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This paper presents a comparison between several methods dedicated to the interpretation of V K-edge X-ray
absorption near-edge structure (XANES) features. V K-edge XANES spectra of several V-bearing standard
compounds were measured in an effort to evaluate advantages and limits of each method. The standard
compounds include natural minerals and synthetic compounds containing vanadium at various oxidation state
(from +3 to +5) and in different symmetry (octahedral, tetrahedral, and square pyramidal). Correlations
between normalized pre-edge peak area and its centroid position have been identified as the most reliable
method for determining quantitative and accurate redox and symmetry information for vanadium. This
methodology has been previously developed for the Fe K edge. It is also well adapted for the V K edge and
is less influenced by the standard choice than other methods. This methodology was applied on an
“environmental sample,” i.e., a well-crystallized leached steel slag containing vanadium as traces. Micro-
XANES measurements allowed elucidating the microdistribution of vanadium speciation in leached steel
slag. The vanadium exhibits an important evolution from the unaltered to the altered phases. Its oxidation
state increases from+3 to +5 together with the decrease of its symmetry (from octahedral to tetrahedral).

Introduction

Vanadium is a metal that exhibits a wide range of oxidation
states (from 0 to+5): the most common are+3, +4, and+5.1,2

Trivalent V has the electron configuration 3s23p63d2 and occurs
commonly in octahedral symmetry (Oh). Tetravalent V has the
electron configuration 3s23p63d1, and its common symmetry is
square pyramidal (Py) and octahedral (Oh). And, pentavalent V
has the electron configuration 3s23p63d0 and presents different
kinds of symmetry: tetrahedral (Td), square pyramidal (Py) and
octahedral (Oh).3 The multiple oxidation states and symmetries
of vanadium confer it a high complexity. Evans4 surveyed the
crystal chemistry of vanadium minerals and examined the types
of V coordination polyhedra that they contain. More recently,
Schindler et al.5 discussed bond-length variation in (Vi+On)
polyhedra (i ) 3, 4, 5; n ) 5, 6). Finally, Zavalij et al.6 and
Guili et al.7 studied the crystal chemistry of vanadium oxides
and vanadium in silicate glasses, respectively.

Vanadium systems as amorphous V2O5, V2O5-P2O5 glasses,
Li xV2O5 or LiNiVO4 systems, vanadium mesoporous silica, or
vanadium supported on titanium have been extensively studied
since they are good candidates for making reversible cathodes
in lithium batteries or are commonly used as catalyst for a
number of industrially important reactions. Moreover borosili-
cate glasses containing vanadium are interesting in the frame
of vitrification of sulfur-bearing radioactive wastes for long-
term storage because adding V2O5 to borosilicate formulations
seems to improve sulfur solubility in the melt (see references
in Table 1). A better knowledge of vanadium speciation
(oxidation state and symmetry) in these materials is one of the
key points for a better understanding of their physical and
chemical properties. X-ray absorption near-edge structure
(XANES) spectroscopy is a well-adapted method to identify
vanadium speciation. XANES is the region of the X-ray
absorption spectrum (XAS) within∼50 eV of threshold and
includes the pre-edge, the edge, and the first oscillations. This
region has long been known to be rich in chemical and structural
information of the absorber atom.8,9 An extensive review dealing
with the shape and energy position of V K-edge XANES
features for several compounds10 has been published. However,
the accurate physical and chemical interpretation of all features
is still difficult.

A review of the XANES interpretation methods permitting
oxidation state and/or symmetry determination is presented in
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Table 1. In most of the studies, the vanadium oxidation state is
determined through the position of the absorption edge, which
shifts to higher energies with an increasing valence state. The
energy shifts, so-called chemical shifts, are found to follow
Kunzl’s law in Wong et al.10 and to vary linearly with the
valence of the absorbing vanadium atom. However, this
“simple” empirical law is not generally well adapted because
many factors influence the spectral shape (multiscattering
effects, multielectronic effects, matrix effects, etc.).11

The intensity of the pre-edge peak is generally used quali-
tatively to obtain information on symmetry site. The pre-edge
feature is related to electronic transitions from 1s core levels to
the empty 3d levels, more or less 4p hybridized by the V ligands
(probing thus the density of the lowest unoccupied states). These
electronic transitions become allowed when the inversion center
is lost. In this case, the loss of symmetry permits partial
overlapping and mixing of the unfilled d states of the metal
with the 4p orbital of the metal. Pre-edge peak intensity will
be virtually zero in the case of regular octahedral symmetry
(Oh) around the absorber, whereas it will have a higher intensity
in the case of tetrahedral symmetry (Td). Actually, as the main
transitions at the K-edge are electric dipolar allowed, it is
assumed that the pre-edge peak area could be correlated to the
percentage of metal 4p atomic orbital hybridized with the metal
3d atomic orbitals12 (even if this statement has been recently
questioned13).

