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ABSTRACT: Pu(III), Pu(IV), and a higher oxidation state of Pu, likely Pu(VI), are for the first
time characterized simultaneously present in a borosilicate glass using Pu M5 edge high energy
resolution X ray absorption near edge structure (HR XANES) technique. We illustrate that the
method can be very efficiently used to determine Pu oxidation states, which control the solubility
limit of Pu in a glass matrix. HR XANES results show that the addition of excess Si3N4 is not
sufficient for complete reduction of Pu to Pu(III), which has a relatively high solubility limit (9−
22 wt % Pu) due to its network modifying behavior in glasses. We provide evidence that the
initially added Pu(VI) might be partly preserved during vitrification at 1200/1400 °C in Ar
atmosphere. Pu(VI) could be very advantageous for vitrification of Pu rich wastes, since it might
reach solubility limits of 40 wt % comparable to U(VI).

INTRODUCTION

High level nuclear waste with low Pu content is typically
generated from reprocessing of commercial spent nuclear fuel
(SNF) and is commonly immobilized in glass matrices.
Borosilicate glass is most often applied, for example, in France,
United States, India, and UK.1−4 The quantity of Pu is well
below 1 wt % in these waste glass products and Pu management
is of less consideration compared to highly radioactive fission
products and volatile (e.g., Cs and Tc) as well as low soluble
(e.g., Mo, Pt, Ru, etc.) constituents of SNF. Pu enriched
defense waste and Pu waste obtained from reprocessing of SNF
is of high concern and requires tailored immobilization
strategies.5 Waste products of chemically and microstructurally
homogeneous nature are often an essential requirement for its
safe long term disposal in an underground nuclear waste
repository. Beside crystalline ceramics, borosilicate glasses are
also discussed as appropriate matrices.6 However, formation of
separate phases heterogeneously distributed in the glass can
lead to differential swelling and/or poor leaching performance
in a worst case scenario of groundwater intrusion.7,8 The Pu
solubility is restricted to a few weight percent in most common
glasses. Vienna et al. composed an aluminosilicate glass, which
is able to incorporate up to 11 wt % of PuO2 in its matrix.9 A
higher Pu loading was only reported by Feng et al.10 By
reducing Pu to its trivalent state during vitrification, an
equivalent to 10−25 wt % PuO2 was homogeneously
incorporated in a glass matrix without forming any Pu rich
agglomerates. This study illustrates that not only the glass
composition but even to higher extent the oxidation state of Pu
is the crucial factor for the Pu solubility in glass matrices.

Likewise Schreiber and Balazs demonstrated that up to 40 wt %
U(VI) can be incorporated, whereas the solubility limit for
U(IV) does not exceed 9 wt %.11 This behavior can be
explained by the mechanism describing the accommodation of
the actinide (An) elements in the glass network. Depending on
their oxidation state, the An can play the role of either network
forming or network modifying elements, and thereby their
solubility limits can be greatly variable.12,13 Deschanels et al.
concluded that the way of incorporation can be predicted for all
cations according to their charge and distance to the next
oxygen atoms (Dietzel’s field strength).8 The Pu(III) resembles
the network modifying elements, while the Pu(IV) species has
more a network forming behavior.
Tailored glass compositions and vitrification processes

leading to desired oxidation states of the An elements require
sensitive characterization methods. One of the widely used
tools for determination of the oxidation states of the An
elements is the An L3 edge X ray absorption near edge
structure (XANES) technique. However, because of the large
spectral 2p3/2 core hole lifetime broadening contributing to the
An L3 edge XANES (7.8 eV),14 the spectrum is insensitive to
the presence of minor amounts of An oxidation states.15,16

Deschanels et al. studied the Pu solubility in borosilicate glass
and prepared several homogeneous glasses with increasing Pu
content (0.85−8 wt % PuO2) and variable amount of reducing
agent.8 They characterized the Pu oxidation state by the Pu L3
edge XANES technique and reported stabilization of Pu in its



