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Abstract—The elemental and ionic quantitative analyses of the synthetic lanthanide borosilicate glass (Al-B—
Gd-Hf-La-Nd-Pu-Si-Sr—0) are performed using the characteristics of the X-ray photoelectron spectra of the
outer-shell and inner-shell electrons in the binding energy range 0—1000 eV. The oxidation states of the metal
ions in this glass are determined and correspond to the AI**, La**, Nd**, Gd**, Hf**, Pu**, Si**, and Sr”* ions.
Taking into account the binding energies of the O 1s electrons for the glass sample under investigation, the aver-
age lengths of metal-oxygen bonds on the surface of the sample are estimated to be 0.191 and 0.176 nm, which
correspond to oxygen binding energies of 531.3 and 532,3 eV, respectively.
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INTRODUCTION

Actinides are the most dangerous components of
high-level wastes because of their long half-lives and
the high chemical and radioactive toxicity. Their immo-
bilization and long-term storage require matrices with a
high chemical durability and radiation resistance. At
present, borosilicate glasses and titanate or titanate zir-
conate ceramic materials have been considered to be
suitable materials for the use as matrices for these pur-
poses [1]. To date, the vitrification of high-level wastes
from radiochemical plants of the United States and the
Western Europe with the formation of borosilicate-
based glasses (aluminophosphate-based glasses in Rus-
sia) has been the only process implemented on an
industrial scale. Therefore, this technology has also
been considered from the standpoint of its applicability
to immobilization of wastes with a high content of
actinides, in particular, plutonium. A great deal of
research in the design, synthesis, and analysis of the
properties of actinide-containing glasses and ceramic
materials has been performed in the framework of the
international program on the nonproliferation of the fis-
sile materials and the disposition of the excess weapons
plutonium [2].

The main problem associated with the development
of glasses for immobilization of actinide wastes is that,
in silicate and borosilicate glasses, oxides of transura-
nium elements, primarily, plutonium, have a low solu-
bility, which depends substantially on their oxidation
state and the ionic radius. The solubility decreases with
a decrease in the charge and the radius of the actinide
ion, i.e., in the series An(VI) > An(V) > An(IIl) and
Th,U(IV) > Np(IV) > Pu(IV) [3]. Correspondingly, the
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solubility in silicate-based glasses is maximum for UO;
and minimum for PuO,, AmO,, Am,0;, and Cm,0;.
The maximum concentration of PuO, in homogeneous
borosilicate glasses does not exceed 2 wt % [4], and the
individual PuO, phase is formed at higher concentra-
tions.

The studies performed at the Savannah River
National Laboratory (United States) resulted in the
development of the lanthanide borosilicate glass with a
PuO, content of up to ~9.5 wt % [5, 6]. However,
detailed investigations with the use of X-ray powder
diffraction analysis and electron microscopy revealed
that this glass contains residual unreacted plutonium
dioxide. The purpose of this study was to determine the
oxidation states of plutonium and other elements in the
glass under consideration.

X-ray photoelectron spectroscopy is one of the
advanced methods for determining the oxidation state
of elements. In our earlier work [7], we investigated
borosilicate glasses containing up to ~7 wt % U.

SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The lanthanide borosilicate glass (LaBS) of the cal-
culated composition (mol %) 11.4Al,05, 21.8B,0;,
4.4Gd,0;, 3.9HfO,, 6.8La,03;, 5.2Nd,0;, 4.5PuO,,
39.1Si0,, and 2.9SrO (the contents of the components
in wt % are given in the table) was prepared as follows. A
plutonium nitrate solution was mixed with a 2 M sodium
hydroxide solution. A plutonium hydroxide precipitate
was calcined to the formation of PuO,, which was
ground in an agate mortar. The other oxides were
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Composition of the lanthanide borosilicate glass sample per La atom according to the results of calculations and X-ray pho-
toelectron spectroscopic data and electron binding energies E;, of the main lines