The pre-edge peak intensity helps to determine the vanadium
valence only in particular conditions,14 contrary to chromium
for which the pre-edge peak is very weak for octahedral Cr3+

and very intense for tetravalent Cr6+.15 Giuli et al.7 proposed
an original approach and consider the pre-edge intensity as well
as its absolute position to determine both the vanadium oxidation
state and its symmetry. This methodology was initially devel-
oped by Farges et al.16-18 to provide information on the local
structure around Ti4+ in crystalline and glassy fresnoites and
in silicate glasses and melts. The only pre-edge peak position
is generally insufficient to evaluate accurately vanadium oxida-
tion state, except for some studies.10,19 A very interesting
methodology was followed by Wilke et al.20,21and Petit et al.22

to estimate the Fe3+/Fe2+ ratio in minerals. They consider that
the most useful characteristics for determining Fe oxidation state
and symmetry are the position of the pre-edge peak centroid
and its integrated area. To our knowledge this reliable inter-
pretation method was never applied for V K-edge XANES
spectra.

The determination of vanadium oxidation state and symmetry
from XANES features could be based on several methods
(Table 1). The difficulty lies in the choice of the most suitable
approach. The present paper presents a comparative evaluation
of all the interpretation methods used. Their own pertinence,
accurateness, reliability, and limits will be discussed. The final
objective is to identify and suggest a precise and rigorous
methodology devoted to the quantitative evaluation of vanadium
speciation (oxidation state and symmetry) from XANES fea-
tures. The selected interpretation method is based on correlations
between the normalized total area and the centroid of the energy
position of pre-edge features. Results of a high-resolution
XANES spectroscopy study of vanadium in several standard
compounds that possess a wide range of oxidation state and
symmetry are presented.

The selected method is well adapted for unknown complex
matrix containing vanadium at very low content, as in some
natural systems or industrial residues, i.e., typical samples
studied in Environmental Sciences. As an example, the specia-
tion of vanadium within altered basic oxygen furnace (BOF)
steel slag was determined. BOF steel slag is a residue from the
basic converter in steel-making operations and is partially reused
as an aggregate in road constructions.23 It consists of a well-
crystallized and heterogeneous matrix composed of dicalcium-
silicate (Ca2SiO4), dicalciumferrite (Ca2Fe2O5), a solid solution
(Fe, Mn, Mg, Ca)O, and calcite (CaCO3).24,25 This industrial
residue is an interesting matrix to test the selected interpretation
method because it contains vanadium at trace amounts, from
430 to 1700 mg/kg.26 Moreover the crystallized phases are
sensitive to water contact, and the composition of the solid
matrix is susceptible to change during alteration. The vanadium
release is relatively high during laboratory-scale leaching tests,
and an evolution of its speciation within the solid phase

TABLE 1: Interpretation Methods of XANES Features

interpretation method oxidation state symmetry element material and references

absorption edge
position

x V LiNiVO 4,42 borosilicate waste glasses,41

vanadium oxides,10 V+TiO2 hybrid samples,48

V2O5 aerogel cathodes,40 V
tetracyanoethylene,43 LiNiVO 4,39 blood cells of
ascidians,49 V2TiO5,50 V-containing
bromoperoxidase,51 vanadates,52 (Ti, V)O2

rutile solid solutions36

pre-edge peak
intensity

x V borosilicate waste glasses,41 vanadium-oxygen
compounds,53 Li xV2O5 xerogels,19 mesoporous
silica MCM-41,54 V+TiO2 hybrid samples,48

V2O5 aerogel cathodes,40 V
tetracyanoethylene,43LiNiVO 4,39 V-
mesoporous molecular sieves,55 V2TiO5,50 V-
containing bromoperoxidase,51 vanadates,52

CoV2O6/Li battery56

x x V natural basaltic glasses14

x x Cr3+/Cr6+ environmental samples,44 Portland cement57

normalized pre-edge
peak height vs absolute
position

x x V silicate glasses7

x Ti4+ silicate glasses and melts,17 crystalline and
glassy fresnoites (Ba2TiOSi2O7)16

normalized pre-edge
peak area vs centroid
position

x x Fe2+/Fe3+ minerals with variable Fe2+/Fe3+ ratio,20 natural
Fe minerals,22 ferrosilicate glasses18,58

x x Mn oxides and silicates, natural or synthetic
containing Mn35
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(oxidation state and/or symmetry) is suspected.27 Indeed the
solubility of this element as well as its toxicity evolves with its
redox chemistry: going from reducing to oxic environment leads
to an increase in its solubility28 with vanadate (V5+) as the
prevailing form.

Experimental Section

Standard Compounds.The methodology developed in this
paper is based on comparisons with several standard compounds
of well-known crystal structure. Vanadium in these compounds
exhibits a wide range of formal oxidation state, from V3+ to
V5+, and symmetry (octahedral, tetrahedral, and square pyra-
midal). The studied compounds studied include the oxides V2O4

and V2O5, the compound Na3VO4, and vanadium-bearing
minerals such as coulsonite FeV2O4, pascoite Ca3(V10O28)‚
17H2O and metarossite CaV2O6‚4H2O, cavansite Ca(VO)-
(Si4O10)‚4H2O, and vanadinite Pb5(VO4)3Cl (see structural
information in Table 2). All standard compounds were checked
for purity by X-ray diffraction and X-ray fluorescence.