tetra and trivalent oxidation states. We reexamined the
oxidation states of Pu in the same glass samples reported by
Deschanels et al. applying the more advanced Pu M5 edge high
energy resolution XANES (HR XANES) method. The An M4,5
HR XANES technique recently emerged as a valuable direct
probe of the An 5f valence orbitals, which are largely
responsible for the chemical bonding in the An com
pounds.17−23 It was demonstrated that the spectra are very
sensitive to the An oxidation states and allow, for example, to
distinguish between U(IV), U(V), and U(VI) species when
mixed in the same material, not easily possible with other
spectroscopy techniques.16,20,24 This method probes the bulk of
the material (1 μm penetration depth) and does not require
vacuum conditions as, for example, the laboratory based surface
sensitive X ray photoelectron spectroscopy (1−10 nm pene
tration depth). Because of the drastically reduced core hole
lifetime broadening (∼0.5 eV)23 contributing to the spectrum
compared to the Pu L3 absorption edge (7.8 eV)14 and the
improved experimental energy resolution, the spectral reso
lution is significantly enhanced, providing more reliable access
to the An oxidation states.
We provide new insights into the redox behavior of Pu,

which controls the solubility of Pu in glass matrices. The Pu
oxidation state and its local atomic environment, probed with
Pu L3 edge EXAFS, are correlated to the applied vitrification
conditions and the added amount of reducing agent. The first
application of the Pu M5 edge HR XANES technique for
oxidation states characterization of Pu with the specific example
of Pu incorporated into borosilicate glasses is reported. We
demonstrate the need for development and application of such
advanced methods for investigations of complex nuclear waste
products.

EXPERIMENTAL SECTION
Preparation of Samples. The Pu doped glasses were synthesized

in the Atalante laboratories of the Commissariat a ̀ l’eńergie atomique et
aux eńergies alternatives (CEA) Marcoule Centre, France. The chemical
composition of the Pu glass and the preliminary structural analyses can
be found in the publication by Deschanels et al.8 Two different base
glass compositions were used for the synthesis. For the glasses, molten
at reducing conditions (G2−G4, cf. Table 1b), a simplified

composition was used instead of the complex composition applied
for the G1 glass (cf. Table 1a) to minimize potential impact of
additional elements on the Pu solubility. As the simplified composition
contains the major constituents of the complex composition, both
glasses are considered to be structurally similar. This was additionally
shown by molecular dynamics calculations.25 Pu 239 oxide (cf. Table
S1) dissolved in 1.6 M nitric acid solution under aerobic conditions
was added to the glass frit before melting. No redox state adjustment
and no redox state analysis was performed for the Pu solutions.

Reducing conditions were obtained by adding Si3N4 for the G2−G4
samples (cf. Table 2). R corresponds to the quantity of Si3N4 used in

relation to the amount of Pu. It was experimentally optimized by
Cachia et al., who studied the reduction of Ce(IV) to Ce(III) in the
same glass and synthesis conditions but without HNO3 feeding.

26 A
theoretical R value of 0.07 did not yield any Ce(III).

Therefore, the reducing agent was applied with threefold excess
obtaining predominantly Ce(III). For application to the Pu glass the
required amount was calculated and increased by 50%. It is listed along
with the Pu loading in Table 2.

As the glass components are usually present as oxides, their
concentrations are given as common oxide compounds, notwithstand
ing the fact that the element might be present in another oxidation
state (e.g., Pu is not necessarily present as Pu(IV) in the glasses). The
four Pu doped glass samples G1−G4 were mounted in a Plexiglas cell
equipped with Kapton windows with 13 and 8 μm thickness serving as
inner and outer containment, respectively (cf. Figure S1).

The Pu(IV)O2 reference sample for HR XANES measurements was
prepared as follows: PuO2 powder was filled in the hole of a stainless
steel washer with 15 mm diameter, which was glued on a Kapton tape.
Washer and PuO2 powder were covered with 13 μm Kapton foil and
sealed with a Kapton tape. Two more washers were used to create a
second independent containment by using 8 μm Kapton foil and a
Kapton tape. Pu3+ and PuO2

2+ solutions (0.02 M each) were
electrochemically prepared in 1 M HClO4/NaClO4 and served as
reference samples for the Pu M5 edge HR XANES/XAFS studies
(denoted as Pu(III)aq and Pu(VI)aq).

23,27 The Pu(III) and Pu(VI)
oxidation states were confirmed (100% purity) by vis−NIR spectros
copy.

