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Abstract

The impact of actinides on the environment is mitigated by their interaction with particle surfaces and
by incorporation into suitable waste forms. In both cases, a fundamental knowledge of the local
co-ordination environment of actinide ions is essential for understanding their stability in various
near-surface environments under a range of conditions. When actinide ions are sorbed on minerd
surfaces, the extent to which the ions are immobilised depends on the type of surface complex or solid
precipitate that forms. When incorporated into a glass or crystalline waste form, the stability of the
actinide will depend in part on its redox state and local co-ordination environment. In both cases,
XAFS spectroscopy can provide unique information on the number and types of first and, in certain
cases, more distant neighbours, and their geometric arrangement (including inter-atomic distances and
a measure of their disorder). When this structura information from XAFS spectroscopy is combined
with Pauling bond valence theory and modern bond valences corrected for bond length variations, it is
also possible to develop plausible models for their medium-range co-ordination environments (out to
= 4 A radial distance around the actinide) for both sorbed actinide ions and those present in a silicate
glass or melt. We discuss results from severa XAFS studies of the naturally occurring actinides
uranium and thorium in sorption samples, silicate glasses and silicate melts at high temperature.
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I ntroduction

When XAFS spectroscopy was first introduced as an element-specific method capable of
providing quantitative information on the local co-ordination environment around selected atoms in
crystalline and amorphous materials [1], few appreciated its potential applications in science and
technology. In spite of a variety of early problems, including (1) non-optimised synchrotron sources
operating in parasitic mode, (2) the inaccuracy of some XAFS-derived inter-atomic distances and
co-ordination numbers due to inadequate model compounds and theoretical methods for deriving
accurate phase shifts and backscattering amplitudes, (3) lack of proper experimental procedures and
(4) anharmonic effects, this potential has been largely realised in modern XAFS studies. Because of
dramatic improvements in XAFS theory, particularly the availability of user-friendly computer codes
capable of accurate modelling of XAFS spectra (both XANES and EXAFS) of elements in different
co-ordination environments (see e.g. Feff [2,3]), it is now possible to obtain accuracies of +0.01 A for
first co-ordination shell inter-atomic distances around most absorber atoms and of +0.04 A for
second-shell distances, even in structurally complex materials [4]. Corresponding improvements in
synchrotron light sources [5] and X-ray detectors [6,7] have also had dramatic impacts on XAFS
spectroscopy and its many applications. It is now possible to determine first-shell co-ordination
environments of elements with atomic number >15 (P) at concentrations of 100 ppm in most types
of materials (crystalline and amorphous solids under ambient conditions and agueous solutions). With
improvements in focusing optics at third-generation hard X-ray synchrotrons, X-ray beam diameters
of 1-5um are now available for micro-XAFS studies of the spatial distribution and speciation of
elements in highly heterogeneous samples such as soils and sediments [8,9]. These beams are also
useful for the collection of spectra with very low signal-to-noise ratios (i.e. <10™) required for
improved pre-edge, XANES deconvolution, and next-nearest neighbour analyses, especially in natural
materials, such as glasses or gels, where a continuum of sites for one specific element may be present.
Applications of XAFS spectroscopy in mineralogy and geochemistry [10], environmenta
geochemistry/chemistry [11,12], interfacial chemistry [13,14], glass science [15,16], materias science
and chemistry [11,17], and soil science [18], among other fields of science and engineering, are quite
varied and, in many cases, provide unique information not easily obtainable by other means. In the
case of actinides, XAFS spectroscopy has been used to obtain unique information about their
co-ordination environments when present a mineral-water interfaces, in metamict minerals, or in
silicate glasses and melts.

The purpose of this paper is to review several examples of these studies and to demonstrate how
XAFS spectroscopy can be combined with Pauling bond vaence theory to place constraints on
the medium-range co-ordination environments of actinide ions in amorphous materials and at
mineral-aqueous solution interfaces. In addition, because positional (or static) and thermal disorder
involving actinide ionsin solids or liquids at high temperatures can result in significant inaccuraciesin
inter-atomic distances and co-ordination numbers when using the normal harmonic approximation in
EXAFS data anaysis, we review the effects of anharmonicity on EXAFS spectra and some of the
methods that can be used to account for these effects. Selected applications of XAFS spectroscopy to
U and Th ions in metamict mineras, glasses and melts are discussed in a companion paper in this
volume[19].

XAFS spectroscopy and anhar monic effects
EXAFS spectra can be modelled accurately, in the absence of multiple-scattering of the

photoelectron among different atoms in the vicinity of the absorber, by using the single-scattering
formalism [20], where the modulations of the normalised absorption coefficient x (k) are given by:
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Here S isthe amplitude reduction factor, and rf is the reduction factor for the total central atom loss.

Also, for every shell of neighbouring atoms j, N; is the number of backscattering atoms; |Fow (k,R)| is
the effective, curved-wave backscattering amplitude; R is the average distance between the central and
backscattering atoms; g(R) is the (partial) radial distribution function of the neighbouring distances

around the absorbing element; A is the photoelectron mean free path; and z cp(k, R) is the sum of the

phase shift functions (central and backscattering phase shifts). This formalism is vaid for any
experimental XAFS data. Eg. (1) can be simplified by using a Gaussian pair distribution function to
represent g(R) when atomic vibrations are harmonic or when the distribution of inter-atomic distances
isrelatively symmetrical around the absorbing atom.

The local environment of actinides in many crystaline and amorphous materials at ambient to
low temperatures (to 10 K) can be modelled accurately from EXAFS spectra using the harmonic
approximation. This was demonstrated in severa studies of U co-ordination environments in complex
crystalline solids [21,22], metamict minerals [23] and silicate glasses [21]. This has also been
demonstrated for Th in crystalline and amorphous materias [24,25]. However, in several of these
studies, a quasi-anharmonic approach (two Gaussian shells fit and averaged) was needed for analysing
the EXAFS spectra properly.

When positional disorder around an atom in a solid or liquid is large, however, such as for a
low-valent, weakly bonded cation in silicate glasses, or when inter-atomic vibrations are anharmonic,
such as for anon-framework cation in a silicate melt at high temperature, the harmonic approximation
may fail to model the EXAFS data accurately, and EXAFS-derived inter-atomic distances and
co-ordination numbers are often too small. In this case, it is necessary to use a g(R) function that
properly models anharmonicity. There are a number of ways of doing this (see [15] for a review of
methods), including the cumulant expansion method [20], empirical anharmonic potential energy
functions for a given bond type [26,27], empirical models that utilise known linear thermal expansion
coefficients of specific bonds or Pauling bond valence for specific atom pairs [28] and analytical
expressions for the anharmonic pair corrdation function [29]. When anharmonic effects are large, the
cumulant expansion method may be inadequate [30,31]. An example of thisis the recent work of Wu
and Farges [31], who carried out a high-temperature EXAFS study of crystaline ThO: over the
temperature range 20 to 1474°C (see Figure 1 in [19]). They used the analytical expression for
anharmonic effects in Winterer's [29] XAFS data analysis code to derive average Th-O distances as a
function of temperature that are consistent with known Th-O bond therma expansion. The resulting
average Th-O distances at 1474°C are 2.44(1) and 2.33(1) A, respectively, from anharmonic and
harmonic fits of Th Lii-EXAFS data for ThOz, in excellent agreement with in situ X-ray diffraction
experiments.

U and Th co-ordination environmentsin silicate glasses and melts

Silicate glasses and melts have a specia role in the long-term disposal of actinides because of the
proposal to incorporate high-level nuclear waste in borosilicate glass [32]. The initid step in the
vitrification process involves incorporation of actinides and other radioactive dements in a borosilicate
melt, so a knowledge of the medium-range structural environment of the actinides in the melt and the
guenched melt as a function of melt composition is important for tailoring the local environment of
actinide ions for maximum stability.
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Although the structures of silicate glasses and melts lack long-range order, the local co-ordination
environments around cations can be relatively undistorted. For example, all available evidence from
X-ray scattering and NMR measurements in silicate glasses and melts as well as borosilicate glasses

and melts indicates that the silicate tetrahedron (SIO;) and borate tetrahedron (BO3) and triangle

(BOY) are stable and relatively undistorted [15,33]. These small, high-valent ions act as network

formers, whereas large, low-valent cations like Na*, K* or Ca®*, which have co-ordination numbers of
6 to 8 in dilicate glasses [34-38], act as network modifiers or, aternatively, as charge-compensating
cations, when cations like AI®* occur in tetrahedral co-ordination in aluminosilicate glasses and melts.
Uranium(IV,V) and thorium(IV) are relatively large ions that are typicaly six-co-ordinated by
oxygens in silicate glasses and melts [21,24]. However, when the partial pressure of oxygen is
sufficiently high to favour U(VI), uranium typicdly occurs in a different type of co-ordination
environment in silicate glasses and melts, referred to as trans-dioxo, with two axial oxygens forming
relatively short double bonds [d(U = Oada) = 1.77(2) to 1.85(2) A]. The U(VI) co-ordination environment
is completed by 4 to 5 equatorial oxygens that form longer bonds [d(U - Oeguaoria) = 2.23(3) A].
Figure 1 shows models of these co-ordination environments in a sodium silicate glass derived from
EXAFS spectroscopy and Pauling bond valence theory (see section entitled Constraints on the
medium-range co-ordination environments of cations in silicate glasses and melts and on mineral
surfaces from XAFS spectroscopy and Pauling bond valence theory). A similar co-ordination
environment for U(V1) has also been found in naturally occurring Si-Al-Fe gels found in a uranium
deposit associated with granitic rocks [39].

Figure 1. Models of medium-range co-ordination environments of (a) U(VI) and (b) U(V)
and U(1V) in silicate glasses showing bond valence valuesfor selected bonds (after [21])
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XAFS spectroscopy has also been used to determine the average first-shell co-ordination
environments of actinides in silicate melts at high temperature (see [15] and [40] for a discussion of
high-temperature EXAFS methods). For example, the local co-ordination environments of 0.2 to
7 wt.% U(VI) in NaSi20s and NaxSizO7 composition glasses and melts were studied at temperatures to
1550 K [41]. U(VI) was found to be present as the uranyl moiety in these glasssmelts for al
temperatures and compositions examined. The local co-ordination environment of Th(IV) was also
determined using high-temperature XAFS methods in the same glass/melt compositions [41]. Th(lV)
was found to occur as a mixture of six and eight-co-ordinated Th at the 1-3 wt.% Th level, but as
eight-co-ordinated Th when a trace levels (90-1000 ppm). For these particular glass/melt
compositions, neither U nor Th was found to undergo significant co-ordination changes during the
glassto-melt transformation. However, specia care in data analysis was needed to account for the
effects of anharmonicity (both positional and thermal effects) which tend to artificially increase the
(apparent) amount of six-co-ordinated Th.

The co-ordination environments of a number of other selected cations commonly found in silicate,
aluminosilicate and borosilicate glasses and melts are discussed in [15]. Many of these ions, including
Zr(1V) and Th(IV), are “spectroscopically silent” and cannot be studied by most element-specific
spectroscopic methods, including EPR, NMR and UV-vis-NIR spectroscopy. In addition, when at low
concentrations, the co-ordination environments of these cations cannot be determined by X-ray or
neutron scattering methods. The scattering power of an atom and its positional and thermal disorder
are also important limitations. For example, the co-ordination environment of Na' in sodium silicate
glasses and melts cannot be determined with much accuracy using X-ray scattering methods, even
when present at relatively high concentrations, because the Na-O pair correlation function contributes
little to the overall radia distribution function due to these effects[15]. This is also true for other
important network modifiers like K* and Ca?*. For these ions, as well as for the actinides, XAFS
spectroscopy provides structural and compositional information about co-ordination environments that
often can not be obtained using other structural methods.