Leached Steel Slag. The studied steel slag contains 690 mg/
kg of vanadium. A grain of several centimeters was leached
for 26 days using a modified Soxhlet extractor named CTG-
Leachcrete.29 The principle of this dynamic leaching device is
to produce water vapor in a boiler balloon flask connected to a
leaching cell (filled with deionized water), regulated in tem-
perature (25°C). After 26 days of leaching, the altered layer
reached 200µm thick. A sample of steel slag was also subjected
to natural aging in a lysimeter of 1 m3 placed outdoors for a
period of 2 years (sample provided by the Laboratoire Central
des Ponts et Chausse´es, France). Leached grains were sawed
with a diamond wire saw before micro-XANES measurements
to display the altered region (surface layer) and the unaltered
region (sound core).

XANES Spectra Measurement.V K-edge XANES spectra
of standard compounds were collected on beamline BL-11.1 of
the Elettra storage ring (Triestre, Italy) operated at 2 GeV with
a current of 150 mA and on beamline CRG-FAME30,31 at the
ESRF facility (Grenoble, France), a storage ring operated at 6
GeV with a current ranging from 150 to 200 mA. Spectra were
collected in the transmission mode or in the fluorescence mode
(according to the vanadium content in the samples).

The appropriate amount of powdered standard compounds
were mixed with boron nitride (BN) to reach a dilution level
corresponding to optimal sample thickness for transmission
experiments (edge jump close to 1), and each mixture was
compressed into a pellet (of 16 or 5 mm diameter) in ambient
air. In the fluorescence mode, XANES spectra of diluted samples
were collected with the sample positioned 45° with respect to
the beam. The fluorescence yield was measured with a multi-
element solid-state detector that collected X-rays only in an

electronically gated energy interval appropriate for fluorescence
X-rays of the absorbing element (7 elements on BL-11.1 and
30 elements on CRG-FAME).

Micro-XANES spectra were collected in the fluorescence
mode on beamline ID2132 at the ESRF facility (Grenoble,
France). The ID21 beamline is dedicated to X-ray spectroscopy
and imaging at the sub-micrometer level. X-ray fluorescence
emitted from the sample was analyzed using a high-energy
resolution germanium solid-state detector. The beam energy was
set to 5500 eV to ensure good fluorescence yield for vanadium
and a spatial resolution of 0.35× 1 µm was achieved. V-rich
regions of interests (ROI) were selected in the altered region
(surface layer) and in the unaltered region (sound core) of
leached grains to perform XANES spectra.

Typical XANES spectrum was acquired from 5445 to
5550 eV with 0.2 eV monochromator steps on beamline ID21
and from 5300 to 5600 eV with 0.1 eV monochromator step
over the pre-edge and edge region on beamlines BL-11.1 and
CRG-FAME. The recording of V K-edge XANES spectra was
successful despite the very low vanadium content in steel slag
(690 mg/kg) and the high contents of titanium (the Ti Kâ and
V KR fluorescence lines are superimposed) and calcium (the
large Ca fluorescence counts saturate the fluorescence detector).

XANES Data Analysis. Normalization.To compare quan-
titatively the intensity of absorption features in various com-
pounds, the experimental V K-edge spectra were normalized
using standard edge step normalization procedure.10 All the
XANES spectra were reduced by background subtraction with
a linear function (for standard compounds) or a modified
Victoreen function (for steel slag, because of the presence of
Ti) and normalized using the point of inflection of the first
EXAFS oscillations as a unit. The absolute zero of energy is
taken with respect to the first point of inflection of the vanadium
metal derivative spectrum (calledE0), which corresponds by
convention to the excitation of an inner shell electron to an
empty state just above the Fermi edge of the V metal.33 For
each spectrum, the vanadium foil was scanned to correct for
energy shift and to obtain energy calibrated spectra in a
consistent fashion.

Absorption Edge Position.For convenience the location of
the absorption edge is usually defined as the energy of the first
point of inflection of the principal absorption edge (given by
the maximum in the derivative spectrum) or as the energy
measured half way up the edge step. In the present study, we
measured the edge energy half way up the normalized-edge step,
i.e., where the absorption is equal to 0.5 (E1/2) (Table 3,
column 9).

Pre-Edge Analysis.Pre-edge peak analysis was carried out
following a procedure inspired from the procedure reported by

TABLE 2: Local Structure Information of the V Crystallographic Sites for Standard Compounds

compounds
formal
valence bond type no. bonds symmetrya bond distance (Å) references

V metal 0 V-V 8 2.622 Wong et al., 198410

coulsonite
FeV2O4 3 V-O 6 Oh 1.9782 Chicagov, 199059

V2O4 4 V-O 6 Oh 1.76, 1.86, 1.87, 2.01, 2.03, 2.05 Wong et al., 198410

cavansite
Ca(VO)(Si4O10)‚4H2O 4 V-O 5 Py 1.6, 1.98× 4 Evans et al., 197360

pascoite Ca3(V10O28)‚17H2O 5 V-O 6 Oh 1.598-2.312 Hughes et al., 200561

V2O5 5 V-O 5 Py 1.585, 1.780, 1.878, 1.878, 2.021 Wong et al., 198410

Na3VO4 5 V-O 4 Td 1.677, 1.696× 3 Hardcastle et al., 199162

vanadinite Pb5(VO4)3Cl 5 V-O 4 Td 1.7 Dai et al., 198963

a Oh, octahedral;Td, tetrahedral;Py, square pyramidal.
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Wilke et al.,20 Petit et al.,22 and Galoisy et al.34 for Fe K-edge
data and by Farges for Mn K-edge data.35

