed to Fe3+ ions. Hence,
e3+ participates in the formation of the vitreous matrix by con-
tituting FeO4 and FeO6 polyhedra, i.e. the intermediate role of
he Fe3+ oxide is revealed. As far as the second and third nn
hells are concerned, in both the as-cast and annealed samples,
he Fe and Zn ions occupy sites at distances 2.99 and 3.35 Å,
rom the central Fe atom, respectively. Therefore, it can be con-
luded that annealing does not cause any major changes in the
onding environment of Fe.

The EXAFS analysis at the Zn-K edge reveals that the
onding environment around the Zn atom is not affected by
nnealing. In both the as-cast and annealed samples, the Zn
tom is coordinated with four oxygen ions at a distance 1.94 Å.
he second nn shell is found to consist of approximately 12
e ions at a distance of 3.35 Å, i.e. in agreement with the
nFe2O4 model. Finally, the Zn–O distance in the third nn
hell ranges from 3.53 to 3.46 Å (the coordination number is

ot discussed since the determined changes are within the 30%
rror bar of the EXAFS analysis in the third nearest neighbour
hell).

p
c
2

ig. 4. Fourier transforms of the (a) Fe-K and (b) Zn-K edge �-EXAFS spectra recor
tting are shown in thin and thick line, respectively.
us Materials 142 (2007) 297–304 301

In order to investigate possible changes in the bonding envi-
onment due to local compositional variations as well as due to
ifferences in the cooling rate between the center and at the edge
f the samples, we resorted to �-EXAFS spectra recorded at the
e-K and Zn-K edges, from two spots of the sample surface:
pot E corresponds to the edge of the sample annealed at 900 ◦C
hile spot C corresponds to the center of the same sample (here-

fter denoted as E and C, respectively). The Fourier transforms
FTs) of the k3-weighted �-EXAFS spectra recorded at the Fe-
nd Zn-K edges are shown in Fig. 4(a) and (b), respectively. The
Ts were calculated in the k-range 2.7–9.3 and 2.5–9.3 Å−1 for

he Fe- and Zn-K edges, respectively. In accordance with the
XAFS analysis, the existence of mid-range order around both

he Fe and Zn ions is again evident in the FTs.
The Fe- and Zn-K �-EXAFS spectra were fitted using the

ame models applied for the analysis of the EXAFS spectra.
he analysis of the �-EXAFS spectra from the annealed sample

Table 2) reveals that the percentage of the Fe ions that constitute
ctahedra is, within the error bar, equal at the center and at the
dge of the sample. More specifically, 69% of the Fe ions form
ctahedra at the edges of the sample, while 57% form octahedra
t the center of the sample. The Fe–O bond length in the FeO6
olyhedron is equal to 1.93 Å whilst the respective value in the
eO4 tetrahedron is 1.86 Å. Therefore, the �-EXAFS results ver-

fy that the intermediate role of Fe is retained, i.e. Fe participates
n the formation of the vitreous matrix by forming FeO4 tetrahe-
ra and acts as a glass modifier when bonded in FeO6 octahedra.
s far as the second and third nn shells are concerned, we detect
small distortion around Fe at the center of the sample, i.e.

he RFe–Fe and RFe–Zn distances are 2.92 and 3.16 Å at the cen-
er and 2.99 and 3.60 Å at the edge, respectively. The Fe ions
hat occupy octahedral sites belong to ZnFe2O4 nanocrystallites,
hich are not resolved in the XRF maps due to the limited spa-

ial resolution of the experimental set-up. In particular, the lateral
esolution of the XRF maps is limited by the beam dimension

rovided by the available capillary optics which in the present
ase is 5 �m (without the capillary the beam dimensions are
00 �m × 800 �m). Therefore, if nanocrystallites with smaller

ded at the edge and at the centre of the annealed sample. The raw data and the
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imensions than 5 �m exist, they will not be imaged in the XRF
aps. On the other hand, EXAFS is not limited by the beam

imensions, thus it is more sensitive and the presence of well-
esolved structure at distances beyond the first nn shell, as it is
he case in our spectra, is the signature of nanostructure. The
resence of zinc ferrite nanocrystallites in an amorphous silica
atrix has been previously reported in sol–gel materials [25].
ore specifically, Zhou et al. reported that upon annealing at

00 ◦C, the glass structure was preserved and zinc ferrite crystal-
ites of ∼3 nm sizes were uniformly dispersed in the amorphous
ilica matrix.