) Relative composition E,, for oxides, eV
Oxide OdegvtC %ﬁltent’ Calculation X-ray photoelectron Ej for ions My, eV [8, 101
spectroscopy
Al,O4 9.0 1.67 1.24 Al 2p 73.8 4.3
B,04 11.8 3.19 - B 1s - 191.4
Gd,04 12.2 0.63 0.60 Gd 3ds, 1187.8 1187.3
HfO, 6.3 0.29 0.38 Hf 44, 213.2 213.4
La,05 17.2 1.00 1.00 La 3ds), 835.6 835.1
(839.1) (838.6)
Nd,04 13.6 0.76 0.89 Nd 3ds), 978.5 (978.0)
(982.4) 981.9
PuO, 9.5 0.32 0.25 Pu 4f;,, 426.5 426.6
SiO, 18.1 2.84 3.00 Si 2s 153.5 153.8
SrO 2.3 0.21 0.22 Sr 3ds, 134.2 132.4

Note: The electron binding energies were measured with respect to the energy of the C 1s electrons of hydrocarbons on the surface of the sample
E;, =285.0 eV and with respect to the line width at half-height I' = 1.3 eV. The broadened oxygen line is observed at £}, = 531.8 eV with
I'=2.1 eV. The electron binding energies for lines with lower intensities are given in parentheses.

mixed, and the prepared mixture was treated in an
AGO-2U planetary mill, which made it possible to pro-
duce powders with a developed specific surface area
and a high reactivity. The mechanically activated pow-
der was carefully mixed with the PuO, powder, and the
mixture in a closed platinum tube was heated at a rate
of 10°C/min to a temperature of 1500°C, held at this
temperature for 30 min, and cooled to room tempera-
ture. The prepared product was milled, repeatedly
heated to a temperature of 1500°C, and held for 1 h.
Cooling resulted in the formation of a visually homoge-
neous greenish vitreous material, which was investi-
gated using X-ray powder diffraction on a DRON-4 dif-
fractometer (Fe radiation) and X-ray photoelectron
spectroscopy.

The X-ray photoelectron spectra of the samples
under investigation were recorded at room temperature
on an MK II VG Scientific electrostatic spectrometer
with the use of AlK, and MgK, X-ray radiation at a
residual pressure of 1.3 x 1077 Pa. The spectrometer res-
olution measured as the width at half-height of the line
of the Au 4f;, electrons was equal to 1.2 eV. In this
paper, the electron binding energies E, (eV) are given
with respect to the energy (taken equal to 285.0 eV) of
C 1s electrons of hydrocarbons on the surface of the
sample. The errors in the measurement of the binding
energies and widths of the lines of electrons were equal
to 0.1 eV, and the errors in the measurement of the rel-
ative intensities were 10%. In the table, the line widths
I" (eV) at half-height are presented with respect to the
width I'(C 1s) = 1.3 eV in order to compare them with
the data of other investigations [8]. Samples for mea-
surements of the X-ray photoelectron spectra were pre-
pared from the finely dispersed powder ground in the
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agate mortar in the form a dense thick layer pressed into
the surface of a double-sided adhesive tape.

The elemental and ionic quantitative analyses of the
surface of the sample under investigation were per-
formed taking into account that the intensities of the
spectral lines are proportional to the ion concentrations
in the sample. In our work, these analyses were carried
out using the relationship n/n; = (S/S,)(k/k;), where
n;/n; is the relative concentration of the atoms to be ana-
lyzed, §/S; is the relative intensity (area) of the lines of
the inner shell electrons of these atoms, and k/k; is the
experimental relative sensitivity factor. In our work,
these factors with respect to carbon were as follows:
1.00 (C 1s), 2.64 (O 1s), 0.24 (B 1s), 0.74 (Al 2p), 0.92
(Al 2s), 24.0 (La 3dsp), 8.0 (La 4d), 5.68 (Hf 5ds,),
16.8 (Nd 3ds,), 8.0 (Nd 4d), 44.0 (Pu 4f;,,), 12.0 (Gd
3ds), 8.0 (Gd 4d), 1.08 (Si 2p), 1.04 (Si 2s), and 5.92
(Sr 3d) [9]. The X-ray photoelectron spectra of the sam-
ple under investigation were interpreted using the char-
acteristics of the corresponding spectra for the Al,Os,
La,0;, Gd,0;, Nd,03, Si0O, [8, 10], SrO [11], and PuO,
[12] oxides (see table).