To extract the pre-edge feature, the contribution of the edge
jump to the pre-edge was modeled using a function that was
used to interpolate the background using the data several
electronvolts before and after the pre-edge feature (baseline)20

(Figure 1b). The pre-edge feature was then deconvoluted into
pseudo-Voigt36 (Figures 1c and 7b). The pseudo-Voigt function
is often used to model the 1s-3d electronic transition37 because
of its Lorentzian and Gaussian contributions. The Lorentzian
component of the pre-edge is due to the core-hole lifetime
broadening of the selected edge, and the Gaussian component
is related to the experimental broadening (e.g., source size,
monochromator design, beamline optics, etc.). Therefore the pre-
edge shape can be described by a Lorentzian function convoluted
by a Gaussian function. The width of the Lorentzian contribution
to the Voigt function has been chosen equal to 0.8 eV in
accordance with the vanadium K-level width.38 The widths of
the Gaussian contribution have been considered as adjustable
parameters and are comprised between 0.7 and 1.6 eV. The
intensity ratio of the Lorentzian and Gaussian components was
fixed to 1:1. It should be noted that width and height of the
modeled pseudo-Voigt functions have little physical signifi-
cance, being a convolution of two functions with significantly
different width. Particular care was taken in using the smallest
possible number of components in the pre-edge fitting procedure.
No more than three peaks were fitted in the experimental spectra.
The pre-edge information was derived by calculating the “total
pre-edge peak area” (sum of the integrated area of each
component), the “pre-edge peak centroid energy” (area-weighted
average of the position in energy of each component), and the
“pre-edge peak intensity” (maximum intensity of the net pre-
edge peak) (Table 3).

Energy Resolution.XANES spectra were collected at three
different beamlines, BL 11.1 and CRG-FAME for standard
compounds and ID-21 for micro-XANES measurements, using
two types of monochromator crystals with different d spacing,
Si-(111) on BL 11.1 and ID-21 and Si-(220) on CRG-FAME.
These monochromator crystals have different energy resolution.
High- resolution experiments are achieved by using high-index
Bragg reflections. The use of Si-(220) provides higher-energy
resolution (intrinsic resolution of crystals equals to 0.28 eV at
the V K-edge) than the use of Si-(111) (0.75 eV at the V
K-edge). Other factors that influence energy resolution include
the core-hole width at the K-edge (0.8 eV for the V K-edge16),
the distance of the experiment from the X-ray source, source
size, and vertical divergence, other storage ring characteristics
(such as beam instability), and the size of energy steps used
during a XANES spectral scan.17 The energy resolution is an
important factor when collecting V K-edge XANES spectra and
especially when considering the pre-edge peak intensity. Pre-
edge features could be very narrow, and if the experimental
resolution is larger than their width, they may not be adequately
resolved. We compared V K-edge spectra of standard com-
pounds recorded using two different monochromator crystals.
Differences in experimental conditions are responsible for
differences in the pre-edge characteristics: pre-edge peak
intensities obtained on beamline CRG-FAME (Si-(220)) are
higher than those obtained on beamline BL 11.1. (Si-(111))
(Table 3). We then decided to normalize pre-edge peak
characteristics (intensity and area) according value 1 for
vanadinite compound (with the highest pre-edge peak)
(Table 4). As shown in Table 4 by using this method (called
“normalization step #2”), the standard deviation between the
intensity and area values for the same sample recorded at
different beamline has considerably decreased, giving evidence

TABLE 3: Pre-Edge Characteristics for V Standard Compounds (XANES)

pre-edge peaka main edge

compounds
monochromator

crystals
normalized
intensity

absolute position
(eV)

component position
(eV) area

total
area

centroid
(eV)

E1/2

(eV)

coulsonite Si-(111) 0.06 3.7 2.3 0.04 0.21 3.7 12.9
4.0 0.17

Si-(220) 0.07 3.9 2.6 0.06 0.21 3.7 12.8
4.1 0.15

V2O4 Si-(220) 0.31 4.4 4.1 0.20 1.44 5.1 13.12
5.3 1.24

cavansite Si-(220) 0.66 3.9 3.9 1.12 1.46 4.1 13.6
4.8 0.34

pascoite Si-(111) 0.48 5.3 3.3 0.14 1.23 5.3 15.4
5.2 0.86
6.9 0.23

Si-(220) 0.56 5.1 3.2 0.14 1.34 5.2 15.1
5.1 0.97
7.0 0.23

V2O5 Si-(111) 0.59 5.4 3.0 0.10 1.94 5.9 15.6
5.4 0.94
6.8 0.90

Si-(220) 0.78 5.3 2.8 0.07 2.15 5.8 15.3
5.3 1.25
6.7 0.83

Na3VO4 Si-(220) 1.15 4.8 3.2 0.46 2.71 4.8 15.0
4.8 1.85
6.8 0.40

vanadinite Si-(111) 0.92 4.6 4.5 1.82 2.41 5.0 16.1
6.0 0.39
8.0 0.20

Si-(220) 1.16 4.4 4.4 2.12 2.55 4.8 16.3
6.0 0.24
8.1 0.19

a Normalized and fitted according to the procedure described previously. The errors of the energy position are of the order of(0.05 eV.
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to the reliability of our approach. Because pre-edge character-
istics show only slight variations, V K-edge XANES spectra
recorded on the three different beamlines can be compared.