Structural classification of cationsin silicate glasses and melts

A convenient way of classifying cations among network forming and network modifying typesis
to examine their average bond strengths (s) in valence units (vu), which are defined in the classical
Pauling sense [42] as ion chargefion co-ordination number. Figure 2 plots bond strength values for many
cations found in natural and technologically important silicate, aluminosilicate and borosilicate glasses
and melts versus their atomic numbers. Cationsin Category | (s= 0.75-1.3 vu) typically act as network
formers, whereas those in Category Il (s< 0.75 vu) act as network modifiers or charge-compensating
cations. Generalised pictures of the linkages for each category of cation (I, I1, 1l or IV) in glass and
melts are shown on the right side of Figure 2. The figure to the right of Field | corresponds to two
typical network formers (small dark grey atom) bonded to a common “bridging” oxygen (large light
grey atom). It depicts more covalent bonds using thicker lines, with bond valences corresponding to
1+ 0.25 vu for each bond. The figure to the right of Field Il shows a network modifying ion (small
dark grey atom) bonded to a non-bridging oxygen that is aso bonded to a network-former, such as Si,
and two other network modifier ions (light grey). The network modifier-oxygen bonds are typically
more ionic than network former-oxygen bonds and have individua bond vaences of < 0.75 vu).
The figure to the right of Field Ill corresponds to a “complex-forming” ion that can only bond to
non-framework oxygens (i.e. neither bridging nor non-bridging) because of the very high bond
valence of these bonds (1.25 < s < 2 vu). The oxygens to which these “complex formers’ bond are al'so
bonded to an appropriate number of network modifiers required to satisfy Pauling’'s second rule.
Finaly, the figure to the right of Field IV shows the unusua case of a non-framework oxygen such as
the axial oxygen of a uranyl moiety, with bond valence of 2 vu.

19



Figure 2. Average bond strength [43] versus atomic number (Z)
for avariety of cationsoccurringin natural and technologically
important silicate, aluminosilicate and bor osilicate glasses and melts

The two five-co-ordinated values for Ti connected by the bracket between Fields | and 111 represent the
apical Ti = O bond (“titanyl” , s= 1.7 vu) and the four Ti-O bonds (s= 0.7-0.8 vu). Smilarly, the bond
strengths for U(VI)-O,, and U(VI)-Ogu0ia are located in Fields IV and |1, respectively (after [44]).
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Six-co-ordinated U(IV) and Th(1V) have relatively high individual M-O bond valences (= 0.7 vu),
which restricts the types of oxygens to which they can bond in silicate glasses and melts. Thisis aso
true of U(VI) in the uranyl moiety, in which the U = Oaia bond has s = 2 vu, whereas U-Oequatoria
bonds have s = 0.62 vu. Some of the implications of the very high bond valence of U = Oaxia bonds for
local and medium-range structure in silicate glasses and melts are discussed further in the following
section.

Table 1 lists a number of parameters for selected cations (M), including (1) nominal valences,
(2) most common co-ordination numbers in oxide compounds; (3) ionic radius values for different
co-ordination numbers [45]; (4) mean linear thermal expansion coefficient of the M-O bond [46];
(5) mean M-O interatomic distance at 298 K (from the sum of Shannon and Prewitt ionic radius
values [45]); (6) mean M-O interatomic distance at 1 773 K (calculated using @ valuesin Table 1);
(7) field strength of the cation at 298 K; (8) the Ro value used to calculate the Brese and O’ Keeffe
values of M-O bond valence [43]; (9) M-O bond vaence at 298 K; and (10) M-O bond valence at
1773 K. These parameters are useful for predicting the average co-ordination environments of cations
in silicate glasses and melts and in building plausible medium-range structural models for these
materials using the approach discussed below.
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Table 1. Valence (2), co-ordination number (CN), ionic radius, mean
linear M-O expansion coefficient (a ) (x 10° K™) at 1 773K, mean d(M-O) at
298 K, mean d(M-O) at 1 773 K, field strength, and bond valencesat 298 K and
1773 K for selected cations occurring in silicate glasses and melts (after [15])

Cation [ Nomind [ CN [ lonic | Mean | Ry = | Rim= | Fidld [ R,vaue® [M-O bond| M-O bond
(M) | valence |(M-O)?| radius | linear | D(M-O) | D(M-O) | strength valence | vaence
2" A | a® (A)® A)° | {zZIR}" 298 K 1773K
(Vu)(g) (VU (10)
Network modifiers

Cs 1 8 174 32.0 3.10 3.25 0.10 2.42 0.16 0.11
K 1 8 151 32.0 2.87 3.01 0.12 2.13 0.14 0.09
Na 1 6 1.02 24.0 2.38 2.47 0.18 1.80 0.21 0.17
Sr 2 8 1.26 16.0 2.62 2.68 0.29 2.118 0.26 0.22
Ca 2 6 1.00 12.0 2.36 2.40 0.36 1.967 0.35 0.31
Mg 2 6 0.72 12.0 2.08 2.12 0.46 1.693 0.35 0.32
5 0.66 10.0 2.02 2.05 0.49 0.41 0.38

4 0.57 8.0 1.93 1.95 0.53 0.53 0.50

Fe 2 6 0.78 12.0 2.14 2.18 0.44 1.734 0.33 0.30
5 0.70 10.0 2.06 2.09 0.47 0.41 0.38

4 0.63 8.0 1.99 2.01 0.51 0.50 0.47

Pb 2 8 1.29 16.0 2.65 2.71 0.28 2.112 0.23 0.20
Al 3 6 0535 (8.0 1.90 1.92 0.83 1.651 0.51 0.48
5 0.48 6.7 1.84 1.86 0.89 0.60 0.57

3 6 0.645 (8.0 2.00 2.02 0.75 1.759 0.52 0.49

5 0.58 6.7 1.94 1.96 0.80 0.61 0.58

Ti 4 6 0.605 (6.0 1.965 1.98 1.04 1.815 0.67 0.64
5 0.34 5.0 1.70 1.71 1.38 14 1.32

Zr 4 8 0.84 8.0 2.20 2.23 0.83 1.937 0.49 0.46
6 0.72 6.0 2.08 2.10 0.92 0.68 0.65

Th 4 8 1.05 8.0 241 244 0.69 2.167 0.52 0.48
6 0.94 6.0 2.30 2.32 0.76 0.70 0.66

U 6 2 0.45 13 1.82 1.82 1.89 2.075 1.99 1.97
4 0.89 2.7 2.25 2.26 1.19 0.62 0.61

4 6 0.89 6.0 2.25 2.27 0.79 2.112 0.69 0.65

Network formers

B 3 4 011 53 147 1.48 1.39 1371 0.77 0.74
3 0.01 4.0 1.37 1.38 1.60 1.00 0.98

Al 3 4 0.39 5.3 1.75 1.76 0.98 1.651 0.77 0.74
Fe 3 4 0.49 5.3 1.85 1.86 0.88 1.759 0.78 0.75
S 4 4 0.26 4.0 1.62 1.63 1.52 1.624 101 0.98
Ti 4 5 0.51 5.0 1.95 1.96 1.05 1.815 0.70 0.67
4 0.42 4.0 1.78 1.79 1.26 1.10 1.07

Constraints on the medium-range co-ordination environments of cations in silicate glasses and
melts and on mineral surfaces from XAFS spectroscopy and Pauling bond valence theory

Medium-range (< 4 A) co-ordination environments of cations in amorphous oxides or of cations
sorbed at minera-agueous solution interfaces are difficult to determine by most experimenta structural
methods. This is true even for cases where a given cation is present at high concentrations, and it is
especialy true when cation concentration is in the parts per million range. Knowledge of medium-range
ordering is essential for a fundamental understanding of the physical properties of aluminaosilicate
glasses and melts, such as their dissolution kinetics. A molecular-level knowledge of speciation is also

21




essential for understanding why some cations sorbed at mineral-water interfaces are easily desorbed
(e.g. when present as weakly-bonded outer-sphere sorption complexes) and why some are more difficult
to desorb (e.g. when present as inner-sphere sorption complexes or as three-dimensional precipitates).

Important constraints concerning the structure and composition of medium-range co-ordination
environments of cations in such materials can be developed by combining structural and compositiona
information from XAFS spectroscopy and X-ray or neutron scattering with the concept of Pauling
bond valence and Pauling’'s second rule for complex ionic crystals. Pauling's second rule [42] states
that the sum of bond valences to an ion in a stable co-ordination environment should equal the
absolute value of the nominal valence of the ion (£0.05vu). This rule works well for crystalline
oxides, including structurally complex silicates and aluminosilicates, and it has also been found to work
well for cation environments in amorphous silicates [47] and agueous solutions [48] and on minera
surfaces [49]. For instance, the bond valence rule can be used to test EXAFS-derived parameters for
the short-range environments around cations in silicate glasses and melts. The co-ordination number N;
and first-neighbour distances R; of a selected cation are obtained from fitting the experimental EXAFS
spectra. One can then use the R values to determine average s values (the average bond valence of the
bond studied by EXAFS) and determine if the calculated bond valence sum matches the nominal
valence of the centra ion probed [50]. Discrepancies between calculated valence sums and nominal
valences for the central ion can be explained in most cases by the need for an appropriate anharmonic
theory or the use of an improper anharmonic theory in fitting the EXAFS data.

We have used the approach described above to place constraints on the short- and medium-range
co-ordination environments of cations in silicate glasses and melts [15,47,50] as well as on minera
surfaces [49,51]. We make use of the fact that the range of variations of M-O bond lengths in oxide
materials differs with bond type and bond valence. For example, in a sodium aluminosilicate glass/melt,
the classica Pauling bond valences for the 'VSi-O, 'YAI-O and Y'Na-O bonds are 1.0, 0.75 and
0.167 vu, respectively. These values can be adjusted for variationsin Si-O, Al-O, and Na-O bond lengths
using the empirical bond strength-bond length model of Brown and Shannon [52] (see dso [43,53)]).
An M-O bond with high bond valence should show less length variation than a bond with low bond
valence in oxide materials. Thisis borne out in crystalline sodium auminosilicates where the lengths of
individual Si-O bonds vary between =1.54 and =1.70 A, with bond valences ranging between
1.28 and 0.82 vu, and those of individual Al-O bonds vary between about 1.63 and 1.82 A, with bond
valences between 1.04 and 0.63 vu [54]. Because of their much smaller bond valences, which range
between 0.29 and 0.02 vu, Na-O bonds show much larger variationsin length in these materials (= 2.2 to
=3.4A). All evidence to date indicates that similar bond length ranges occur in sodium aluminosilicate
glasses, although the first-shell co-ordination environments of network modifying cations such as Na"
and Ca’* can be moreregular in silicate glasses than in crystalline silicates [ 15,34,35,38,55].

In developing molecular models for the average medium-range co-ordination environment around
acation (M) in a silicate glass or melt or at a sodium auminosilicate-aqueous solution interface, we
fix the average M-O distance for the M cation to that derived from EXAFS spectroscopy and adjust
the Si-O, Al-O, and Na-O bond lengths within the bond length ranges indicated above such that the
total bond valence to each type of oxygen is near 2.0 vu. A similar approach works for other bond
types as well. In the case of cations at mineral-aqueous solution interfaces, hydrogen bonds play an
important role and can contribute significant bond valence (0.7-0.9 vu) when hydroxyl groups are
present or much less bond vaence (0.1-0.2 vu) when longer hydrogen bonds are present [51,56].

Recent molecular dynamics calculations for a variety of silicate glass and melt structures suggest

that Pauling’'s bond valence rule employing Brese and O'Keeffe bond valences [43] is generally
satisfied around most of the ions considered (e.g. O, Si, Na, K, Ti and Fe [50]). The few observed
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discrepancies (especialy around Ca) were found to be related to inaccurate pair potential parameters
(Born-Mayer-Huggins type potentials were used), which were modified to yield excellent bond
valence sums and more redistic structures.