RESULTS
X-Ray Powder Diffraction Analysis

The prepared sample, for the most part, is amor-
phous. However, this sample contains traces of crystal-
line phases of the britholite La; 53(Si (50,4)60,: (JCPDS
no. 76-0338, see also, no. 75-1145) and PuO, (JCPDS
no. 41-1170) type (Fig. 1). The angular positions, the
interplanar distances, and the intensities of the reflec-
tions of both phases somewhat differ from the refer-
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Fig. 1. X-ray diffraction pattern of the LaBS glass.

ences data involved in the JCPDS-ICCD database,
because their actual chemical compositions do not coin-
cide with stoichiometric compositions. In particular, the
britholite phase can contain heavier lanthanides and even
plutonium [13].

X-Ray Photoelectron Spectra

The X-ray photoelectron spectra of the studied
ceramic samples in the electron binding energy range
0-1000 eV contain lines corresponding to the elements
entering into the composition of the ceramic material
under consideration. This energy range can be conven-
tionally divided into three parts [8]. In the first electron
binding energy range from O to 15 eV, the spectra
exhibit a structure predominantly associated with the
electrons of the outer valence molecular orbitals
(OVMOs), which, for the most part, are formed by the
electrons of open atomic valence shells. In the second
electron binding energy range from 15 to 50 eV, the
structure in the spectra is predominantly determined by
the electrons of the inner valence molecular orbitals
(IVMOs) and associated with the electrons of the low-
energy completely filled valence shells of neighboring
atoms. The characteristics of this structure reflect the
structure of the nearest environment of the ion under
consideration in the compound [8]. In the third range
from 50 eV to higher energies, there arises a spectral
structure determined by the inner (core) electrons,
which make a weak contribution to the formation of
inner molecular orbitals. This is almost ignored in the
interpretation of X-ray photoelectron spectra. However,
in this range, there can arise a structure associated with
the spin—orbit interaction characterized by the splitting
AE (eV), multiplet splitting AE, (eV), multielectron
excitations, dynamic effects, etc. Since the parameters
of this structure characterize different properties of
compounds, they are used in investigations in the com-
bination with traditional characteristics, such as the
electron binding energy, the chemical shifts of levels
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and the differences between them, and the intensities of
spectral lines [12].

Spectra of Low-Energy Electrons (from 0 to 50 eV)

In the low-energy range, the spectrum of the glass
sample under investigation exhibits structures of the
electrons of the outer valence molecular orbitals with
maxima at 2.4, 5.8, and 9.4 eV due to the Ln 4f", Ln 5d,
Ln 6s, etc., and O 2p outer valence electrons (where Ln
is a lanthanide), as well as structures of the electrons of
the inner valence molecular orbitals determined by the
Ln 5s, Ln 5p, Hf 4f, etc., and O 2s electrons (Fig. 2). The
maxima at 18.2 and 23.4 eV in the binding energy
range of the Ln 5p, Hf 4f, and O 2s electrons are most
pronounced. In actual fact, the bands of the inner
valence molecular orbitals rather than individual lines
are observed in the range of the electrons of the inner
valence molecular orbitals. Unfortunately, the structures
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Fig. 2. X-ray photoelectron spectrum of low-energy elec-
trons of the LaBS glass.
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of these spectra allow us to perform only the qualitative
elemental analysis, because the spectra under consider-
ation represent not individual atomic lines but systems
of molecular orbitals. In this energy range, the spectra
contain only the lines characteristic of the compounds
of the aforementioned elements.

Spectra of Inner Electrons (from 50 to 1000 eV)

When the elemental and ionic quantitative analyses
of samples are carried out using X-ray photoelectron
spectroscopy, it is common practice to use the most
intense lines of elements entering into the sample com-
position [8§—10]. However, important characteristics for
the determination of the oxidation state of Ln 4f and
An 5f transition elements of lanthanides and actinides
are parameters of the fine structure of lines [8, 12]. For
example, the multiplet splitting of the lines of the Ln 4s
and Ln 5s electrons is proportional to the number of
unpaired Ln 4f electrons in lanthanide ions, which
enables one to determine uniquely their oxidation and
spin states. In turn, the structure of “shake up” satellites
in the spectra of Ln 3d and An 4f electrons provide
information on the oxidation state of ions and the ionic
character of bonds [8, 12].