Results and Discussion

Normalized XANES spectra for V standard compounds
investigated in this study are shown in Figure 1a. A comparison
among the spectra shows strong variations in energy position
and intensity of the peaks both in the pre-edge region (before
15 eV) and in the edge region (after 15 eV).

Absorption Edge Position.Feature B (Figure 1a) is assigned
to dipole-allowed 1s-4p transitions and is called absorption
edge. The edge energy (E1/2) of standard compounds (Figure 2
and Table 3) displays a positive shift with increase in the
oxidation state of vanadium. The observed V K-edge energy
shifts are consistent with those reported in the literature.39-42

Such interpretation method is very easy to apply and does not
require a long time. However the position of the absorption edge
(E1/2) overlaps in some case between several oxidation states
(resulting in very large error bars in redox determination), and

it becomes difficult to estimate rigorously the vanadium
oxidation state. For example, if the edge energy position of an
unknown sample is 13.5 eV, Figure 2 does not distinguish
between V3+ and V4+. The positive shift of the edge with the
valence is related to the increased attraction of the 1s electron
to the nucleus and reduced repulsive interactions (Coulomb
interactions) with all the other electrons in the compounds. This
valence effect shifts the whole spectrum. The problem is then
to distinguish this shift from shifts due to other effects.35,36

Features at the absorption edge are primarily sensitive to the
valence and the local atomic surrounding the absorbing element
(ligand type), but they are also affected by constructive and

Figure 1. (a) Experimental V K-edge XANES spectra of standard compounds, in different oxidation state (i) and symmetry (s): (s)Vi+ (recorded
on beamline FAME, CRG-ESRF). (b) The pre-edge background was modeled with an interpolation function (baseline) using data a few electronvolts
before and after the pre-edge. (c) Selected normalized pre-edge peak of standard compounds and the best model calculated with 1, 2, or 3 contributions.

TABLE 4: Normalized Pre-Edge Characteristics for V
Standard Compounds According Value 1 for Vanadinite
Characteristics (Method Called “Normalization Step #2”)

normalized intensitya normalized areaa

sample Si-(111) Si-(220) Si-(111) Si-(220)

vanadinite 1 1 1 1
coulsonite 0.05 0.06 0.09 0.08
pascoite 0.52 0.48 0.51 0.52
V2O5 0.64 0.67 0.80 0.84
V2O4 0.27 0.56
cavansite 0.57 0.57
Na3VO4 0.99 1.06

a Data from Table 3 normalized according to value 1 for vanadinite
information (intensity and total area).

Figure 2. Edge energyE1/2 (measured half way up the normalized
edge step) vs oxidation state for standard compounds recorded at Elettra
with a Si-(111) double crystal monochromator (×) and at ESRF on
beamline CRG-FAME with a Si-(220) double crystal monochromator
(0). Also are shown data from Rossignol et al.42 2001 (V3+

2O3, V4+-
OSO4, V4+O2, NH4V5+O3, V5+

2O5), Mansour et al.40 2002 (V4+O2,
V5+

2O5), Liu et al.39 2001 (V3+
2O3, V4+O2,V4.3+

6O13, V5+
2O5), and

McKeown et al.41 2002 (roscoelite V3+, cavansite V4+, vanadinite V5+).

Vanadium K-Edge XANES Interpretation J. Phys. Chem. B, Vol. 111, No. 19, 20075105



destructive interferences (single and multiple scattering) arising
from more distant neighbors around the central vanadium atoms,
by a number of electronic many-body effects (e.g., quadrupolar
transitions), and by changes in the medium- and long-range
environment.35

This method based on interpolation schemes provides robust
results only when it involves standard compounds with similar
chemical bonding. For example, Wong et al.10 obtained a well-
correlated linear relation between the edge position (defined by
the first peak in the derivative spectrum) and the valence
regarding only vanadium oxides. They obtained a least-squares-
fitted line with slope of 2.5 eV per valence. Rossignol et al.20

estimated the error on the valence of(0.4. Their results are
based on a correlation obtained from various standards. Haskel
et al.43 established two separate correlations, from vanadium
oxides and from molecular standards, with an error on the
valence of(0.25. When the local environment of vanadium is
unknown, the edge position should be used as an indicator rather
than an accurate method to determine the oxidation state.
Although this interpretation method is easy to apply, it must be
used with care.

Pre-Edge Features.The absorption edge itself is sometimes
anticipated by pre-edge features. Pre-edge peaks are observed
at approximately 5 eV (feature A, Figure 1a). In the present
work, the pre-edge features have been analyzed following the
procedure described previously to extract as much quantitative
information as possible from the pre-edge features (Table 3).
This pre-edge feature appears much less affected by changes
in the medium- and long-range environment than the main edge
region.