Pu M5 Edge HR-XANES Spectroscopy. The samples were
investigated at the INE Beamline and CAT ACT Beamline, KIT
Synchrotron (previously ANKA), Karlsruhe Institute of Technology
(KIT), Karlsruhe, Germany. The primary X ray beam was vertically
collimated by a cylindrically bent Rh coated (INE Beamline)/bare Si
(CAT ACT Beamline) mirror, monochromatized by a Si(111) double
crystal monochromator (DCM) and focused by a toroidal double
focusing Rh (INE Beamline)/Si (CAT ACT Beamline) coated mirror
to an approximate 0.5 × 0.5 mm2 beam spot onto the sample. A
detailed description of the INE Beamline is reported by Rothe et al.18

The CAT ACT Beamline is described by Zimina et al.28,29 At both
beamlines the DCMs were calibrated by assigning 3775 eV to the
maximum of the most intense absorption resonance (white line, WL)
of the Pu M5 edge HR XANES spectrum of a PuO2 reference sample.
The energy calibration of the DCM has ±0.05 eV uncertainty equal to
half of the energy step size. Pu M5 edge HR XANES spectra were
recorded with a multianalyzer crystals X ray emission spectrome
ter.23,29−31 A gastight box enclosing the spectrometer and the sample
maintaining constant He atmosphere during all measurements was
installed to avoid intensity losses due to scattering and absorption of
photons in the tender X ray regime. The Pu M5 edge HR XANES
spectra were obtained by recording the maximum intensity of the Pu
Mα emission line (3339 eV) diffracted by the five spherically bent
Si(220) crystal analyzers (Saint Gobain Crystals, France) with 1 m
bending radius and focused onto a single diode VITUS Silicon Drift
Detector (KETEK, Germany). The crystals were aligned at 75.22°
Bragg angle. The sample, crystals, and detector were arranged in five
vertical Rowland circles intersecting at the sample surface and the
detector entrance window.

Table 1. Glass Frit Compositions Used to Vitrify Pu8

(a) complex composition (wt %)

SiO2 45 46 Li2O 2 Cs2O 1
B2O3 14 15 Fe2O3 3 BaO 0.5 0.6
Na2O 10 11 MoO3 2 3 SrO 0.3 0.4
Al2O3 5 ZrO2 2 3 REE oxides 3 4
CaO 4 ZnO 2 3 other oxides 2 3

(b) simplified composition (wt %)

SiO2 59 Al2O3 4.3 ZnO 3.2
B2O3 18 CaO 5.2 ZrO2 0.7
Na2O 7 Li2O 2.6

Table 2. Fabrication Characteristics of Pu Doped Glasses; R
= m(Si3N4)/m(PuO2)

sample
melting temperature

(°C)
PuO2 (wt

%) atmosphere crucible R

G1 1200 0.85 Ar Pt 0
G2 1400 2.0 Ar Pt 0.37
G3 1400 4.0 Ar Pt 0.56
G4 1400 8.0 Ar Pt 0.73



Pu M5 edge HR XANES spectra were recorded with three different
experimental energy resolutions denoted as “low”, “medium”, and
“high”. The Pu(III)aq and Pu(VI)aq spectra were measured at the INE
Beamline with low energy resolution. The spectra of the G1−G4
glasses and the PuO2 reference material were recorded with both
medium (INE Beamline) and high (CAT ACT Beamline) experimen
tal energy resolutions. The differences in the resolution are due to
variations in the beam size on the sample and the experimental energy
resolution of the DCMs at the two beamlines. To achieve the highest
resolution, the beam size was confined to 500 × 500 μm size by
applying a pinhole in front of the sample and additional masks giving
access only to the central section of the analyzer crystals. For the
medium experimental energy resolution, the full width at half
maximum (fwhm) of the incident beam (3349.1 eV) elastically
scattered from a Teflon sample was 1.2 ± 0.05 eV. The most intense
absorption resonances of PuO2 spectra measured with the three
different experimental energy resolutions exhibit a fwhm of 3.73 (low),
3.27 (medium), and 2.73 (high resolution) eV, respectively (cf. Figure
S2). Pu M5 edge HR XANES spectra for the PuO2 reference were
measured after each Pu glass to verify the calibration of the DCM.
Spectra were recorded from 3760 to 3835 eV with varying step sizes
(3760−3770 eV: 0.5 eV; 3770−3790 eV: 0.1 eV; 3790−3835 eV: 0.5
eV) and 10 (medium resolution)/30 s/step (high resolution)
integration time. Typically, two to three scans were collected at
room temperature and averaged. All spectra were normalized to the
maximum absorption intensity. The energy positions of the different
absorption resonances were obtained by fitting the spectra with several
Gaussian and one arctangent function. The fit was performed with the
Fityk curve fitting software v.0.9.8 (http://fityk.nieto.pl/), which uses
the Levenberg−Marquardt least squares algorithm (cf. Table S2).
Figure S3 depicts exemplarily the G1 spectrum and its fit.
Pu L3 Edge XAFS Spectroscopy. Pu L3 edge X ray absorption