Examples of the application of this approach to Zr(IV), Th(IV) and U(VI) can be found in [47],
[24] and [21], respectively. As shown in Figure 1, the uranyl moiety is bonded to oxygens in the glass
through equatorial bonds with bond valences of = 0.6 vu. In addition, these oxygens are bonded to one
four-co-ordinated Si rather than two 'Si. The latter case would result in a bond valence sum of 2.6 vu
and “overbonding” of = 0.6 vu, which violates Pauling’s second rule; the former results in a bond
valence sum of = 1.7 vu, with an “underbonding” of = 0.3 vu. This “underbonding” is satisfied by
bonding a six-co-ordinated Na to the oxygen with a relatively short Na-O bond. Thus, U(VI) is
predicted to bond only to non-bridging oxygens in an aluminosilicate glass or melt, and the axia
oxygens of the uranyl moiety are not bonded to other cations since the bond valence of the U = Oaxia
bond is = 2 vu, which satisfies the bond valence requirements of the axial oxygens. This is tantamount
to stating that the non-bonded electron density on the axial oxygensis sufficiently small such that lone
pair repulsions between axial oxygens and other nearby oxygen ions do not destabilise the local
structure [57]. In the case of U(IV), the first-neighbour oxygens around uranium can be bonded to
"AI* and two Y'Na", or to one'VSi** and one V'Na’, or to three V'Na". Each of these second-neighbour
arrangements would result in a bond valence sum near 2 vu.

In the case of uranyl sorption on mineral surfaces, as discussed earlier, the same procedure can be
applied to develop plausible models for the extended bonding environment of U(V1). Asfor the uranyl
moiety in silicate glasses, the axial oxygens do not bond to mineral surfaces. Instead, the uranyl ion
forms inner-sphere complexes on oxide mineral surfaces by bonding through equatorial oxygens [58].

XAFS studies of the sorption of actinides on mineral surfaces

Sorption of actinides on mineral surfaces provides a natura or “engineered” means of sequestering
these ions in groundwater aguifers and vadose zones, thus mitigating their dispersal. There have been
a limited number of XAFS studies of aqueous actinide ion sorption on “model” mineral surfaces in
controlled laboratory conditions as a function of pH, including U(VI) sorption on montmorillonite
[59-62], kadlinite [58], vermiculite and hydrobiotite [63], alumina[61,62], silica[59,61,62], silica gel
[64], hematite [65], hydrous iron and manganese oxides [66], ferrihydrite [64,67] and hydrothermally
atered concrete [68]; Th(lV) sorption on amorphous silica[69]; and Np(V) sorption on goethite [7Q].
In each of these studies, evidence was found from EXAFS spectroscopy that the actinide is dominantly
bound in an inner-sphere fashion on the mineral surface. In the case of actinide sorption on iron and
manganese oxide surfaces, EXAFS spectroscopy revealed that the binding is bidentate, indicating a
relatively strong adsorbate-adsorbent bond.

The EXAFS study of Thompson, et al. [58] examined the reaction products resulting from the
uptake of U(V1)aqueous ONtO kaolinite (KGa-2) particles over the pH range 6.0 to 7.9 and in the presence
and absence of CO2 in air. Under al conditions examined, the sorbed uranyl moiety is characterised by
two short axial bonds (d(U = Oxia) = 1.80(2) A) and five equatorial bonds, consisting of two short
(= 2.28(2) A) and three long (= 2.48(2) A) U-Oequaoiia bonds. The EXAFS data for U(VI) sorbed on
kaolinite under all conditions examined also showed the presence of second-neighbour Si (and/or Al)
at =3.3(3) A from U, suggesting that U(VI) forms inner-sphere complexes on the kaolinite surface
(Figure 3). Samplesin contact with air at 6.0 < pH < 7.0 had predominantly monomeric urany! species,
whereas at 7.0 < pH < 7.9, the dominant U(V1) species is multi-nuclear, suggesting that increasing pH
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Figure 3. Molecular models of U(V1) sorption on kaolinite based
on the EXAFS spectroscopy results of Thompson, et al. [58]
Possible adsorbed species include mononuclear, monodentate U(VI) complexes bonded through
equatorial oxygensto the aluminol layer aswell as multi-nuclear U(VI) species bonded in a bidentate

fashion to the aluminol layer. Also shown are an outer-sphere U(VI)-carbonato species and an outer-sphere
multi-nuclear U(VI) species, neither of which is thought to be a dominant species based on EXAFSanalysis.

Jo)

Outer-sphere, carbonate

Inner-sphere,
mononuclear

Inner-sphere,
multi-nuclear or
precipitate, carbonate

(001)

Quter-sphere, multi-nuclear
or precipitate

favours the formation of multinuclear U complexes. In the absence of COz, the results of Thompson,
et al. [58] suggest that the kaolinite surface enhances U(VI) polymerisation, at least in the short term.
These multi-nuclear surface species could be precursors to U(VI)-containing precipitates, which may
form over longer time periods, or, dternatively, a surface precipitate or a U-Si/Al hydroxide
co-precipitate. This finding suggests that kaolinite may be an effective sorbent for the removal of
U(VI) from groundwater or ponded waste water because the formation of multi-nuclear sorption
species increases kaolinite' s capacity for sorbing U(VI) over that if only mononuclear U(V1) species
formed. Similar experiments on hematite, followed by EXAFS and ATR-FTIR characterisation

studies, indicate the presence of U(VI)-carbonato ternary surface complexes on hematite [65,71].
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An interesting application of EXAFS spectroscopy to actinide transport in groundwater is the
recent study by Fuller, et al. [72] of the interaction of U(V1)agueous With an in-ground engineered barrier
consisting of bone charcoa in Fry Canyon, Utah. Their hypothesis was that an insoluble uranyl
phosphate would form when the U(VI)-containing groundwater interacted with apatite in the bone
charcoal. Instead, the U Lii-EXAFS spectra of the reacted bone charcoal samples were interpreted as
indicating that a significant fraction of the U(VI) was adsorbed on the surface of apatite particles.
No evidence for a crystalline U-containing precipitate was found by X-ray diffraction. This example
illustrates the utility of EXAFS spectroscopy in detecting adsorbed U(VI) in a complex sample.

Another recent application of micro-XAFS spectroscopy to actinides important in high level
radioactive waste involves a study of the interaction of Pu(V)aqueous With atered tuff from the proposed
Y ucca Mountain, Nevada high level waste repository [9]. Among other minerals, this tuff contains
clinoptilolite [(Na,K,Ca)2Al3(Al,S)2Si1303s[12H20] and smectite [(Na,Ca)Al(Si,Al)sO2(0OH)a-2(H20)]
coated with iron and manganese oxides. Micro-X AFS mapping of the reacted tuff showed that Pu(V)
is associated only with the manganese oxide coatings on smectite grains, and not with iron oxide
coatings or other minerals. Unfortunately, it is not possible to infer if the Pu(V) forms a true
adsorption complex on the manganese oxide from the XAFS data reported. However, this example
illustrates the need to know what phase(s) a particular solution species preferentialy sorbs onto in a
complex mixture of phases so that laboratory studies of sorption processes of actinides and other ions
make use of the appropriate model sorbents. The information from this study has very practical
applications as well to understanding how Pu(V)agueous might be retarded should it be released into a
groundwater aquifer.

Conclusions

XAFS studies of actinides in silicate glasses and melts or sorbed on mineral surfaces have
provided unique insights about their co-ordination environments not obtainable from other structural
methods. When EXAFS-derived inter-atomic distances and co-ordination numbers are combined with
the constraints on bonding from Pauling bond valence theory, it is possible to develop plausible
molecular models of medium-range co-ordination environments around actinides (out to a radia
distance of 4 A around the absorbing atom) in these materials. The examples included in this review
are illugtrative of the progress made in XAFS spectroscopy on oxide materials since it was first
introduced as a structural method almost 30 years ago. Over the next 30 years, it is likely that further
developments in XAFS spectroscopy methods, synchrotron X-ray sources, and X-ray detectors will
result in extensions of these types of studies to actinides in even more complex materials at smaller
spatial scales and lower concentrations than currently possible.
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Abstract

In order to develop molecules that will be good candidates for the extractive separation of the various
eements contained within nuclear fuels, 4f and 5f molecular chemistry has been the subject of numerous
studies. Thus, to better understand the ligand to cation interaction and to fine tune the theoretical
models, precise knowledge about the cation co-ordination sphere must be obtained. More precisdly,
both structural and electronic data must be acquired in order to define the role of the cation frontier
orbitals within the complex. To do so, various structural probes must be used, from vibrational and
nuclear techniques to X-ray spectroscopies. In the field of actinide solvent extraction, the species of
interest are in the solvent phase and both solid state diffraction methods and solvent phase X-ray
absorption spectroscopy have become of primary importance lately.

A number of Ln(l11) and Am(I11) complexes of the type M(NOs)sL12 (where M is either Ln* or Am®
and L is either the 2,2',6',2"-terpyridine (Tpy) or the N,N,N',N" tetraethylmalonamide (TEMA) ligand)
have been crystallographically characterised in the solid state. In order to obtain structural information
in the solvent phase, EXAFS L edge measurements have been performed on the cation (DCI ring at
the LURE facility). The overall contraction (-0.05 A) of the cation co-ordination sphere from Nd** to
Lu** reflects the decrease in the lanthanide ionic radii. With the TEMA ligand, this steric constraint
generates the elongation of one nitrate bond, leading to one formally monodendate nitrate for the late
Lnions. Comparison is made with the Tpy ligand.

In the case of Am* cation, comparison with isostructural Nd** shows that similar co-ordination
spheres are obtained, either with the TEMA or the Tpy ligands.
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I ntroduction

To better understand the role of the 4f and 5f orbitals in the bonding modes in lanthanide or
actinide organocomplexes, it is essential to describe the electronic and geometric structures of the
latter. We are working on the experimental and theoretical characterisation of actinide cations in order
to fine tune the design of new ligands that would be good candidates for the minor actinide(lI1)/
lanthanide(I11) (An(I11/Ln(l11)) separation. Fundamental data on lanthanide ions in the solvent phases
have been the subject of wide interest in the literature. lonic versus covaent relative character across
the lanthanide series, inner or outer sphere complexation mechanisms in various solvent phases or
structural characterisation of the Ln polyhedra are some of the problems to be addressed.

X-ray absorption spectroscopy (XAS) applied to actinide species has been greatly developed over
the past decade and has been shown to be a very powerful technique to probe the lanthanide and
actinide co-ordination sphere [1].

In this paper we present a summary of our current investigation of two series of lanthanide and
americium complexes in solution with oxygen or nitrogen donor ligands: Ln(l11) or Am(I11)/3NO3/
2TEMA (in ethanol) and Ln(111)/3NO; (in pyridine) (Ln = lanthanide ions, Am(I11) = trivalent americium
and TEMA = N,N’,N,N’ tetraethylmalonamide). Details about these results can be found in the
references[2].

Experimental

Absorption L edge spectra were recorded at both the LURE facility (Orsay, France) and the
Daresbury facility (Daresbury, UK). A double crystal monochromator (S 111 and Si 311) was used
for data collection. Data extraction was carried out using a polynomia function and Fourier
transformation was done in kCHI(k) (2.5-10.7 A™) using a Kaiser window. FEFF7 calculated phases
and amplitudes were used.

Details concerning data collection, data extraction and datafitting are provided in the references [2].

Results and discussion
Malonamide (TEMA) complexes of Ln(l11) and Am(I11) in the presence of nitrate counter-ion

The solid-state structure of Nd(NOz)sTEMA: is consistent with the expected stoichiometry of
complexes of TEMA with the Nd** ion and shows the bidendate behaviour of the malonamide ligands
[Figure 1(8)] [2(8)]. The Nd-O distances for the O atoms of the nitrate ions located on each side of the
plane defined by the TEMA molecules are systematically larger than those for the ions crossing the
plane, indicating a stress between the TEMA molecules and two nitrate ions in the co-ordination sphere
of the Nd*" ion. The increase in such stress for the complex with the smaller ion (Yb*) results in the
change in co-ordination number and the occurrence of one monodendate nitrate ion [Figure 1(b)].

For the XAS spectra related to the solvent phase, all EXAFS adjustments have been carried out
assuming as fitting initial conditions that six oxygen atoms are coming from the three nitrate groups
and four oxygen atoms are coming from the two TEMA ligands, giving a non-fitted number of 10 oxygen
neighbours. Even if this assumption does not account for likely co-ordinated water molecules coming
from the hydration water molecules of the solid Ln(I11) nitrates, it does satisfactorily account for the
overal complex structure. The expected decrease of the averaged Ln-O bond length <Ln-O> for



Figurel

(8@ Molecular structure of Nd(NO,),(TEMA),; displacement  (b) Molecular structure of Yb(NO,),(TEMA),; displacement
ellipsoids are represented with 10% probability [2(a)]. ellipsoids are represented with 10% probability [2(2)].