Pre-Edge Peak Intensity.The pre-edge peak intensity is a
clear fingerprint of the symmetry change and is used to evaluate
qualitatively the alteration of the vanadium local symmetry. A
very intense pre-edge peak is observed for the vanadinite with
tetrahedral V5+, and the pre-edge peak becomes very weak in
the case of regular octahedral symmetry as for coulsonite
(Figure 1, Table 3). But this parameter is not sufficient to
evaluate vanadium oxidation state as it is the case for chromium
for which pre-edge peak is very weak for octahedral Cr3+ and
very intense for tetravalent Cr6+.44 For vanadium compounds,
each oxidation state (V3+, V4+, and V5+) is associated to several
symmetries (Oh, Py, andTd). The pre-edge peak intensities of
standard compounds with the same oxidation state present large
variations (Figure 3), as shown for V5+ standard compounds
with various symmetry:Oh, Py, or Td. However, Sutton et al.14

yielded that the plot of pre-edge peak intensity vs oxidation
state shows a well-defined trend (third-order polynomial) in the
case of glasses. They pointed out that the pre-edge peak intensity
may be susceptible to changes due to symmetry variations, but
they partially circumvented this complication by using standards
of similar composition as the samples. As for the edge energy
position, the intensity of the pre-edge peak provides robust
results on the oxidation state only when it involves standard
compounds with similar chemical bonding. We can note that
Wong et al.10 interpreted further the pre-edge features and
established that the sharpness (half width× height) of the pre-
edge peak has been correlated with the spread of V-O distances.
They showed that this parameter depends on the size and
distortion of the molecular cage around the vanadium absorber.

Pre-Edge Peak Centroid Position and Total Area.Examina-
tion of pre-edge features of standard compounds with vanadium
at different valence symmetry reveals that different trends of
pre-edge position vs pre-edge intensity can be observed (Figure

1). It suggests that both pre-edge peak energy and intensity might
be exploited.

Wong et al.10 showed that a decrease of the vanadium
oxidation state in oxides causes a negative shift of the pre-edge
peak position. However generally, as for the intensity, the only
pre-edge peak position does not provide reliable information
on the oxidation state. Sutton et al.14 yielded that the energy
position of the pre-edge peak little evolves with the valence of
vanadium in various glasses and especially between valence 4
and 5.

The normalized pre-edge peaks and their deconvolutions into
1:1 pseudo-Voigt components are shown in Figure 1c for
selected standard compounds. The total area (sum of each
component area) and the centroid position (area-weighted
average of the position in energy of each component) are
reported in Table 3. Characteristics of each component (decon-
voluted data) are also reported in Table 3 (position and area).
When vanadium is trivalent (coulsonite), the pre-edge peak can
be fitted satisfactorily with two components, centered near 2.3-
2.6 and 4 eV, respectively (Table 3), and the average centroid
of the pre-edge peak is near 3.7 eV. For V4+ standard
compounds, two components are also required to model pre-
edge peaks, centered near 4 and 4.8-5.5 eV. But the centroid
position depends on the vanadium symmetry. The centroid
positions of V4+ with Oh andPy symmetry are separated by∼1
eV. For V5+ standard compounds, all spectra must be fitted with
three components. V5+ standard compounds with different
symmetry (Oh, Py, andTd) show variations on the position of
each component, on its area and intensity. The total pre-edge
area and intensity decrease from the most noncentrosymmetric
geometry (Td) to the octahedral geometry (Table 3). Sutton et
al.14 proposed an interpretation of the pre-edge peak structure
for glasses by using the Z+1 model and by considering spin
couple effects.45 Their predictions indicate that, for glasses, three
peaks are predicted for both V3+ and V4+ and two peaks are
predicted for V5+. These predictions are not consistent with the
observed XANES for the chosen standard compounds, which
are well crystallized. Two peaks are sufficient to fit pre-edge
peaks of V3+ and V4+, and a third peak has to be added to fit
satisfactorily the pre-edge peak of V5+ standard compounds.

Figure 3. Pre-edge peak intensity (maximum intensity of the net pre-
edge peak) vs oxidation state for standard compounds recorded at Elettra
with a Si-(111) double crystal monochromator (×) and at ESRF on
beamline CRG-FAME with a Si-(220) double crystal monochromator
(0). Also shown are data from Sutton et al.14 (V2O4, V2O5), Izumi et
al.48 (Cr(Td)V5+O4, V2O5, (Py)V4+OSO4‚3H2O, V2O4), Giuli et al.7

(vanadinite, descloizite V5+O4, V2O5, cavansite, V2O4 and (Oh)V3+-
magnetite), and Nabavi et al.53 (V2O5, vanadinite, CrVO4, NH4(Td)-
V5+O3) (measurements performed with a Si-(111) double crystal
monochromator).
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Examination of the pre-edge parameters for all standard
compounds (Table 3) suggests that the best approach to evaluate
both vanadium oxidation state and symmetry consists of
considering the pre-edge peak area (or intensity) as well as its
centroid energy position. Noticeable changes occur in both
energy position and total area (or intensity) of the pre-edge
peak as a function of vanadium oxidation state and symmetry.
Figure 4 shows that the data from the standard compounds lays
in very distinct fields and it allows a rigorous discrimination of
the oxidation state and symmetry of vanadium in an unknown
sample. The pre-edge peak centroid position is exploited because
it is more relevant than its absolute position (Table 3). The
centroid position depends on the shape of the pre-edge peak
and allows a better discrimination of the oxidation state and
symmetry than the absolute pre-edge position. Nevertheless it
is noteworthy that V4+ and V5+ compounds in an octahedral
environment (V2O4 and pascoite respectively) are not well
distinguished in Figure 4. But the compound V2O4 shows a wide
pre-edge peak, and the stability of this compound could be
discussed. The shape of this pre-edge peak could suggest a

partial oxidation of initial V4+ to V5+ (indeed V5+ is the most
stable form in an oxidized environment), which could explain
that these compounds are not well separated. These results
should be considered with caution.