fine structure (XAFS = EXAFS−extended X ray absorption fine
structure and XANES) experiments were also performed at the INE
Beamline. The DCM was equipped with two Ge(422) crystals, and the
spectra were recorded in transmission detection mode using three
ionization chambers filled with Ar. Zr (K edge = 17 998 eV) foil was
simultaneously measured with all samples to control the energy
calibration of the DCM. The energy calibration of the DCM has ±0.25
eV uncertainty equal to half of the energy step size in the XANES
region. Four to six scans were collected at room temperature and
averaged for each sample in the range of 17 877−19 306 eV; a 0.5 eV
step size was used in the XANES region of the spectra, and equidistant
k steps (0.04 Å−1) were used in the post edge EXAFS region. The
averaged Pu L3 edge XANES scans were normalized by subtraction of
a linear background function from the featureless pre edge region and
normalization of the edge jump to unity. The WL energy position was
obtained by determining the x axis intercept of the first derivative
spectra.
The EXAFS spectra (χ(k)) were extracted, Fourier transformed,

and modeled using the ATHENA and ARTEMIS programs included
in the IFEFFIT program package.32 The spectra were weighted by k =
1, 2, and 3 within the k = 2.4−10.3 Å−1 range. Hanning windows with
dk = 2 Å−1 sills were used. The fit was performed in R space for R =
1.3−2.46 Å range. The single scattering paths used in the modeling
were generated with the FEFF8.2 code using the PuO2 fluorite
structure (Inorganic Crystal Structure Database (ICSD) collection
code 55456).33 The first coordination sphere was modeled by varying
the distance (R(Å)) to the absorbing atom, the Debye−Waller (DW,
σ2 (Å2)) factor, and the energy shift of the ionization potential (ΔE0
(eV)), while the coordination number (N) was fixed. In a second step,
the coordination number was varied simultaneously with the DW
factor obtained from the first step and the energy shift, whereas the
distance was fixed. The amplitude reduction factor S0

2 was fixed to 0.9
during the fit. This value was found from modeling the EXAFS
spectrum of a PuO2 reference compound measured in the same
experimental conditions.34 The obtained goodness of fit (r factor) is
0.1% (r = 0.001) or 0.2% (r = 0.002) corresponding to the difference
between data and model.

RESULTS
Pu L3 Edge XANES. Figure 1 depicts the Pu L3 edge

XANES spectra of the Pu doped G1−G4 glass samples and the

Pu(III)aq, Pu(IV)O2, Pu(VI)aq reference materials. The Pu L3
edge XANES spectra mainly describe dipole allowed electronic
transitions from 2p3/2 to unoccupied 6d orbitals (2p3/2→6d).
The energy positions of the abrupt increase in absorption
(absorption edge) and the most intense absorption resonance
(white line, WL) typically shift to higher energies by reduction
of the electronic density in the vicinity of the Pu atom nucleus;
this energy shift of the spectrum is commonly used for
oxidation state analyses. However, the spectra can also shift due
to changes in the short and long range atomic environment
around the absorbing atom. For example, Conradson et al.
found up to 2 eV energy shift of the WLs of the Pu L3 edge
XANES spectra of several Pu(IV) materials with varying
coordination environments.34,35 A well known challenge is to
differentiate between Pu(IV) and Pu(VI), where the latter
tends to form short trans dioxo bonds with lengths of 1.75 Å
(Pu yl, plutonyl) in both solid and liquid states.36,37 Because of
the strong covalence of the plutonyl bond, there is an
accumulation of electronic charge on the Pu atoms. As a
result, the 2p3/2 core hole is well screened, and the WL
positions of the Pu(VI) and the Pu(IV) spectra coincide (cf.
Figure 1). Note that the Pu L3 edge XANES of Pu(V) trans
dioxo species (axial bond length ∼1.94 Å) is even shifted to
lower energies compared to the spectrum of Pu(IV).35 A trend
indicated with solid black arrows can be observed in the spectra
in Figure 1. The energy position of the WL of the G1 spectrum
is slightly shifted to lower energies compared to the WL of the
Pu(IV) reference spectrum suggesting contribution of Pu(III)
in the G1 sample. For R values less than 0.73 (G1−G3),
mixtures of most likely tri and tetravalent Pu are formed. The
energy positions of the WLs of the G4 and the Pu(III) spectra
coincide suggesting efficient reduction of Pu(IV) to Pu(III) in
the G4 glass caused by the reducing agent (R = 0.73; Table 2).
These results are in good agreement with the report of
Deschanels et al., who also applied the Pu L3 edge XANES
technique to investigate the Pu oxidation states in the glasses
G1−G3.8 However, these analyses cannot exclude potential
stabilization of minor amounts of higher Pu oxidation states.