Ln=Nd, Eu, Ho, Yb, Lu given by the EXAFS measurements is in agreement with the reduction of
the Ln* ionic radius r3 when Zin increases from Nd to Lu: <Ln-O> = 2.53 A to 2.40 A and
rd* =1.107 A (CN = 8) t0 0.979 A (CN = 8) A, when Z.n = 60 to 71, respectively [3] (Figure 2).
Surprisingly, for the Yb and Lu cations, one of the oxygen atoms of one nitrate is moved away from
the lanthanide first co-ordination sphere (to about 2.8 A). This result compares to the solid-state
structure of Yb(NOs)3(TEMA)., which is made up of one monodendate and two bidendate nitrates.

However, in this solid-state structure, the two non-bonded oxygen atoms of the monodendate nitrate
arelocated at 3.54 and 4.38 A from Yb.

Figure 2. M-O bond lengthsin M(NO3)3(TEMA)2
solvent phase complexes (M = Nd, Eu, Ho, Yb and Lu)

(0,0,0,8 A, X represent the six oxygen atoms of the three nitrates;
A represents the averaged four oxygen atoms of the two TEMA ligands[2]
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The value of 2.83 A given by EXAFS is therefore low for a non-bonded oxygen of a monodendate
nitrate and can only be explained by a strong tilt of the NO; entity away from the cation. In that sense,
the lanthanide polyhedron may be viewed here as a 9+1 co-ordination mode instead of a 10 co-ordination
mode for the Nd to Ho species.

A comparison was made in the solvent phase with the americium(l11) complex. The americium(I11)
cation is often compared to that of Nd(IIl), as both ions are isostructural (rnagmy=1.109 A,
ramaiy = 1.09 A, CN = 8) and have the same stable oxidation state (I11). The EXAFS spectrum at the
americium L edge has been fitted using the same structural assumptions as for Nd(NOsz)3(TEMA):
and the averaged Am-O distances have been found to be 0.02 A shorter than the average Nd-O
distances. This confirms that the two cations form comparable complexes with O-bearing ligands with
similar polyhedrain identical experimental conditions.

Terpyridine (Tpy) complexes of Ln(l11)

The solid-state structure of [Nd(NOz):TpyH20][3Py [4] is a good structural model to study the
lanthanide nitrate co-ordination spherein pyridine (noted Py) since the Tpy ligand might be considered
as an assembly of three pyridine molecules.

There is already in the literature a number of X-ray structural data for the lanthanide complexes
with Tpy including those for nitrate-containing complexes with one to one Ln:Tpy molar ratio [5]. This
complex is ten-co-ordinated (Figure 3) and contains a terdendate Tpy ligand, three bidendate nitrate
anions and a co-ordination water molecule. The shortest distance in the Nd ion co-ordination polyhedron
isthat of Nd-O(H20), which is 2.396(2) A. The Nd-N distances are from 2.553(2) to 2.5952(14) A, the
Nd-O distances for three bidendate nitrate groups are from 2.5045(14) to 2.5467(14) A (five distances)
and the sixth distance (for the O(52) atom) is 2.648(2) A. The co-ordination polyhedron of the Nd(l11)
ion can be described as a distorted sphenocorona.

Figure 3. Molecular structure of [Nd(NOz)sTpyH20]3Py
Displacement ellipsoids are represented with 10% probability [4]
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The Fourier transformed (FT) EXAFS data of the Ln*/3NO; complexes in pyridine are presented
in Figure 4(a). As a starting assumption, the general formula of these complexes can be viewed as
LN(NOs3)nPym(H20),. Peak A accounts for the first lanthanide neighbours that are composed of n
nitrate ligands (0 <n< 3), m pyridine molecules bound to the Ln(lll) ion via their nitrogen atom
(m=0) and p water molecules (p = 0) that originate from the hydration water molecules of the solid
Ln(l11) nitrates used to prepare the solutions in Py. The decrease of Peak A distance to the absorbing
atom agrees with the lanthanidic contraction as shown above for the Ln/3NO3/2TEMA complexes.
In the second sphere, Peak B intensity decreases from Nd to Lu and Peak C intensity increases from
Nd to Lu. To date, the origin of this behaviour is still not clear. However, the symmetry of the nitrate
ligands may account for the second co-ordination sphere modification upon reduction of the cation
ionic size since Peak C has been attributed to a multiple scattering resonance of the nitrateions.

In Figure 4(b), a comparison is made between Ln**/3NO; systems in pyridine and Ln**/3CI~
systems in agueous HCl solutions. In the latter, the chloride anions have been shown to be
non-complexing [6] and the lanthanide cations are totally solvated by water molecules. Throughout the
lanthanide series, the averaged Ln-O(N) distances are larger for Ln**/3NO; systems than for Ln**/3CI
systems; this is attributed to the steric effect of the nitrate groups that form inner-sphere complexes in
pyridine versus the water moleculesin agueous medium.

Figure4
(@) FT of thelanthanide L, edgein the (b) Averaged Ln-O,N distances of the
Ln(NO),Py,(H,0), complexes in pyridine. From top to two series: Ln(NO),Py,(H.0), in pyridine
bottom: Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu. and LnCl,in 1.0 M HCI agueous solutions.
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Conclusion

These preliminary results show the complexity of the structure of the lanthanide co-ordination
sphere that depends on the counterion/solvent system. On the other hand, similar americium
experiments are to be carried out for comparison with that of Nd.

In summary, EXAFS was found a very valuable tool for the understanding of the co-ordination
modes of Ln(I11) and Am(I11) ions when involved in agqueous or non-agqueous solutions in interactions
with O or N-bearing ligands. In such systems, solid-state model structures are indispensable to
quantify the solvent phase structural evolutions.

This experimenta technique will certainly have a bright future in studies in the field of nuclear
hydrometallurgy.
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XAFS SPECTROSCOPY OF ACTINIDESIN THE SOLID STATE

Patrick G. Allen
Glenn T. Seaborg Institute for Transactinium Science, LLNL
Livermore, CA 94551

Abstract

Due to their complex electronic structure, actinides in solid-state systems display a number of unusual
physical phenomena that are normally not observed in agueous systems. Under appropriate conditions,
X-ray absorption fine-structure spectroscopy (XAFS) is a sensitive probe, and can be used to study
some of these effects. This paper will present recent results on: 1) anomalous background absorption
effects in actinide oxides and metallic systems, 2) influence of eectronic effects in XANES spectra
and 3) lattice distortions observed in the temperature-dependent EXAFS spectra of alpha uranium.

Anomalous background absorption effects are observed at the L, absorption edges of actinides in
oxides (AnO, where An=Th, U, Np and Pu) and metallic systems (U and Pu). These effects manifest
themselves and appear as difficult to remove “low-R” features in the EXAFS Fourier transforms.
Numerous theories have been proposed to explain similar features in other non-actinide systems, most
of which are referred to as atomic XAFS (AXAFS) or multi-electron excitations (MEE). Independent
of afundamental assignment, techniques for their removal as well as trends in these oxide and metallic
systems will be discussed.

Actinide L, XANES spectra are, in principle, assigned to a 2ps, — 6d transitions. In the electronic
model, edge positions and white line intensities may be described in terms of effective charge densities
and d-orbital occupancy at the valence level. However, features and trends in the XANES spectra of
actinide metals and oxides indicate that the 5f electrons also have an important role. Thisis likely due
to the proximity in energy of the 6d and 5f energy levels coupled with a breakdown in the dipole
selection rules that results from relativigic effects dominating over spin-orbit coupling schemes.
Effects are seen in U and Pu metal XANES spectra which may be attributed to 5f de-localisation
relative to more localised behaviour observed in the oxide systems.

In the vicinity of 40 K, apha uranium undergoes a subtle phase transformation which has been known
and studied for many decades. The phase transformation, ascribed to a charge density wave phenomenon,
is depicted by a lattice shift of specified U atoms within the orthorhombic lattice. U L,,-edge data were
collected on this system as a function of temperature. The ability of EXAFS to discern lattice shifts of
this nature in solid-state systems will be discussed.
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WHAT INFORMATION CAN BE OBTAINED FROM
XANES SPECTRA ABOUT THE LOCAL ATOMIC AND
ELECTRONIC STRUCTURESOF TRANSITION METAL OXIDES?

Rostislav Vedrinskii, Victor Kraizman, Alexander Novakovich,
Igor Maznichenko, Alexander Sakun, Alan Makoev
Rostov State University, Rostov on Don, Russia

Abstract

Tc K-XANES calculated within one-electron full multiple scattering method for compounds with
tetrahedral and octahedral co-ordinations of Tc atom are shown to be in good agreement with the
experiment. Mechanisms which cause the pre-edge structure in transition metal K-absorption spectra
in oxides are considered. It is shown that the pre-edge structure enables to obtain information about
local atomic order and about occupation of d conduction bands in the crystal. The dependence of the
energy of the main rise in Tc K-absorption spectra on interatomic distances, co-ordination numbers,
and type of ligands are studied.
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I ntroduction

X-ray absorption spectroscopy (XAS) is widely used for studies of local electronic and atomic
structure of condensed matter. XAS can provide valuable information for crystalline solids as well as
for amorphous materials and liquids, including dilute samples. Using hard X-rays one can perform
in situ measurements at storage ring facilities. This possibility is extremely useful for studies of
radioactive and hazardous materials.

X-ray absorption fine structure is separated naturaly into two parts:. EXAFS and XANES.
The mechanisms responsible for the EXAFS formation are rather smple and as a result the direct
methods were developed many years ago, enabling to obtain information on interatomic distances,
co-ordination numbers, atomic numbers of the atoms near the absorbing one, and amplitudes of atomic
vibrations. On the contrary, the mechanisms responsible for XANES formation are complicated and
thus no direct method for XANES processing similar to that for EXAFS has yet been elaborated.
Nevertheless there are some features in XANES which are used for the analysis of electronic structure
and loca atomic order around the absorbing atoms. We describe below the mechanisms of formation
of such features in K-absorption spectra of transition metals (TM) in oxides and illustrate them using
the Tc oxide spectra as examples.

The main rise of TM K-absorption cross-section in oxides occurs at about 10-20 eV above the
conduction band (CB) bottom. The difficulty is that the loca partia density of meta p statesis small
below the main rise since the low-energy CBs are constructed mainly by metal d-atomic orbitals (AO)
with small admixture of oxygen O 2p. Therefore the eectron transitions from the TM K-levd to the
states originated from the d CBs cause low intensity features in spectra, which are usualy called the
pre-edge fine structure (PEFS). The 1s - nd transitions are dipole forbidden for the free atoms but 1s
electron excitations to d CBs can become dipole allowed in condensed matter due to an admixture of
TM p states to the d ones. Since the degree of such an admixture and respectively the intensities of the
PEFS peaks are very sensitive to the loca atomic structure about the absorbing atom, PEFS can
provide valuable information on this structure.

Three mechanisms are responsible for the PEFS formation [1]. The first is caused by excitations
of the TM 1s dectrons to the lowest unoccupied CBs of a crystal which are formed mainly by TM
d AOs. The TM 1s electron transitions to these CBs are caused by the hybridisation of the diffuse
p-symmetry orbitals of the absorbing TM atom with d AOs of the TM atoms close to the absorbing
one and O 2p AOs. The energies of such MOs are weakly affected by the potential of X-ray core hole
and the peaksin PEFS caused by this mechanism provide a sufficiently precise energy reference of the
empty conduction bands arising from the corresponding MOs. This mechanism causes noticeable
peaks in the PEFS only if neighbouring TMOn polyhedrons share one or more oxygen atoms with the
polyhedron containing the absorbing TM atom. The intensities of these peaks are determined by the
type of octahedron conjunction in the crystal lattice. For example, in the perovskite structure crystals,
such as PbTiOs, the PEFS peaks caused by transitions to the tog MOs of the near-by TiOe octahedrons
are not observed at all or they are very weak, whereas transitions to the ey MOs take place. On the
other hand transitions to the both ey and t2g M Os of the near-by TiOs octahedrons take place in the case
of rutile crystal.