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

.3. μ-NEXAFS and NEXAFS results

The Fe-K NEXAFS and �-NEXAFS spectra of the samples
nder study and the reference Fe2O3 compound are shown in
ig. 5(a) (the spectra from the center and the edge of the sample
ere recorded in the �-NEXAFS mode). The NEXAFS spectra
f Fe-containing compounds are characterized by a pre-edge
eak that is attributed to 1s → 3d transitions [26]. In a cen-
rosymmetric environment (e.g. octahedral) the intensity of the
re-edge peak is weak due to the quadrupole character of the
ransition. Contrary to that, in a non-centrosymmetric environ-
ent (e.g. tetrahedral) the pre-edge peak gains intensity due to

he d–p mixing of the final state that gives dipole character to the
ransition. Thus, the intensity of the pre-edge peak is inversely

roportional to the coordination number of the absorbing atom
ue to the loss of inversion symmetry of the iron site [27,28]. Not
nly the intensity but also the shape of the pre-edge peak depends
n the local coordination around Fe. According to Westre et al.

i
a
i
r

ig. 5. The (a) Fe-K edge and (b) Zn-K edge �-NEXAFS and NEXAFS spectra from
ecorded at the edge (�-NEXAFS), at the centre (�-NEXAFS) and at a random posit
us Materials 142 (2007) 297–304

29], fitting of the pre-edge peak with one Lorentzian is a finger-
rint of the tetrahedral coordination of the Fe ions. Contrary to
hat, two Lorentzians are necessary to fit the pre-edge peak when
e occupies octahedral sites. Finally, it should be mentioned that

he position of the pre-edge peaks is a measure of the portion of
arious oxidations states of Fe in a mixed valence sample, i.e.
he Fe3+/�Fe ratio, and depends on the bonding environment of
he Fe atom [30].

Prior to analysis the spectra were normalized for the trans-
ission function of the monochromator and were subjected to

inear background subtraction (by fitting the spectrum far before
he absorption edge) and normalization to the edge jump. The
haracteristics of the Fe-K and Zn-K NEXAFS spectra were
etermined via fitting using a sigmoidal (Boltzmann function)
o simulate transitions to the continuum and Gaussians to sim-
late transitions to bound states [31]. The pre-edge peak in the
e-K edge NEXAFS spectra was fitted using Lorentzians.

The presence of the pre-edge peak in the NEXAFS spectra of
ll the samples under study indicates that the polyhedron around
e is either a tetrahedron and/or an asymmetric octahedron. In

he reference hematite (Fe2O3) sample, where Fe belongs to a
istorted octahedral environment, two Lorentzians (centered at
113.5 and 7116.8 eV, respectively) were necessary to fit the pre-
dge region. Contrary to that the pre-edge peak in the spectra of
he studied samples was fitted using one Lorentzian. It should
e pointed out that, in the case of a mixed bonding environment
both octahedral and tetrahedral), due to the weak contribution of
he centrosymmetric environment, one Lorentzian would be ade-
uate to fit the pre-edge peak. Therefore, in the case of the studied
amples, the use of one Lorentzian is an indication that the Fe
ither belongs to a tetrahedral environment or a mixed octahe-
ral/tetrahedral bonding environment. However, if we take into
ccount the EXAFS results, it becomes clear that in the stud-
ed samples the use of one Lorentzian signifies that the Fe atom
s coordinated both octahedrally and tetrahedrally with oxygen

ons. Finally, the energy position of the pre-edge peak (centered
t 7113.2 ± 0.2 eV), which depends on the oxidation state of Fe,
s the same in all the samples indicating that the Fe3+/�Fe ratio
emains constant in all vitrified products, i.e. is unaffected by

the as-cast and annealed sample. The spectra from the annealed sample were
ion. The spectrum of the reference Fe2O3 is also included in (a).
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nnealing and is invariant in different positions of the annealed
ample. It should be pointed out that, even though the reduction
f Fe3+ to Fe2+ cannot be excluded, the overall reduction of the
e3+ would cause a shift of the position of the pre-edge peak of
bout 0.2 eV [30] which is of the order of the resolution of the
EXAFS spectra (±0.2 eV) and thus cannot be evaluated.
The energy position of the absorption edge (Eabs), in the

amples under study is equal to that in hematite (7122.2 eV).
ccording to Salem et al. [32], the Eabs is a fingerprint of the
alence of the absorbing atom and can be affected by modi-
cations in the ionicity of the Fe–O bond and the symmetry
bondlength and coordination) around the Fe atom. Since we
id not detect any energy shifts, it is affirmed that no alteration
n the parameters mentioned above occurs, in agreement with
he EXAFS analysis.

The NEXAFS and �-NEXAFS spectra recorded at the Zn-
edge are shown in Fig. 5(b). The spectra have structure at

nergies above the absorption edge (Eabs), which indicates that
he material is nanocrystalline around the Zn atom in accordance
ith the results of Zhou et al. [25].

. Conclusions

SR-XRF mapping of vitrified EAF dust reveals that the
nnealing at 900 ◦C does not alter the distribution of Fe and
n in the studied samples. According to the EXAFS results the
nvironment around the Fe atom is mixed, i.e. Fe forms FeO4
etrahedra that link to the vitreous matrix, while it also occupies
ctahedral sites in ZnFe2O4 nanocrystallites. The Fe–O distance
s found equal to 1.93 and 1.86 Å for tetrahedrally and octahe-
rally coordinated Fe, respectively. Therefore, Fe participates
n the formation of the glassy network acting as an intermediate
xide. Annealing does not affect the concentration of FeO6 and
hus does not modify the structural role of Fe. On the other hand,
n occupies tetrahedral sites in both the as-cast and annealed
ample, i.e. annealing does not affect its bonding environment.
inally, analysis of �-EXAFS recorded from different spots of

he samples under study reveals that there are no detectable local
hanges in the bonding environment of either Fe or Zn.
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