Figure 1. Pu L3 edge XANES spectra of the G1−G4 glasses and the
Pu(III)aq, Pu(IV)O2, Pu(VI)aq references.



Pu M5 Edge HR-XANES. Figure 2 depicts the Pu M5 edge
HR XANES spectra of the G1−G4 glass samples and the

Pu(III)aq, Pu(IV)O2, Pu(VI)aq reference materials. The Pu M5
edge HR XANES spectra describe the dipole allowed tran
sitions of 3d5/2 electrons to 5f unoccupied orbitals (3d5/2→5f),
which contain most of the An valence electrons participating in
the chemical bonding. The valence electronic configuration of
metallic Pu is 7s25f6. In contrast to the Pu L3 edge XANES
spectra, the Pu M5 edge HR XANES reference spectra clearly
shift to higher energies in the order Pu(III), Pu(IV), Pu(VI);
Pu(V) is difficult to stabilize; therefore, no reference spectrum
is presented. The spectra of the Pu(III)aq and Pu(VI)aq
references were recorded with lower experimental energy
resolution. This results in a larger broadening of the spectra.
Considering the PuO2 spectra measured with variable
experimental energy resolutions (cf. Figure S2) a shift toward
lower energies of up to 0.1 eV can be expected for Pu(III)aq and
Pu(VI)aq spectra if measured with a resolution comparable to
the glass spectra. The G1 and the Pu(IV) spectra have very
similar energy positions (cf. Figure 2, line B), which is a strong
indication that Pu(IV) is the main species in the G1 sample.
The G2−G4 spectra are shifted to lower energies with
increasing R. The spectrum of G4 peaks at approximately the
energy position of line A (3774.1 eV) marking the most intense
absorption resonance of the Pu(III) reference spectrum. This
general trend suggests a reduction of the Pu oxidation state
going from G1 to G4 in agreement with the Pu L3 edge results.
However, the G1−G4 spectra have asymmetric shapes. There
are shoulders on the low (3774.1 eV) and high (3776.5 eV)
energy sides of the G1 spectrum, which increase and decrease
in intensity, respectively, going from the G1 to the G4
spectrum. The energy position of the main absorption peak can
vary by ca. ±0.1 eV for the same U oxidation state but different
coordination environments,16,24,38 whereas there is, for
example, ∼1.50 ± 0.05 eV shift between the peaks marked
with lines B and C in Figure 4. Therefore, these additional
spectral features point to mixtures of Pu(III) (line A), Pu(IV)
(line B), and a higher oxidation state of Pu (line C).
We recorded the G1, G4, and PuO2 spectra with even higher

experimental energy resolution. These spectra are depicted in
Figure 3. The shoulder C is well pronounced in the G1

spectrum affirming the formation of Pu species with higher
than IV oxidation state. The low energy shoulder correspond
ing to minor contribution of Pu(III) is now clearly distinguish
able in the G1 spectrum. The high energy resolution enables
also distinct detection of Pu(III) and Pu(IV) in the G4 glass.
The spectrum demonstrates formation of similar amounts of
Pu(III) and Pu(IV). As the spectra of G1 and G4 in Figure 3
were measured with a higher experimental resolution, a 0.3 eV
shift of the spectra toward lower energies can be expected
compared to the Pu glass spectra measured with medium
experimental resolution (Figure 2). Figure S2 depicts PuO2
spectra recorded with different resolutions from which this shift
can be deduced (cf. ref 23). The shoulder marked with line C
on the high energy side of the main peaks of the G1 and G2
spectra (3776.5 eV) nearly coincides with the main peak of the
Pu(VI) reference. Therefore, we infer that this spectral
contribution is likely due to the presence of Pu(VI) (line C).
Pu(V) is less probable, but it might be potentially stabilized in
the glass matrix as well; therefore, we cannot completely
exclude its presence. The post edge feature D in the Pu(VI)
reference spectrum is characteristic for plutonyl22,23 and
describes transitions to the sigma antibonding (σ*) molecular
orbital.22 A similar peak was reported recently also for uranyl by
Vitova et al.22,38 As feature D is not present in the spectra of G1
and G2, we conclude that the potential Pu(VI) species does not
form a plutonyl type of bonding. A spectrum of Pu(V) yl is not
available, but comparing to U, the D peak should be visible in a
Pu(V) yl spectrum too. Reducing U(VI) yl ([U(VI)
O2(CO3)3]