Pre-edge peak areas are normalized according value 1 for
vanadinite area. Pre-edge peak characteristics (area and centroid
position) from spectra measured on different beamline present
then only slight variations (Figure 4), slighter than changes
which occur with oxidation state and symmetry variations.

Effects of the Mixture of Vanadium Oxidation State
(Multivalency) and Symmetry on the Pre-Edge Features. To
examine the effect of mixed vanadium oxidation state and/or
symmetry, we collected V K-edge XANES spectrum for a
mixture of standard compounds (cavansite and vanadinite)
containing square pyramidal (Py)V4+ and tetrahedral (Td)V5+.
The mixture was prepared on a molar basis with respect to only
V atoms (70:30 mixture (in mol % V) of (Py)V4+ and (Td)V5+).
This was done to simulate the variation of the pre-edge with
variation of oxidation state and/or structural site. We compared
the measured pre-edge spectrum of this experimental mixture
with those derived from calculated linear combinations of the
normalized XANES spectra of the respective end members. The
calculated pre-edge spectrum for the mixture 70:30 of cavansite/
vanadinite compares well with that measured experimentally
(Figure 5), suggesting that the calculated pre-edges are repre-
sentative of the experimental ones. The centroid energy and the
area of the calculated pre-edge peaks are reported in Figure 4
as open triangles. It can be clearly seen that the trends reported
in Figure 4 are markedly nonlinear, as previously noted by Wilke
et al.20 and O’Day et al.46 for the Fe K-edge. These authors
explained that the most nonlinear variations in both centroid
and intensity were observed when both the oxidation state and
the symmetry of iron vary simultaneously.

Such a simulation might not be absolutely exact because of
nonlinear effects. XANES fits using linear combinations do not
account sufficiently for nonlinear absorption in mixtures when
the end-members components have very different mass absorp-
tions (different densities and absorption characteristics). O’Day
et al.46 have precisely studied iron speciation in natural mixtures,
and they have shown that the relative proportions of each
component of the total spectrum depend on the local bonding
environment(s) around the element of interest, on the type and
number of components in the mixture, and on the composition
of the matrix. They noted that the observed differences between

Figure 4. Total pre-edge peak area (normalized according value 1 to
vanadinite) vs pre-edge peak centroid position. Black symbols refer to
the standard compounds (9) recorded on beamline CRG-FAME and
(() recorded at Elettra. The errors of the pre-edge centroid position
are of the order of(0.05 eV. Open triangles refer to modeled mixtures
of (Oh)V3+ + (Py)V4+, (Py)V4+ + (Td)V5+, and (Oh)V3+ + (Td)V5+,
calculated for different mol % step.

Figure 5. (a) Normalized pre-edge peak of the 70:30 experimental mixture of cavansite plus vanadinite compared to the normalized pre-edge peak
derived from calculated linear combination (70:30) of the normalized XANES spectra of the respective end members (all mixtures are in terms of
mol % V). (b) Normalized pre-edge peaks derived from various calculated linear combinations of the normalized XANES spectra of cavansite and
vanadinite.
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true and apparent fractions depend on the total fluorescence yield
of the iron in the compound, which is proportional to the mass
fraction of iron in the compounds, and on matrix absorption
and fluorescence. So fluorescence intensities of complex
mixtures can be influenced significantly by sample and matrix
absorption that does not vary in a simple linear fashion as a
function of concentration. This study suggests that calibration

curves should be constructed on a case-by-case basis if
component fractions of complex mixtures have to be determined
quantitatively from XANES fits and it points out the importance
of a high-quality, experimentally consistent with standard
compounds library. In our study, the good agreement between
true and apparent fractions may be due to a low matrix effects.
Indeed, the linear combinations were calculated with spectra
of standard compounds diluted in BN for transmission mode.
The BN dilution certainly mitigates the matrix effects.

A Case Study: Vanadium Oxidation State and Symmetry
within Altered Steel Slag. Analysis of the pre-edge features
of standard compounds showed that it is possible to derive
information on the vanadium speciation (oxidation state and
symmetry) from the centroid position and the total area of the
pre-edge peak. When studying vanadium speciation in unknown
sample as steel slag, variations in the symmetry and in the
oxidation state can be expected due to the different altered areas.
This makes the analysis of the pre-edge much more challenging.
A very high signal-to-noise ratio, the best experimental resolu-
tion possible, and a careful pre-edge peak examination with the
appropriate interpretative methods are required.