The second mechanism is the well-known quadrupole transition mechanism, which allows direct
transitions of the TM 1s electrons to the ey and tzg MOs of the TMOn polyhedron containing the
absorbing TM atom. Despite their weak intensities the peaks caused by this mechanism can be
unambiguousdly identified in the experimental spectra of the single crystal sample due to the specific
dependence of their intensities on the direction and polarisation of incident photons. Using this
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dependence measured for single crystals it is possible to determine which d orbitals are empty and
which are occupied. The studies carried out for the NiO single crystal [2] have shown that al the tog
MOs are occupied whereas there are empty e; MOs. The d MOs of the TMOn polyhedron containing
the absorbing TM atom are highly localised within its atomic sphere and, therefore, these MOs are
strongly shifted down by the K-hole potential. The values of such shifts are about 3-4 eV.

The third mechanism causes the dipole transitions to the same MOs as the second. Such transitions
are forbidden if absorbing atoms are disposed in the centrally symmetric positions but they can occur
for the lack of inverse symmetry about the absorbing atoms, for example in the case of tetrahedral
co-ordination of TM atoms. In the case of octahedral co-ordination of TM atoms, the inverse
symmetry can be broken by static distortions or thermal vibrations. As a result eg and tog MOs of the
octahedron containing absorbing TM atom become weakly hybridised with p orbitals of this atom.

The difference of the energy position of the main edge in K spectra in different compounds,
so-caled chemical shift, is often associated with the variation of the K-level energy caused by
changing the TM atom charge in a compound [3]. As a matter of fact this shift can also be caused by
other reasons such as change of interatomic spacing, co-ordination number, atomic number of nearby
atoms, and so on. The analysis of possible casesis carried out in the present paper.

For XANES calculations a traditional full multiple scattering method is used. It is described
briefly in the next section. The multiple scattering method is the one-electron method, which seemsto
be unsuitable for calculating the spectra of TM atoms in paramagnetic state. Nevertheless it appears
that using spin-dependent one-electron Xa potential, one is able to calculate XANES in K-absorption
spectra for magnetically ordered systems in good agreement with the experiment [4]. Spin-dependent
potential calculated using the local spin-density prescription of von Barth and Hedin along with the
Hedin-Lundqvist self-energy was employed for Fe K-edge XMCD [5].

Method for calculations

Using a one-electron approximation and including dipole and quadrupole terms of the
photon-electron interaction operator one can express the X-ray absorption cross-section (XACS) for
an atom in a polyatomic system through the photoelectron Green's function (GF) G(r,r',€) using the
equation:

e HmIc];?(r)erG(r,r',s)er'@(r')d3rd3r' (1)
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where ¢°() is the cross-section of the photoionisation of the atomic core level i in the isolated
atomic sphere number O by the linear polarised X-ray wave with the frequency w, e isthe eectric field
vector (polarisation vector) of the X-ray wave, k is its wave vector, ¢i(r) is the wave function of the
atomic level i, and € is the photoelectron energy determined relatively to the muffin-tin (MT) zero
(Ewmr) of the crystal potential.

In order to calculate the GF in the continuum the full multiple scattering method [6-8] which
employs MT approximation for the crystal potentia is the most suitable. This method is based on the

equation which connects the GF G(r, ', €) in the co-ordinate representation with the GF matrix G[‘[f in



the so-called “orbital momentum-number of the atom” representation. We present this equation for the
specia case when both vectorsr, r' are inside the same atomic sphere number O:

G(r,r',s) r r' s + f Z (8145 ( )Gfﬁ R( )YL,(F') 2

where Go(r, r', €) is the GF for the isolated atomic sphere, Y, (F) is the real spherical harmonic

L= (I,m),  isaunit vector directed along the vector r, & is the partia scattering phase shift for the
electron wave with the orbital moment | scattered by the O-th atomic sphere, f is a coefficient

(f = (2m/h2)3/2\/§), R(e,r) is a regular solution of the radial Schrodinger equation for the electron

with the orbitd moment | and the energy € in the atomic sphere number 0. The solution R(g,r) is
normalised on the surface of the atomic sphere by the following boundary condition:

R (er,)=j (kr,)cosd, —n (kr,) sing, ©)

where ro is the radius of the atomic sphere O, Kk is the electron wave number, and ji and ni are the
spherical Bessel and Neuman functions.

Substituting Eq. (2) into Eq. (1) the XACS can easily be expressed through the GF matrix G, .
For instance, the expression for the K-XACS obtained within the dipole approximation is the following:
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For calculating the GF matrix G[‘B the following system of linear algebraic equations should be
solved [6,7]:
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where t" is the partial scattering t-matrix for the n-th atom in the crystal and the electron orbital
moment |, g/, isthe coefficient in the bicentral expansion for the free electron GF.

The core hole influence on the absorbing atom potential breaks the trandational symmetry of the
crystal potentia and the system of EqQ. (5) can be solved in this case if one employs the cluster
approximation for the crystal and, besides, restricts the number of the orbital moments included in the
summation in Eqg. (5). The correct choice of the representative cluster is the important point of the full
multiple scattering method [1]. To include the finite lifetime of the electron-hole pair appearing at
the final stage of the photoionisation process we have smeared the spectra taking into account that
the photoelectron lifetime in the medium rapidly decreases with the increase of the photoeectron

energy €.



The cluster potential construction

In the present paper as in the previous one [1] we approve a semi-empirical non-self-consistent
approach to the cluster potentia construction assuming that the most important point for the XANES
calculations is keeping the correct vaues of the relative energies of the atomic valence levels and/or
atomic scattering resonances for different atomsin the crystal. The potentia inside an atomic sphereis
considered to be a sum of a free atom self-consistent potential and a constant value (potential shift)
simulating both the Maudelung potential and the change of the potential caused by redistribution of
the electron density inside the atomic sphere. To estimate the potential shifts one can compare the
energies of the atomic levels with those determined by the self-consistent band calculations or with
some experimental data. The potential outside the cluster is considered to be equal to the average
interstitial potential (MT-zero). This means that we ignore the reflection of the electron waves from
the atoms being outside the cluster chosen.

The electron density inside each atomic sphere is considered to be equal to that of the
corresponding free atom obtained with the usual Herman-Skillman procedure [9] using the exchange
parameter o taken according to the Schwarz prescription [10] (o = 0.75). At the same time the potentials
used for the t-matrix calculations for the vacant electron states in the continuum are determined using
o = 0.5-0.6 which is dlightly decreased in comparison with that of Schwarz. Schwarz has chosen the
o value in order to fit the occupied state energies to those of Hartree-Fock, consequently the X«
potential for the occupied electron states redly includes two terms. the first one smulates the
exchange potential and the second cancels the electron self-interaction. Of course, the second term
should be excluded for calculating the vacant electron state wave functions in the continuum. To do
thisin asimple way we propose to decrease the a value.

The eectron configurations for al the atoms in the cluster excluding the absorbing one are
chosen to coincide with those for the neutral free atoms in the ground state. The configuration of the
absorbing atom has been chosen to include extra atomic screening of the core hole. In the case of the
metals or covaence crystals the compl ete extra atomic screening leads to the increase of the valence
shell occupation by one electron (Z+1 model) [11]. In the case of ionic-covalent crystals the screening
charge should be dightly less than the whole eectron charge. It is worth noting that self-consistent
cluster calculations systematically overestimate the screening charge in such crystals. It is clearly
observed in calculations of Ti K XANES in PbTiOzs [8], where the energy of the pre-edge structure
and its shape are not in accordance with the experiment. Such calculations do not alow carrying out
the analysis of the pre-edge structure. Thus, we consider the screening charge as an adjustment
parameter [1,12,13]. It was shown that the best agreement with the experimental K-XANES in the
case of the d meta oxidesisreached if one increases the d-shell occupation of the ionised TM atom by
0.8 electron. Such aresult seemsto be quite reasonable. This model of the core-hole potential is called
the model of incomplete extra atomic screening. Of course, it should be understood that this model can
not be justified rigorously. We use it for the simple simulation of the complicated dynamic processes
which occur during X-ray absorption. Nevertheless our studies have shown that the model proposed
enables us to calculate the TM K-XANES for various TM oxides in good agreement with the
experiment [1,12,13].

Some additional complications occur for the compounds containing TM atoms in a paramagnetic
state. These complications are caused by interaction of photoelectron with the unfilled d shell of an
absorbing atom and necessitate taking into account Pauli’s principle with the one-electron calculation
method. We assume in the present paper that electron-electron interaction leads only to some
additional smearing of the pre-edge structure. We will explain how to include Pauli’s principle using
as an example the Tc K-spectrum of TcOs..



Comparison of calculationswith experimental spectrafor Tc K-edge
Tc K-edge XANES in compounds with tetrahedral co-ordination: p-d-f mixture

The accuracy of the multiple scattering method based on MT approximation for the cluster
potential for calculating Tc absorption spectra is not evident beforehand, especialy in the pre-edge
region, due to the large radius of 4d-wave function of Tc atom. Therefore calculations of the spectra
with unambiguous interpretation of pre-edge singularities are good tests for vaidity of the proposed
approach. A common feature of al the K-edge XANES of 3d or 4d TM atoms in tetrahedral
environment is a noticeable peak in the pre-edge region. The origin of this peak is absolutely clear.
The lowest unoccupied molecular orbitals (LUMO) of TMO4 tetrahedron constructed from metal
3d (4d) states and ligand p states have a great admixture of metal p states because X, v, z states and xy,
yz, Xz states are transformed within the same irreducible representation of Ta group. Therefore
transitions of 1s electron to these LUMO are alowed by dipole selection rules and intensities of such
transitions are great.

Spectra chosen for the analysis are Tc K-XANES of a liquid sample 1.3 mMol/L NaTcOas(ag),
and of acrystal KTcOa4 [14]. EXAFS analysis shows that the Tc atom in the solution is surrounded by
four oxygen atoms at a distance of 1.72+0.01 A [14]. The XANES for this compound is caculated
employing the five-atomic cluster TcO4 with oxygen atoms disposed in apexes of regular tetrahedron
and Tc-O separation equals 1.72 A. The crystal lattice of KTcOs is constructed by tetrahedrons TcOs
with Tc-O separation 1.71 A. Different tetrahedrons have no common oxygen atoms. Tc K-XANES
for KTcOs4 is calculated employing the 55-atomic cluster (TcOs)K1o(TcOas)s. Scattering phase shifts
with | = 3 for Tc, with | = 2 for K, and with | = 1 for O atoms are included. The model of the cluster
potential described above is employed. Comparison of the calculated and experimental spectra is
presented in Figure 1. The intensities of experimental spectra are normalised in order to provide the
same absorption step as calculated spectra. The energy of Peak A in the experimental spectra is
adjusted to that of the calculated ones. Calculated spectra are convoluted with Lorenz function. Its full
width equals 7 €V in the region of the pre-edge peak. One can see that the energy splitting between
Peaks A and C and the intensity of Peak A relative to the atomic background absorption in both cases
are excdllently reproduced in calculations.

To understand the origin of Peaks B and C we calculated the spectrum of TcOas in the same
cluster assuming that f-partial scattering phase shift at Tc atom equals zero and comparing the result
with the previous calculations. This comparison is presented in Figure 2 along with the f-partia
scattering phase shift (spectrain Figure 2 are not smeared for clarity.) The behaviour of the f-scattering
phase shift testifies to the existence of f resonance at an energy of about 40 eV above MT-zero level.
It is evident that inclusion of the f-scattering phase shift causes the appearance of additiona features
with the complicated shape in K-spectrum at an energy close to that of f-resonance. Thus one observes
in Tc K-spectrain tetrahedral co-ordination the effect caused by mixture of Tc p states with the both
Tc d and f states. We call this phenomenon p-d-f mixture. Peaks B and C are pronounced better in the
spectra of acrystal than in those of a complex because the f resonance influences on these spectra not
only via p-f mixture at the absorbing atom but also via sharp changing of scattering characteristics of
neighbouring TcOs tetrahedrons.