4−) to U(V) yl ([U(V)O2(CO3)3]
5−) leads to

decrease of the energy shift of the D peak with respect to the
main peak maximum, but it is still well distinguishable.27 It is
more likely that the Pu−O distances are elongated and that the
Pu is coordinated by a more symmetric set of O atoms than in
the plutonyl case, that is, in a plutonate structure.39 For
example, Pu can form PuO6

n− polyhedra with octahedral
coordination of six equidistant O atoms.40 It was previously
shown that the σ* peak is not present for U(V)/U(VI) species
in U3O8, (U(V) and U(VI)) and U4O9 (U(IV) and U(V)),
which are characterized by orthorhombic space group41 and
cuboctahedron coordination,42 respectively.20

On the basis of these experimental evidences we conclude
that Pu(IV) mainly contributes to the G1 and G2 glasses. This

Figure 2. Pu M5 edge HR XANES spectra of the G1−G4 glasses,
Pu(IV)O2 reference, and the Pu(III)aq, Pu(VI)aq references recorded
with medium and low experimental energy resolution, respectively.

Figure 3. Pu M5 edge HR XANES spectra of the G1, G4 glasses,
Pu(IV)O2 reference, and the Pu(III)aq, Pu(VI)aq references recorded
with high and low experimental energy resolution, respectively.



finding is in good agreement with literature reporting the
formation of Pu(IV) in Pu doped borosilicate glasses melted in
ambient conditions without reducing agent.26,43 Adding Si3N4
to the vitrification feed mixture increases significantly the
Pu(III) content as previously reported.8 Pu(III) then becomes
a major constituent of the G3 and G4 glasses. When
considering the redox balance of the Si3N4 reaction with
Pu(NO3)4, the reductant is in significant excess only in sample
G4. Apparently, this is not sufficient to reduce all Pu to Pu(III).
Pu L3 Edge EXAFS Investigations. The EXAFS spectra of

the G1−G4 glasses and their best fits are shown in k and R
space in Figure 4. The analysis of the EXAFS region of the
XAFS spectra provides quantitative information about the
number and type of neighboring atoms as well as their distances
to the absorbing Pu atom. The usable k range is restricted by a
signal at ∼11 Å−1, which results from a minor Am 241 (<0.2%
of the Pu amount) contamination in the glasses. The Fourier
transformed EXAFS (FT EXAFS) spectra are depicted in
Figure 4b (back transformed FT EXAFS spectra cf. Figure S4).
In all samples the Pu atoms are coordinated by ∼5.5 O atoms
(Table 3). The average Pu−O distance, however, changes from
2.25 to 2.27 Å for samples G1 and G2 to 2.34 Å for samples G3
and G4. This trend indicates that the effective charge on the Pu
atoms decreases resulting in an increased bond length. This
observation can be explained by the increasing reduction of Pu
within the glass series as already revealed by the XANES/HR
XANES investigations. The fit results also illustrate that
plutonyl bonds with lengths shorter than 1.8 Å are not
obtained from the EXAFS fits, which is well in agreement with
the results derived from Pu M5 edge HR XANES. Note that the
Pu(VI)−Oax bond length of plutonyl in nitric acid solution
initially added is 1.68−1.71 Å.44,45 Figure 5 and Figure 6
depicts the distribution of Pu−O bond distances for ∼100 Pu
compounds reported in the ICSD. The bond lengths obtained
from the fit to our spectra are indicated by arrows. Pu(IV) is
likely a major constituent of G1 and G2, whereas both Pu(III)
and Pu(IV) are major constituents for the G3 and G4 glasses
(cf. Figure 5). It is apparent that the increase of the Pu−O
bond length with 0.09 Å from G1 to G4 leads to a bond length
characteristic for Pu(III) compounds. No Pu(III) compound
with Pu−O interatomic distances found for the G1/G2 samples
is reported in the ICSD database. The short Pu−O bond
lengths typical for the Pu(VI) and Pu(V) plutonyl species are
visible at less than 2 Å in Figure 6. The spectra display only one
O coordination shell. Therefore, we can conclude that no Pu
rich crystalline phases are formed in the glass matrix. Pu(VI)
compounds forming a plutonate structure are coordinated
mainly octahedrally by six O atoms with an average distance of
∼2.2−2.3 Å.40 The finding of a Pu−O distance of 2.25 and 2.27
Å and a coordination of ∼5.5 for samples G1 and G2 agrees
well with Pu−O distances in Pu(IV) compounds and with the
proposed Pu(VI) formation in a plutonate type of bonding. A
few Pu(V) compounds are listed in the database. The reported
bond lengths are 0.17 Å longer than found for G1 and G2.
Combining the outcome of HR XANES and L3 edge EXAFS