The oxidation state and symmetry of vanadium in leached
steel slag were determined using the method presented previ-

TABLE 5: Pre-Edge Information of the Steel Slag (Micro-XANES on Beamline ID21 at ESRF)

pre-edge peaka main edge

sample centroid (eV) absolute position (eV) normalized intensity total areaE1/2(eV) oxidation state and symmetryb

ROI 1 4.8 4.8 1.03 2.17 16.5 5+ Td

ROI 2 4.7 4.7 0.94 1.92 15.9 most of 5+ Td

ROI 3 4.5 4.8 0.44 0.96 14.9 3+ Oh + 5+ Td

ROI 4 4.1 4.4 0.33 0.52 13.3 most of 3+ Oh

ROI 5 4.3 4.5 0.26 0.56 13.4 most of 3+ Oh

ROI 6 4.0 4.6 0.11 0.30 13.2 3+ Oh

ROI 7 4.3 4.5 0.49 1.10 15.0 3+ Oh + 5+ Td

ROI 8 4.6 4.5 0.57 1.16 15.8 3+ Oh + 5+ Td

ROI 9 4.7 4.8 1.24 2.24 16.7 5+ Td

a Normalized and fitted according to the procedure described previously (“normalization step #2” not applied).b From XANES determination
(see Figure 8), octahedral (Oh) and tetrahedral (Td) symmetry. The errors of the energy is of the order of(0.05 eV.

Figure 6. SEM-BSE micrographs of polished steel slag grains
embedded in epoxy resin and previously leached at a laboratory scale
(a) and in lysimeter (b). ROI selected to record micro-XANES spectra
with the focused X-ray beam are indicated (ROI 1-9). ROI 4-6 are
in the unaltered region, ROI 1, 2, and 9 are in the altered region, and
ROI 3, 7, and 8 are in little altered regions.

Figure 7. (a) Experimental V K-edge micro-XANES spectra of steel slag (ROI 1-9). (b) Selected normalized pre-edge peak and the best model
calculated with 1 or 2 contributions.
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ously based on pre-edge analysis (Figure 4) and correlations
between centroid position and normalized area. The altered steel
slag is a heterogeneous matrix at the micrometer scale, in term
of vanadium valence and symmetry distribution. Bulk-XANES
measurements are then inadequate to assess accurately the
variation of the oxidation state and symmetry. We have recorded
micro-XANES spectra to elucidate the microdistribution of
vanadium in steel slag from the unaltered to the altered layer.
Several ROI were selected to record micro-XANES spectra with
the focused beam (Figures 6 and 7). Because of a high vanadium
release during laboratory-scale leaching tests,27 the oxidation
of vanadium was suspected. Moreover since V5+ exhibits some
toxicity,47 it is crucial to evaluate the oxidation state of vanadium
within altered steel slag in terms of environmental impacts
especially if steel slag is reused as an aggregate in road
constructions. The results (Figure 8) show that vanadium is
mainly present in unaltered region as octahedral V3+ (ROI 4-6).
A significant increase of the pre-edge peak area is observed as
well as a slight positive shift of its centroid position for ROI 1,
2, and 9. It reflects the loss of symmetry of the vanadium site
and its oxidation during leaching. Vanadium is present in altered
region in the pentavalent form with tetrahedral symmetry. Then
Figure 8 shows that vanadium is present in little altered region
(ROI 3, 7, and 8) as a mixture of various oxidation state and
symmetry but does not allow a rigorous discrimination of the
nature of the mixture. However, the correspondence with the
mixing curve coulsonite/vanadinite suggests that vanadium is
present as a mixture of octahedral V3+ and tetrahedral V5+

(around 50:50 mixture), showing the complexity of vanadium
oxidation state distribution in leached steel slag. But the
calibration curve (open triangles in Figure 4) is then not well-
adapted because of matrix variation between XANES spectra
of standard compounds and micro-XANES spectra collected in
fluorescence mode.46 So this observation cannot be quantita-
tively confirmed.

Micro-XANES results (Figure 8) shows the distribution of
vanadium forms at the sub-micrometer level in altered steel slag

and their evolution during leaching. These results suggest that
the vanadium speciation is different in altered or unaltered
region. They provide essential information to explain vanadium
release and to identify the mechanisms associated. We have
chosen various standard compounds in the type of coordinating
atom (oxides, minerals). The choice of standard compounds
should be always done with care, and standard compounds with
similar chemical bonding are preferred. However, the nature of
standard compounds appears less crucial with this selected
interpretation method. This method is well adapted to the
assessment of vanadium speciation in a heterogeneous unknown
sample, such as steel slag, even with standard compounds with
different chemical bonding.

Conclusion

The pre-edge peak is the most useful feature in the XANES
spectra to determine both the oxidation state and symmetry of
vanadium present in an unknown heterogeneous sample, such
as leached steel slag. We have seen that it is possible to derive
information on vanadium speciation from the pre-edge peak
centroid position if the influence of the vanadium symmetry
(through the pre-edge peak area) is taken into account. The pre-
edge analysis procedure presented is laborious but provides more
accurate and reliable data than others interpretation methods
based on the absorption edge energy position and/or on the pre-
edge peak intensity. The selected procedure was previously
developed by Wilke et al. for Fe K-edge,20 and we demonstrated
in this paper that it is also well adapted for V K-edge.
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