Tc K-edge XANESin TcO2
TcO: crystal has arutile-like crystal structure. In this structure each Tc atom is surrounded by six

oxygen atoms, which form dightly distorted octahedrons. Therefore the p-d mixture will weakly
influences the Tc K-spectra. On the contrary, since in rutile structure nearby TMOs octahedrons share
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Figure 1. Tc K-XANESin TcO4 complex
(.3 mMol/L NaTcOas(aq)) (left pand) and in KTcOa crystal (right panel)

Experiment [14]: open circles, calculations: solid line. Calculated absor ption cross-sections are given in Mb,
experimental spectra in arbitrary units. Energy reference of experimental spectra is chosen to fit the position of Peak A.
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Figure 2. Theinfluence of Tc f-scattering resonance on Tc K-spectrum in TcO4 complex

o-f partial scattering phase shift: dashed-dotted line; unsmeared Tc
K-spectrum: solid line; the same spectrum calculated assuming & = O: dashed line
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common apexes and edges, the transitions to the neighbouring octahedrons have to take place. The Tc
K-absorption spectrum is calculated for 55-atomic cluster which contains 11 complete TcOs
octahedrons: the central one containing absorbing Tc atom, and all the octahedrons which share at
least one oxygen atom with the former. The Tc atom in TcOz crysta has three 4d el ectrons which fill
MOs with t2g symmetry. We assume for simplicity that spin moments of al Tc atoms in the crystal
have the same direction. The spectrum calculated for the case of unpolarised radiation and only dipole
transitions being taken into account is presented in Figure 3. Unsmeared spectrum consists of a great
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Figure 3. Unsmeared Tc K-spectrum in TcO: crystal;
enlarged pre-edge structureisshown in inset
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number of narrow peaks. Such structure is typical for rutile-like crystals. The pre-edge is shown
enlarged in the inset. Peak A is caused by the excitations of the Tc K-electron to the tzg MOs of the
neighbouring octahedrons, whereas Peak B is caused by the excitations to the ey ones. To prove this
statement we have changed dightly the potential shift for neighbouring Tc atoms. Energies of Peaks A
and B change together with the potential shifts. At the same time, changing the potential shift for the
absorbing Tc atom or for O atoms practically does not affect the energies of Peaks A and B.
Unfortunately, we could not find a simple interpretation for Peak C. The GF multiple scattering
one-electron method yields transitions to both empty and filled fina state. Since only three of six tag
MOs are empty one has to include Peak A into the resulting spectrum with a weight equalling 0.5.
The comparison of the smeared calculated spectrum with the experimental one [14] is presented in
Figure 4. The great width of K-level for Tc atom aong with instrumental resolution leads to the
transformation of the distinct Peaks A, B and C into weak though visible features at the beginning of
the main rise of the spectra.

Figure4. Tc K-XANESin TcO: crystal

Experiment [14]: open circles, calculations: solid line. Calculated absor ption cross-sections are given in Mb,
experimental spectra in arbitrary units. Energy reference of experimental spectra is chosen to fit the main rise position.
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Dependence of Tc K-edge main rise on the nearest environment

The energy of the main rise of the K-absorption spectra of the identical TM atoms in different
compounds may significantly differ from each other. This shift, often called a chemical shift of the
K-edge, is often employed for determination of the oxidation state of TM atoms in compounds [3].
Meanwhile the shift is determined not only by the change of the binding energy of K-level but also by
the change of spacing, co-ordination numbers, atomic numbers of the atoms near the absorbing atom,
etc. In order to study the influence of short-range atomic order on the energy of the main rise we have
carried out model calculations of the K spectrafor the clusters TcLn whereL = O or Cl; n=4, 6, 8, 12.
The clusters used are regular polyhedrons with n apexes and Tc-L distances equal to 1.98, 2.35 and
2.165 A. The first distance is characteristic for Tc-O bond length in TcO. whereas the second for
Tc-Cl in (NH4)2TcCle [15]. We should like to emphasise that the potential inside Tc atomic spheres
and in the interatomic region remains unchanged in all the clusters, thus only the influence of
interatomic distances, co-ordination numbers and kinds of ligand atoms has been studied. Asusual, the
energy of the inflection point at the main rise was considered as the edge position. The results of the
calculations are presented in Figure 5. One can conclude that al the factors mentioned above
significantly change K-edge energy. The results obtained explain the K-edge shift for spectra of TcO2
and (NH4)2TcCls where Tc atoms have the same valence. As follows from Figure 5, this shift equals
about 4 eV which is in reasonable agreement with the experiment [15]. It seems that the well-known
correlation between TM atom oxidation state and chemical shift of the K-absorption edge is mainly
caused not by the change of the TM atom €electric charge but by the change of the distance between
these atoms and nearby anions.

Figure5. The dependence of the main rise position in the
Tc K-spectrum of TcLn cluster. L =0, Cl; n=4, 6, 8, 12.
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Conclusion

The analysis of the PEFS in TM K-spectra in oxides enables to obtain direct information about
the symmetry of TM co-ordination polyhedron, small displacements of TM atom from the centre of
the TMOs octahedron, type of linkage of TMOn polyhedrons in the crystal lattice. The experimental
studies of the chemical shift of TM K edge together with the theoretical calculations of the main rise
shape enable to determine the oxidation state of TM atoms in different compounds.
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THE REDOX SPECIATION OF NEPTUNIUM IN ACIDIC AND ALKALINE SOLUTIONS

L. Soderholm,! M.R. Antonio,® C.W. Williams,* J.C. Sullivan,* S.R. Wasser man,? J-P. Blaudeau®
'Chemistry, °XFD Divisions, Argonne National Laboratory, Argonne IL 60439 USA
%0Ohio Supercomputer Centre, ASC-HP, 2435 West 5" St.B76, WPAFB,OH 45433 USA

Abstract

Newly developed in situ capabilities at the Advanced Photon Source have been used to obtain X-ray
absorption spectroscopy (XAS) data from Np in agueous solutions. L-edge XAS data have been
obtained from acidic solutions in which Np was dectrochemically stabilised in the (I11) to (V1) states.
A purpose-built electrochemical cell [1] housed in appropriate safety containment allows the acquisition
of XAS datawhile the solution is maintained under controlled applied potentials. This electrochemical
cell has been used in a proof-of -concept experiment designed to demonstrate the use of X-ray absorption
near-edge structural (XANES) data for the determination of thermodynamic formal potentials. XANES
data were obtained at a series of applied potentials from a 1 M perchloric acid solution containing
5mm Np. The relative concentrations of Np redox species as a function of applied potential were
extracted from the data using principal component (factor) analyses. The formal potentials determined
for the Np(V1)/Np(V) and Np(IV)/Np(l11) couples agree with those previously published. Extended
X-ray absorption fine structure (EXAFS) data were obtained from the same solution, held at potentials
chosen to optimise the concentration of a single Np redox species [2]. These data have been used to
verify the co-ordination environment of Np ions as a function of oxidation state. Density functional
theory (DFT), ssimple geometric modelling and results from the EXAFS data analysis are in agreement
for the co-ordination environment of Np(I11).

In arelated set of experiments, L-edge XAS data of Np(V), Np(V1) and Np(V1I) were obtained from a
basic solution. The Np oxidation state was varied by sparging the solution with ozone. Data were
collected as the sample was sparged and also after the sparging gas was turned off. Np optical data were
obtained in the same XAS cdl and confirm the oxidation of Np(V1) to heptavalent Np. The concentration
of Np(VI1) was determined using trivalent Cr as a quantitative reductant. The Np(VIl) co-ordination
environment determined from both the XANES and the EXAFS data analyses are consistent with a
previoudly reported NMR data interpretation [3]. DFT calculations on the co-ordination environment
of Np(VI1) support the experimental results.
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QUANTUM CHEMICAL CALCULATIONSON
STRUCTURES OF ACTINIDE COMPLEXES

Satoru Tsushima,* Tobias Reich
Institut fur Radiochemie
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Germany

Abstract

The results of our recent theoretical calculations on the structures and the hydration numbers of
actinide complexes are discussed together with EXAFS data. The hydration number determined from
the calculated Gibbs free energy (inclusive of the solvation energy) was found to be different from the
hydration number determined from the eectronic energy a 0K, 0 am. The roles of entropy and
solvation energy were found to be important with regard to the stability of the actinide complexes.
The structures of the aqueous uranyl complexes obtained by EXAFS measurements were compared
with the structures obtained by “gas phase’ quantum chemical cdculations. The importance of including
the secondary co-ordination shell and counter-ions is discussed in this paper.

* On leave of absence from the Department of Quantum Engineering and Systems Science, The University of
Tokyo, Japan.
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I ntroduction

Quantum chemical ab initio calculations are capable of predicting various properties of molecules,
including the structures, vibrational frequencies, formation energy and so on. Calculated properties are
quite useful to gain further insight into actinide co-ordination chemistry. In order to do this, however,
it is crucial to comprehend the correspondence between the calculated properties and those obtained
by experiments. The purpose of the present work is to perform ab initio calculations of the actinide
(uranium) complexes, determine their structures and co-ordination numbers, and to discuss the validity
of the theoretica method for studying actinide complexation. This paper mainly consists of three
parts. First, the co-ordination number of the uranyl ion, second the structure of the uranyl dimeric
complex and third the structure of the uranyl carbonate complex.

Calculations

The GAUSSIAN 98 package of programs [1] was used for the calculations, which are based on
density functiona theory (DFT). The B3LY P hybrid density functional method (Becke' s three-parameter
hybrid functional using the LY P correlation functional [2,3]) was used since this method is known to
reproduce accurate geometries and thermochemistries for uranium (V1) complexes [4,5]. Spin-orbit
effects were not included since they are less important for the closed shell system that is considered
here.

The calculations employed Hay’s effective core potential (ECP) and corresponding basis set
(without g function) for the uranium atom. The uranium core comprises the electronsin al shells up to
and including the 4f* and 5d" shells leaving the outer 6s* 6p° and the outer six valence electrons
(5f, 6d, 7s, 7p) treated explicitly using a[3s 3p 2d 2f] contracted Gaussian basis. The 6-31G* basis set
was used for oxygen, and the 6-31G basis was used for hydrogen [6] during the optimisation
calculations. The 6-31++G* basis set was used for oxygen and the 6-31++G** basis was used for
hydrogen [7] for the energy calculations. The geometries were not restricted to symmetry constraints
and were fully optimised.

Zero point energy correction and thermal corrections (vibrational, rotational and trandlational)
were made to the electronic energy:

E = Eelec + ZPE + Evib + Erot + Etrans
Gibbs free energy G was calculated from:
H=E+RT
G=H-TS

where Ris the gas constant, T is the temperature, H is the enthalpy and Sis the entropy. The entropy
was cal culated from the temperature-dependent partition function.

The solvation energy was calculated using the Polarised Continuum Model (PCM) method
developed by Tomasi and co-workers [8]. Scaling factor 1.2 was used for the definition of the solvent
accessible surface of al elements except hydrogen. Thus, the radius of each atomic sphere was
determined by multiplying the van der Waals radius by the scaling factor. Since the pressure
parameter p =1 am used by the GAUSSIAN 98 program corresponds to the hypothetical ided gas



phase pressure, the pressure parameter p =1 354 atm was used to reproduce the entropy effect of
concentration on Gibbs energy in agueous solution [9]. It is calculated from p=pwRT and
pw = 997 kg/m?®, which corresponds to the experimental density of liquid water at room temperature.

Hydration number of uranyl ion

According to previous theoretical studies [10,11], the hydration number of the UO%" ion is 5.
Therefore in the present paper, the clusters of UO,(H,0)# and UO,(H,0)2* were investigated.
Three different structures were compared for each cluster.

For UO,(H,0)2", thethree different structures being examined are:

1) Five water molecules are in the first solvation shell around the UO3* ion [ UO3*-5H,0,
Figure 1(a)].

2) Five water molecules bond to the UO3* ion but there are four water molecules in the first
solvation shell and one water molecule in the second solvation shell [ UO3*-4H,0-H,O**,
Figure 1(b)].

3) Four water molecules are in the first solvation shell around the UO%" ion and one water
molecule bonds to the firgt shell water molecule through hydrogen bonding [ UO3*-4H,0-H,O*,
Figure 1(c)].