results, we conclude that the Pu species characterized by the C
feature in HR XANES should be rather assigned to Pu(VI).
The impact of the U oxidation state and coordination on its
final speciation in glass vitrified in Ar atmosphere was not
systematically investigated.
But U(VI) nitrate solution and solid uranyl nitrate

hexahydrate added to a borosilicate glass frit melted in aerobic
conditions at 1300/1200 °C form U−Oax bonds with 1.8247

and 1.84 Å48 lengths, respectively. Those are longer than the
1.7749/1.7550 Å U−Oax bond lengths for the uranyl initially
added. Hence U(VI) and Pu(VI) appear to have similar
behavior.

DISCUSSION
We report here for the first time that Pu(VI) can be stabilized
during melting at 1200 °C (G1)/1400 °C (G2) in Ar
atmosphere. Stump et al. succeeded as well to incorporate
major amounts of Pu(VI) during sol−gel synthesis at 100 °C

Figure 4. Pu L3 edge χ(k) (a) and FT EXAFS (b) spectra of the G1−
G4 glasses. The χ(k) (a) and the magnitude and imaginary part (b) of
the experimental spectra are shown with colored symbols, whereas
black lines represent fit results.



obtaining a glass like material.51 However, successive heating to
800 °C completely reduced Pu(VI) to Pu(IV). UV−vis
spectroscopy was applied in this study to characterize Pu
oxidation states, which is, however, not very sensitive for solid
materials so that minor contributions of Pu(VI) cannot be
excluded. Conditions stabilizing Pu(VI) in a borosilicate glass
matrix are controversially reported in the literature. Stevanov
sky et al. performed in 2010 a Pu L3 edge XAFS study and
described partial Pu oxidation to Pu(VI) in a lanthanide
borosilicate glass stored for more than 1.5 years in air.52 On the
contrary Hess et al. investigated 15 year old Pu doped
borosilicate glass synthesized at 1200 °C with different α
activities with Pu L3 edge XAFS spectroscopy and found
unaltered Pu(IV), even for high α decay accumulations from
8.8 × 1015 to 1.9 × 1018 α decays/g.43 Our glass samples were
exposed to a slightly lower dose level of 1 to 6 × 1016 α decays/
g. In a similar manner, Bouty et al. studied α self irradiation
effects in an eight year old Cm and Pu doped borosilicate glass
synthesized at 1400 °C that accumulated ∼6 × 1018 α decays/g.
In agreement with Hess et al. no effect of the radiation on the
tetravalent Pu oxidation state was found.53 According to our
investigations described above, it is apparent that the Pu L3

XANES method is not sensitive to minor fractions of Pu redox
species. As a result, minor Pu(V)/Pu(VI) contributions
possibly could not be resolved in those previous investigations.
Because of the fact that we found in our investigations Pu(VI)
only in two samples, even though all four samples had the same
storage and radiation exposure history, we suppose that Pu(VI)
formation can be attributed to the synthesis process of the Pu
doped glasses rather than to storage conditions or radiation
effects. It is more likely that Pu(VI) in our experiments forms
due to the vitrification of Pu dissolved in 1.6 M nitric acid. Tri ,
tetra , and hexavalent Pu species can be stabilized in HNO3
solution at pH values below 2.36,40 Despite melting under Ar
atmosphere a part of Pu(VI) is apparently maintained in the
glass. In case of the G1 glass sample redox active elements like
Fe are present, while the G2 glass sample does not contain such
components. Since both glasses show the presence of Pu(VI),
those elements seem to have minor impact on the Pu
speciation.53

Our results suggest that when Pu dissolved in nitric acid is
vitrified Pu(VI) species can be stabilized in nuclear waste glass
along with other Pu redox species. The Pu M5 edge HR
XANES investigations show that the increasing contribution of

Table 3. EXAFS Fit Resultsa for Pu Glass Samples

sample SP N R (Å) ± 0.01 σ2 (Å2) ΔE0 (eV)

G1 Pu O1 5.7 ± 0.3 2.25 0.011 ± 0.001 7.2 ± 0.6
G2 Pu O1 5.7 ± 0.4 2.27 0.017 ± 0.002 7.4 ± 0.8
G3 Pu O1 5.3 ± 0.4 2.34 0.016 ± 0.001 5.7 ± 0.7
G4 Pu O1 5.8 ± 0.5 2.34 0.016 ± 0.001 5.7 ± 0.8

aSP−scattering path, N−coordination number, R−bond distance, σ2−Debye−Waller factor, ΔE0−energy shift of the ionization potential.