For the glass sample under consideration, we chose
the lines of the Al 2s, Al 2p, B 1s, Ln 3d, Ln 4d, Hf 4d,
Pu 4f, Si 2s, Sr 3d, and O 1s electrons (table, Fig. 3).
Unfortunately, reliable spectra of the Ln 4s electrons
could not be obtained as a result of a low intensity of the
corresponding lines. If spectra of different elements
overlap with each other, as is the case with the lines of
the Ln 5p electrons (Fig. 3), it is possible to use other
lines that are more characteristic, as, for example, the
line of the Ln 3d electrons (Fig. 3). The spectra of the
C 1s electrons contain the main line at 285.0 eV and
also the line with a low intensity at 288.6 eV, which

should be attributed to CO? carbonate groups on the
surface of the sample. It follows from these spectra that
a nonuniform charging of the sample, which leads to a
distortion of the line shape in spectra, is almost absent.

The spectra of the Al 2p, Hf 4d, Si 2s, and Sr 3ds,,
electrons are observed in the form of single lines
(table). The spectrum of the B 1s electrons is not
observed because of the small photoionization cross
section for these electrons. In this respect, the initial
boron content in the sample is taken into account in the
discussion of the data of the quantitative analysis. The
spectrum of the O 1s electrons is represented in the
form of a symmetric broadened line at 531.8 eV, which
can be decomposed into two components with electron
binding energies of 531.3 and 532.3 eV (Fig. 3c¢).

The spectra of the Ln 3d electrons in the sample
under investigation consist of spin doublets (AE) and
satellites associated with the many-electron excitations
(Figs. 3a, 3b). The analysis of the binding energies of
the Ln 3d electrons and the satellite shape permits us to
make the unique inference that the lanthanide ions in
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the sample under investigation are characterized by the
oxidation state Ln**. As for the La,O; oxide [8], the
spectrum of the La 3d electrons of the sample under
investigation in the range of higher binding energies
with respect to the main doublet lines exhibit shake up
satellites with AE(La 3ds,) = 3.5 eV and the relative
intensity I, /I, = 86% (Fig. 3, table). The intensities of
these satellites correlate with the ionic character of the
La—O chemical bond in the sample. The enhancement
of the ionic character of the chemical bond leads to a
decrease in the intensity of the satellites under consid-
eration [8]. The structure of the spectrum of the
Nd 3ds,, electrons in the glass sample contains the
shake up satellite with AE(Nd 3ds,,) = 3.9 eV and the
relative intensity I,/I, = 73%, which is considerably
lower than that in the spectrum of these electrons in the
Nd,O; oxide (Fig. 3b, table). This indicates that the
ionic character of the Nd-O bond differs from that in
the Nd,O; oxide. The spectra of the Gd 3d;,, electrons
are observed in the form of a single broadened line at
1187.8 eV with a low intensity (table).

The spectrum of the Pu 4f electrons involves two
components due to the spin—orbit interaction with the
splitting AE; = 12.5 eV (Fig. 3d). The binding energies
of these electrons are in good agreement with those for
the PuO, oxide (table). This suggests that plutonium
ions in the samples under investigation, for the most
part, are in the Pu** state.

Qualitative and Quantitative Elemental
and lonic Analyses

The atomic composition of the surface layer of the
glass sample under investigation per lanthanum atom
was determined from the line intensities (areas) with
due regard for the experimental relative sensitivity fac-
tors [9]. The atomic composition obtained is as follows
(table):

La; gAl; 7B 10Cd 63HE 290Nd 76PU 3,515 845105, 0115

(calculation)

La; ogAl; 24By4 03Cd 60 HE 33Nd g9Pu 25515091 ,0175
(X-ray photoelectron spectroscopic data)

The sample composition in weight percent of oxides
is also presented in the table.