For UO,(H,0)Z , thethree different structures being examined are:
1) Six water molecules arein the first solvation shell around the UO%" ion (UQO3%"-6H,0).

2) Six water molecules bond to UO3" ion, but there are five water molecules in the first
solvation shell and one water molecule in the second solvation shell (UO3*-5H,0-H,O**).

3) Five water molecules are in the first solvation shell around the UO3%" ion and one water
molecule bonds to the first shell water molecule by hydrogen bonding (UO3*-5H,0:H,0*).

Table 1 shows the Gibbs free energies and the binding energies of the different clusters in the
agueous system. The binding energy of UO,(H,0)2* clustersin agueous solution was determined as:

AEuog"mHgo = Euog*mHzo - (EU022+ + nEHzO)

where E;. is the energy of the UO3" ion and E,,, isthe energy of the water molecule, which were

calculated using the same basis sets. All energies are the Gibbs free energy after adjustment for the
concentration in the liquid (p= 1354 am) and include the PCM solvation energy. It argues that

among the structures of UO3*-5H,0, UO%"-4H,0-H,O** and UO3%"-4H,0-H,O*, the structure of
UO3"-5H,0 has the lowest binding energy. Its binding energy in liquid phase is 11.7 kcal/mol lower
than UO2%"-4H,0-H,O** and 3.4 kcal/mol lower than UO3"-4H,0-H,O*. It indicates that among these

three structures, the structure with five water molecules in the first solvation shell is more stable than
that with four water molecules in the first co-ordination shell. On the other hand, among the structures
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of UO%-6H,0, UO% -5H,0-H,O0** and UO% -5H,0-H,0O*, the structure of UQO%"-5H,0-H,O* hasthe
lowest binding energy; in liquid phase the binding energy is 7.5 kcal/mol and 21.5 kcal/mol lower than
UO03*-5H,0-H,0** and UO3"-6H,0 respectively. The structure of UO3*-5H,0-H,O** isthe lowest in
energy. It illustrates that the structure with five water molecules in the first solvation shell is more
stable than that with six water moleculesin the first solvation shell. In addition, the structure where the
second shell water molecule connects to the first shell water molecule by hydrogen bonding is more
stable than that of the second shell water molecule which directly bonds to the UO3%" ion. This
demonstrates that five water moleculesin the first shell can form the most stable complex with UO3*,
the co-ordination number of water molecules around the UO2" ion in the first solvation shell being 5.

There is one point that must be emphasised here. All the above-mentioned binding energies are
those in liquid phase. From Table 1 it is clear that the binding energies of UO,(H,0)%" based on “gas
phase calculation” are overestimated, and that the hydration number 4 is designated the most stable.
That means that the solvation energy and the entropic contribution to the free energy account for a
large portion. Since pentavalent uranyl ion has large solvation energy, asmall change in the ion cavity
might result in significant change in solvation energy. If the hydration energy and entropy effect are
not included into the energy, results for the binding energy will be wrong, and thus the co-ordination
number will also be wrong.

Dimeric uranyl hydroxide complex (UO,),(OH)%

Solid-state structures of the uranyl hydroxide dimer indicate that two uranyl groups are connected
viaadouble OH bridge for the uranyl dinuclear complex, (UO,),(OH)3*. Theinitial structure of our
calculation is thus based on this principle (Figure 2). At severa levels of theory, we have optimised
the structure of (UO,),(OH),(H,0)% . Generaly, the choice of the basis set is very important for
reliable calculations. Computation time, however, is proportional to some power of the number of the
basis functions. Therefore, it is always very important to find a compromise between the accuracy and
the computation time. Schreckenbach, et al. [4] argues that the use of the 6-31+G* basis set is a
reasonable choice for the calculation of the uranyl hydroxide monomer. We had obtained a different
finding during the calculations of the uranyl hydroxide dimer. By adding a set of diffuse functions to
the oxygen basis (6-31G* - 6-31+G* - 6-31++G*), we observed a small change in the uranyl axial
bond, but considerable lengthening of the U-Ogy bond by up to 0.04 A. The effect on the U-U bond
length is also significant. The U-U bond length increased from 4.06 A to 4.09 A (6-31G* - 6-31+G*),
and then decreased to 4.04 A (6-31++G*). The addition of a polarisation function to the hydrogen
(using 6-31++G**) had only a small influence on the result, leading to a contraction of U-Oax bond
lengths by 0.006 A, and a lengthening of the U-Oqy bonds by 0.02 A. Thus, we consider that the
calculation of uranyl hydroxide complex should be carried out at least at the 6-31++G* level of theory.

Our calculation suggested a “bent” O=U=0 structure for the uranyl dimer, having an O=U=0
angle of 169-171 degrees. The ab initio ECP calculation at the Hartree Fock level by Wadt [12] gave
the correct cis bent and trans linear structures for ThO, and UO3", respectively. ThO, (6d%5f°) is cis,
bent (122 degrees) because it alows Tedonation from the two oxygens to two independent 6d orbitals,
with a single 6d orbital shared. UO% (6d°5f°) is trans, linear because of the participation of its 5f
orbitals. This calculation, however, does not exclude the possibility that the UO2%" ion may show
deviations from the 180° angle. Theoretical calculations of the bare UO3* ion at the BP86 and the
MPA(SDQ) levels by Ismail, et al. [13] gave bent uranyl ion, the bending of 2° and 98°, respectively.
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A significant bending of the uranyl at MP4(SDQ) level of theory indicates failure of the perturbation
theory. It was concluded that the multi-configurational aspect of the wave function invalidates the
MP2 and MP4 approaches. On the other hand, the B3LY P method gave reliable results.

There is a genera agreement that the uranium 6d orbitals are involved in 1t bonding in the
0O=U=0 moiety. Clark, et al. [14] argue that the OH™ ligand is a strong 1t donor in uranyl hydroxide,
which results in the competition of the 6d g, orbitals between oxo and hydroxo ligands. In fact, Dai,
etal. [15] reported a red shift of the U(VI) charge transfer (CT) band (~410 nm) upon dimeric
complexation. It indicates an electron transfer to the uranyl moiety from the equatorial plane. Having
two Tedonating oxygens in the equatorial “ortho” positions, (UO,),(OH),(H,0)2* would have a

significant asymmetry in the Tt orbital structure around the uranyl moiety, which probably favours the
bending of the O=U=0 against the OH™ ligand. A Raman spectroscopic study by Fujii, et al. [16]
indicated that the polarisability of the U-Oax bond in (UO,),(OH)3" is 10-50% higher than that of
UO?%", suggesting a“bent” (UO,),(0OH)% .

The present study has shown that the uranyl hydroxide dimeric complex has a “bent” O=U=0
angle. It is thus not appropriate to constrict to linear O=An=0 angle during the quantum chemical
calculations of actinyl complexes. It is not surprising that other ligands might contribute to the
formation of more bent O=U=0. Studying the O=An=0 angle may provide further insight into the
axial and equatorial bondings of the actinyl complexes.

Uranyl carbonate complex

The structure optimisation of UO,(H,0)2* and UO,(CO;)4~ complexes were carried out using

6-31G*, 6-31++G, and 6-31++G* basis sets for H,C and O. The calculated U-Oax and U-Oeq bond
lengths are given in Table 2 along with EXAFS measurement data. The EXAFS data show that U-Oax
bond length of uranyl hydrate and urany! tricarbonate does not greatly deviate. The calculated U-Oax
for UO,(H,0)2" and UO,(CO,)4 is ,however, as different as ~0.08 A. Obviously, the theoretical

calculation serioudy overestimates the U-Oax bond length of the UO, (CO;)4 complex.

The carbonate ion, CO3-, has a resonance structure, and the carbon atom in the centre is connected
with three equivalent oxygen atoms. Each oxygen atom has an effective charge of -2/3. We have
carried out the optimisation calculation of the carbonate ion CO% a 6-31G, 6-31G*, 6-31G**,
6-31++G and 6-31++G* leve of theories. At all levels of theory, we obtained only positive vibrational
frequency. If the diffuse function is not added in the basis function, the effective charge of oxygen is
too negative (-0.80 at the 6-31G level, -0.81 at the 6-31G* and 6-31G** levels). But the addition of
diffuse function gave the oxygen effective charge close to -2/3 (-0.68 at the 6-31++G levdl, -0.63 at
the 6-31++G* level). Thus, the diffuse function is mandatory in the calculation of the carbonate ion
and carbonate complexes.

In the calculation of uranyl tricarbonate, however, we did not observe a significant impact of the
addition of the diffuse function into the basis functions. It dightly changed the U-Oax bond length
(~0.01 A) but had more impact on U-Oeq bond length (~0.04 A). This is probably because the
interaction between the uranyl and the ligand is mainly eectrostatic, and changes of equatorial ligand
have no apparent influence on the axia bonding. It thus seems curious that the carbonate
complexation significantly lengthened the U-Oax bond distance compared to the hydrate.

57



We have further studied this point by looking into HOMO and LUMO energies and their major
orbital characters of the uranyl tricarbonate complex. According to Schreckenbach [4] and Hirata [17],
the equatorial oxygen p orbitals are the main contributors of the HOMO and the nearly lying occupied
MOs in uranyl hydrate, hydroxide and uranyl nitrate complexes. The LUMO and the near lying
unoccupied MOs mainly consist of U 5f AOs. These facts suggest that uranyl hydrate and its complex
have similar orbital character for the HOMO and LUMO and the near lying MOs. However, at the
6-31++G* level, orbitals near HOMO and LUMO of uranyl tricarbonate consist of an admixture of
various Aos, suggesting the failure of the calculation. It is often pointed out that the calculation of
highly negatively charged ion tends to fail.

We have carried out the structure optimisation of Liebigite, Ca,UO,(CO;)3. Because two

calcium atoms cancel the negative charge of the carbonate ligand, the calculation for Liebigite does
not have the problem with the charge. The calculated structure at the 6-31++G level of theory is given
in Table3. By adding two calcium atoms, the two U-Oax bond distances shortened by 0.05A
compared to UO,(CO,)4 . But the EXAFS measurements give 1.80 A for the UO,(CO,)4 and

1.81 A for Ca,UO,(CO,)?, suggesting that the U-Oax bond length is almost equal in these two

species. Thus, we consider that the presence of the positively charged atom has solved the problem
with the negative charge of the carbonate complex. In fact, the calculated structure of Liebigite does
not deviate too much from the structure obtained by experiments. The addition of 10 hydration waters
(Ca,U0,(CO,)3-10H,0, Figure 3) engendered a more reasonable accord with the experiment

(Table 3).

In conclusion, we can say that the calculation of the uranyl tricarbonate tends to fail because it is
a highly negatively charged ion, and the electrons do not fill the right orbitals. The addition of a cation
to the system will solve the problem with the charge, and the calculated structure agrees reasonably
with the experiments. Because the distal oxygen in uranyl tricarbonate has a high negative effective
charge, it is probably mandatory to include polarisation, charge transfer and hydrogen bonding
between the distal oxygen and the waters in the second co-ordination shell. Further studies including
the second co-ordination shell seem worthwhile.
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Table 1. The binding energy of UO2%* (H,0), clusters (kcal/mal)

Complex | G0 | o8 K 1t
U03*-5H,0 -353.1 -58.3
U03"-4H,0-H,0* -3415 -46.6
UO3*-4H,0-H,0** -3535 -54.9
U03'-6H,0 -349.9 -34.8
U03' 5H,0-H,0* -364.5 -48.9
U032 -5H,0-H,0** -374.1 -56.3

*  Second shell water bounds to uranium.
**  Second shell water is hydrogen bonded to first shell.