Figure 5. Statistics for Pu−O distances in Pu(III) and Pu(IV)
compounds reported in the ICSD database.46 The Pu−O distances
obtained from the EXAFS fits for the G1−G4 samples are indicated
with black arrows.

Figure 6. Statistics for Pu−O distances in Pu(V) and Pu(VI)
compounds reported in the ICSD database.46 The Pu−O distances
obtained from the EXAFS fits for the G1−G4 samples are indicated
with black arrows.



Pu(III) can be correlated with the rising amount of added
reducing agent. The HR XANES method illustrates that Pu(IV)
still remains as the main redox species, even though Si3N4 is
added in excess. A complete reduction to Pu(III) apparently
requires the establishment of even stronger reducing conditions
during the vitrification process. The observation of Pu(VI)
species in the G1 and G2 glasses opens a potential doorway to
incorporate Pu(VI) in a stable manner in a waste glass product,
which might be of interest for designing vitrification processes
for Pu rich waste. The solubility behavior of Pu(VI) in
borosilicate glass has not been systematically investigated so
far. But as Pu cations in low oxidation states are believed to be
incorporated in glass matrices in a similar manner as other An
cations (e.g., U), it can be deduced that Pu(VI) is likely well
soluble in borosilicate glass. Indeed, Schreiber et al. reported a
maximum U(VI) solubility in borosilicate glass of 40 wt %.11

This would even exceed the Pu(III) solubility equivalent to
10−25 wt % PuO2 reported by Feng et al. by far and open the
opportunity to vitrify Pu rich nuclear wastes in a very efficient
and economical way. Depending on the isotopic composition,
the limiting factor of the Pu loading will be more likely the risk
of criticality rather than its solubility in the glass matrix. The
United States Department of Energy (DOE), for example,
restricts its waste acceptation criteria by a very conservative
limit of 987 g of fissile material per cubic meter of glass (∼0.04
wt %).54 Criticality issues could, however, be solved by addition
of neutron absorbing elements like Gd and Hf, which is
foreseen for the immobilization of Pu by incorporation in
ceramics.55

Mobilization of hexavalent Pu when the glass is in contact
with solutions in a repository is certainly of less relevance. In
the long term the Pu leaching rate is governed by the overall
glass matrix dissolution and is independent from the Pu
oxidation state.56 The redox state of dissolved Pu species will
then be determined by the given geochemical milieu and
notably by the prevailing redox conditions. Despite more local
oxidative redox conditions near the glass interface due to α
radiolysis, usually, reducing conditions are expected due to iron
canister corrosion resulting in relatively high concentrations of
Fe(II) and H2 in the leachates. Pu will most probably exist in
reduced oxidation states exhibiting low solubility, strong
sorption to surfaces, and potentially formation of mobile
colloidal species.

CONCLUSION

The Pu M5 edge HR XANES method is clearly capable of
detecting Pu(III), Pu(IV), and likely Pu(VI) being simulta
neously present in a nuclear glass sample. Quantitative analyses
of the Pu species with different oxidization states are possible
when spectra of appropriate reference materials are recorded
under the same experimental conditions. Our study demon
strates that this characterization method can be used for
monitoring the redox conditions in vitrification processes upon
reductant addition. A clear correlation of Pu oxidation state
distribution and added reductant amount is revealed. By partial
reduction to Pu(III) the solubility of Pu in the borosilicate glass
was increased to greater than 8 wt %, whereby no separated Pu
rich phases could be identified. For complete reduction of Pu to
the trivalent state in glass of similar chemical composition, it is
necessary to add more reducing agent and to adjust R to a value
higher than 0.73. This will most likely increase the Pu loading
in the glass further.

We also clearly detected for the first time formation of Pu in
higher than (IV) oxidation state. Pu(VI) species preserved in
the glasses synthesized upon addition of a Pu solution in nitric
acid is likely. Further experiments are needed to verify if Pu(VI)
yields higher solubility as compared to Pu(III). In case of an
analogy of Pu(VI) and U(VI) behavior in glass, a solubility limit
of ∼40 wt % can be expected, which could open a new way to
increase Pu solubility in glass waste forms.
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