One of the factors responsible for the increase in the
error in the determination of the quantitative composi-
tion of samples is an inaccuracy in the measurement of
the areas of the lines in the X-ray photoelectron spectra
at low concentrations of elements (the sensitivity of the
method is ~0.1-1.0 wt % of compound). As was noted
above, the difference between the X-ray photoelectron
spectroscopic and calculated data is associated with the
fact that the spectroscopic data reflect the surface com-
position, which can differ from the composition of the
sample bulk.

No. 1 2009
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Determination of the Metal-Oxygen Bond Lengths

The spectrum of the O 1s electrons of the sample
under investigation consists of a broad line with a max-
imum at 531.8 eV, which can be represented as the
superposition of two lines at 531.3 and 532.3 eV with
the widths I'(O 1s) = 1.3 eV (Fig. 3¢). By using the rela-
tionship

E,(eV) = 2.27R;41_O(nm)+519.4, (1)
derived in [11], we obtain
Ry o(nm) = 2.27(E,,—519.4)_1, 2)

This means that the metal-oxygen bond lengths
R,,_o (nm) can be estimated from the binding energy of
the O 1s electrons. These bond lengths on the surface of
the sample under investigation are estimated to be
0.191 and 0.176 nm.

DISCUSSION OF THE RESULTS

Almost all elements in the glass under investigation
are characterized by their typical oxidation states and
occur in the form of AI**, La’*, Nd3*, Gd*+, Hf**, Si**,
and Sr** ions. Plutonium can be in several oxidation
states, of which the states Pu(IV) and Pu(IlIl) are most
typical of glasses and ceramic materials [3, 4, 14-17].
Upon synthesis in the air atmosphere, the average for-
mal valence of plutonium is +3.75 (75% Pu**, 25%
Pu*) in zirconolite and is close to +4 in borosilicate
glasses, which is in good agreement with the data
obtained in our work.

In contrast to the spectra of plutonium-containing
glasses studied in [3, 14], the X-ray photoelectron spec-
trum of the LaBS glass does not exhibit splitting of the
peaks of the 4f5,, and 4f;,, states due to the presence of
plutonium in two different valence states, even though
the spacing between the maxima of the peaks (12.5 eV)
almost coincides with that (12.7 eV) for other glasses.
The splitting (~1.8 eV) of the peaks of the 4f5,, and 4f,
states in the spectra of sodium borosilicate glasses with
a high iron content (~10 wt % in terms of the Fe,O;
oxide) indicates the coexistence of the states Pu(IV)
and Pu(III) [14]. It should be noted that the formation
of Pu(Ill) can be explained by the reduction of Pu(IV)
to Pu(III) as a result of the redox reaction Fe?* + Pu* =
Fe’* + Pu®* at moderate temperatures of glass melting
(£1250°C).

It should also be noted that the binding energy of the
4f;, state of plutonium (table) in the LaBS glass

(426.5 eV) nearly coincides with the corresponding
energy for the PuO, oxide (426.6 V).

The M-O distances determined using relationships
(1) and (2) are averaged for the surface layer of the
glass sample. The distance R, o = 0.176 nm, for the
most part, reflects the presence of bonds between oxy-
gen and light elements Si—O (Rg;_ o = 0.162 nm), Al-O
(Roio = 0.174 nm), and B-O (Rz_o = 0.147 nm),
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whereas the distance R, = 0.191 nm corresponds to a
larger contribution of the Ln—O bonds (R}, o = 0.22-
0.25 nm) [18, 19].

CONCLUSIONS

Thus, it has been revealed that the lanthanide boro-
silicate glass sample prepared at a temperature of
1500°C contains traces of crystalline phases of the brit-
holite type, PuO,, and, possibly, pyrochlore. The ele-
mental and ionic quantitative analyses of the surface of
the sample were performed using the characteristics of
the X-ray photoelectron spectra of the inner electrons in
the binding energy range 0—-1000 eV. The oxidation
states of the ions of the elements in the glass were deter-
mined. These oxidation states correspond to the Al**,
La**, Nd**, Gd*, Hf*, Pu*, Si** and Sr** ions. Taking
into account the binding energies of the O 1s electrons
for the glass sample under investigation, the lengths of
metal-oxygen bonds on the surface of the sample were
estimated to be 0.191 and 0.176 nm, which correspond
to oxygen binding energies of 531.3 and 532.3 eV,
respectively.
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