Table 2. Thestructuresof UO,(H,0)# and UO,(CO,)% abtained
by theoretical calculations and EXAFS measurements (length in A)

Complex Method U-Oax | U-Oeq

B3LYP/6-31G* 1.757 | 2512

,. |B3LYP/6-31++G 1.776 | 2.502

U0, (H.0)3 B3LY P/6-31++G* 1.751 | 2532
EXAFS 1.77 2.42

B3LYP/6-31G* 1.838 | 2.564

_ |B3LYP/6-31++G 1.844 | 2.604

U0, (CO,)3 B3LY P/6-31++G* 1.824 | 2.592
EXAFS 1.80 2.43

Table 3. The structures of Liebigite obtained by
EXAFS and by theoretical calculations (length in A)

Method Complex U-Oax | U-Oeq| U-C | U-Ca |U-Odis
181 | 244 | 290 | 394 | 422
EXAFS Liebigite
179 | 236 | 297 | 383
Ca,U0,(CO,)? 255 | 297
A 284 | 337
culation 1.80 | 240 | 296 | 399 | 413
Ca,U0,(CO;)?-10H,0 260 | 296 413
272 | 325 4.62
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Figure 1. Optimised structures of UO%" (H,0)%
(8 UO3%-5H,0 (b) UO%"4H,0:-H,O** (c) UO3%"4H,0-H,0*

4 ; a é
| 3 2 »
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Figure 2. The structure of the dimeric uranyl hydroxide complex (UO,),(OH)3"
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Abstract

Predictions of the stability of waste forms designed for long-term storage of actinides require an
accurate knowledge of the long-term properties of these actinides in their host matrix. One useful
approach to address this issue involves comparison of structural and thermodynamic information
derived from short time-scale experiments on synthetic samples with similar information from natural
samples, including natural glasses and metamict minerals. These natural analogues of synthetic waste
forms, although significantly different in structure, properties and composition from the synthetic
samples, offer a number of examples of earth materials that have received large doses of radioactivity
(mainly a events) over very long time periods (10°-10° years). In this paper, we present areview of the
co-ordination chemistry of actinides in natural deep-seated earth systems and their analogues (mostly
glasses, melts and radiation-damaged minerals). Special emphasis is given to data analysis methods
that are important in determining accurate XAFS-derived interatomic distances and co-ordination
numbers for actinides in these complex materias, including anharmonicity, multi-electronic transitions,
deconvolution procedures, and ab initio calculations of near-edge structure. The effects of anharmonicity
and multi-electronic transitions are best studied using high-energy resolution spectrometers on
third-generation synchrotron sources. Application of these methods to selected natura minerals
(crystalline and radiation-damaged) is presented, together with a comprehensive list of unusua mineral
structures that are known to incorporate relatively large amounts of actinides over long periods of
geologic time in a stable manner.
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I ntroduction

In earth materials such as primary minerals, melts, hydrothermal assemblages, surficial fluids and
minerals as well as soils, natural actinides (Th and U) are relatively scarce. Their normalised natural
abundancesin the earth’s crust are relatively low (6 and 1.8 ppm for Th and U, respectively, in crustal
rocks) but are higher than those of silver or mercury [1,2]. However, natural actinides are thought to
be more concentrated within the deep earth, and are believed to be a significant source of the earth’s
interna heat because of their nuclear reactions[3].

Despite this low abundance, natural actinides are among the most important ions in geochemistry.
This is because of their radioactive decay (**Th, U and ***U decay into ***Pb, “’Pb and **Pb,
respectively [4]) which provides a means of dating geological processes [5]. It is also because of their
unusual geochemical properties. For instance, Th and U are “incompatible”’ in melts, which means that
they prefer to concentrate in the melt phase during the crystallisation of magmas [6]. Also, the
presence of severa oxidation states of uranium [U(1V), U(V) and U(VI1)] makes this element behave
quite differently as a function of oxygen fugacity. For example, uranium is relatively less soluble in
melts and agueous fluids when tetravaent, but it is generally highly soluble when hexaval ent.

Because of the importance of U for understanding the earth’s internal processes, as well as the
packaging, reprocessing and environmental remediation of high-level nuclear waste, a knowledge of
its oxidation states and co-ordination environments in earth materias is needed. Although it occurs
only in the 4+ oxidation state in earth materials, a similar statement can be made about a knowledge of
the co-ordination environment of Th in earth materials. For instance, thistype of structura information
can be used as an experimental validation of molecular dynamics modelling of actinide-bearing melts
and solutions, as well as the extent of radiation damage in ceramics [7]. However, because of their
relatively low concentrations in most earth materials, little structural information for actinides in such
materias is available. In addition, few methods are sensitive to thorium, which is essentially
spectroscopically inactive. X-ray absorption fine structure (XAFS) methods (at the M- and L-edges)
are by far the most powerful tools available for obtaining speciation information for thorium at low
concentrations. In contrast, uranium can be studied using a variety of spectroscopic methods such a
UV-vis-NIR and laser-induced fluorescence spectroscopies and imaging. However, these methods are
indirect and highly sensitive to the presence of other cations (especially 3d transition elements such as
Fe, which are often present in earth materials).

The use of synchrotron sources can overcome these limitations by providing quantitative,
element-specific information on oxidation states and co-ordination environments for elements like
Th and U (even in chemically and structurally complex materials such as crystals, finely divided
minerals, molten silicates, soils or agueous solutions [8]). Also, third-generation synchrotron sources
provide higher resolution spectra with higher signal-to-noise ratios. As a result, the understanding of
structural sites occupied by actinides and their oxidation states in natural systems has benefited from
significant recent developments in XAFS spectroscopy methods, which we describe in this paper.

Oxidation states of uranium in geological systems

Three oxidation states are known for uranium in earth materias: U(1V), U(V) and U(VI).
No metallic uranium or U(lIl) has been found in geological systems or in moon rocks [1], because
these redox states require extremely low oxygen fugacities. The relative amounts of these oxidation
states depend on oxygen fugacity (fO2), mineral or melt composition, and, in part, on other redox
couples such as Fe(l1)/Fe(l11) or possibly Cr(I11)/Cr(V1).
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In deep-seated geologic (“igneous’) systems, U occurs as both U(IV) and U(V), athough it is most
often concentrated in U(1V)-bearing minerals such as uraninite/pitchblende UO2+x (with 0 < x < 0.6),
coffinite USIO4 or as inclusions of these phases in rock-forming minerals such as biotite. Tetravalent
U also occurs as a minor component of accessory minerals including zircon, titanite, various (Ca, Th)
oxides such as zirkdite/zirconolite, and other complex oxides of the euxenite-pyrochlore families for
the most common ones (see Table 1). Tetravalent uranium is also probably the dominant oxidation
state of U in the earth’s mantle minerals, although some direct characterisation of these phases would
be required to verify this suggestion [9]. Under more oxidising conditions, Calas [10] found that U(V)
is an important oxidation state of uranium in silicate melts. Farges, et al. [6] determined the dominant
environment of U in synthetic glasses of geological interest — a distorted six-co-ordinated environment,
having a XANES Lii-edge position similar to that for U(VI) compounds. U(V) is rarely found in
minerals, occurring in minor amounts with the more common U(IV) in some radiation-damaged
(“metamict”) zircons.

Under oxidising conditions, U(VI) is the stable oxidation state in which this element is most
likely transported in hydrothermal (supercritical) and agueous systems. Complexes with chlorine or
carbonates [11] are suspected to transport uranium and thorium in such systems, but no direct evidence
for such complexation has yet been reported. In silicate glasses and melts, U(VI) is usualy found as
uranyl-bearing moeities (with U-Oga near 1.77 A and U-Ogyaaria Near 2.25 and 2.5 A [6]). Finally,
highly damaged and weathered minerals such as zircon (“cyrtolite” variety: hydrated ZrSiO,), thorite
and pyrochlore show considerable amounts of U(V1). Preliminary work suggests that weathering, not
radiation damage, is the cause of the tetravalent oxidation of uranium in these minerals[12].

Actinides and anhar monicity

XAFS studies of meltsin situ (at high temperature) require an accurate understanding of the way
Th-O and U-O bonds behave with increasing temperature. Such a study was conducted using the
heating loop technigue on a dispersive EXAFS spectrometer at LURE [13]. Severa oxide and silicate
compounds of Th and U were investigated between room temperature and 2 000 K [14]. Fourier
transforms of the EXAFS spectra of Th in a sodium disilicate glassmelt as a function of temperature
(20 to 1474°C) are shown in Figure 1(a). The use of anharmonic theories are required to achieve
accurate bond distances and co-ordination numbers from EXAFS data taken at high temperature [15].
Results of the modelling show that the anharmonic variations in the EXAFS spectra due to temperature
cannot be properly modelled using cumulant expansions. In contrast, the use of an analytical function [16]
resulted in excellent EXAFS-derived distances and co-ordination numbers [14]. Figure 1(b) shows the
results of harmonic versus anharmonic modelling (using the analytical function of Winterer [16] for
Th-O pair correlations in a Th-containing sodium disilicate melt/glass as a function of temperature. In the
case of crystalline ThO,, the EXAFS-derived linear thermal expansion coefficient (10(2) x 10° K™) is
in excellent agreement with the experimental one (9 x 10° K™) derived by X-ray diffraction studies.
In the case of uranium, similar studies are in progress and already show that, in the case of
uranyl-bearing compounds, the axial U-O bond vibrates much less with temperature than the longer
equatorial U-O bonds. Therefore, at high temperature, it is often difficult to extract robust structural
information from U-EXAFS spectra. However, theoretical studies of U L;;-XANES spectra provide a
more robust way of obtaining accurate information on the co-ordination environment of U at high
temperature.
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XANES studies of actinides: theoretical calculations and deconvolution procedures

The newest versions of the FEFF code 8.2 [17,18] make possible relatively accurate calculations
of the XANES spectral region for most elements. As outlined by Ankudinov, et al. [18], the use of a
partially non-local potential, i.e. Dirac-Fock for core, Hedin-Lundqvist for valence electrons and a
constant imaginary part (the “EXCHANGE 5" option) provides fairly good results, athough some
improvements are still required [19]. In the case of a-uranotile, in which uranium is present as the
uranyl moiety [20], it is possible to reproduce relatively accurately the experimental XANES spectra
[Figure 2(a)]. This theoretical simulation includes the contributions arising from axial and equatorial
oxygens, in excellent agreement with polarised XANES experiments on other uranyl-bearing
structures [21].

The introduction of core-hole deconvolution procedures (either instrumental, multi-excitation
and/or core-hole lifetime-related [22-26] provides new insights about XANES theoretical calculations
and EXAFS data reduction. For instance, L-edges of actinides have a relatively large core-hole
lifetime (~10 eV) [27], making it necessary to perform such procedures cautioudly (i.e. with a noise
level below 107). The results (see Figure 2(a) for an example of instrumental deconvolution) are
promising, however, because of the availability of high-flux spectrometers, such as beam line ID26
(ESRF, Grenoble, France), together with low-noise Si photodiode detectors [28], which makes the
study of dilute natural samples feasible. These new convolution procedures will be important for
materials having several redox states of uranium or for tracing selected spectral features, such as those
due to multiple-scattering and partially hidden pre-edges. In addition, the excellent signal-to-noise
ratio achieved on third-generation synchrotron sources as compared to older sources reveals the
presence of multi-excitation transitions that were not detectable on first-generation sources (compare
Figure 2(b) with [29]). In Th-bearing radiation-damaged natural zircons, for example, a probable
multi-electronic feature is likely to occur in any L, EXAFS spectrum of Th, near k = 10 A™. In this
case core-hole lifetime deconvolution procedures are required to detect these features. In these
samples, another suspicious feature was found near k =55 A™, but its multi-electronic excitation
originis not clear as the feature is part of a wide EXAFS oscillation arising from Th-O pairs. If these
contributions were ignored, it is likely that the medium-range structure (< 6 A) around Th in any
sample would be misinterpreted, as these features interfere with the high-frequency EXAFS signals
arising from next-nearest neighbours. A similar type of anaysis must be performed for the Lii-edge
XANES and EXAFS spectraof U aswell asfor artificial actinides.

Actinidesin silicate glasses and melts

XAFS studies of thorium and uranium in glassmelt systems of geochemical interest [6,29,30]
suggest that only uranyl-bearing moieties form “complexes’ in glasses and melts. Tetravalent actinides
were found to adopt a different co-ordination environment in simple silicate glasses, including both
six-co-ordinated environments and mixtures of six- and eight-co-ordinated environments [29]. More
recent studies suggested that similar environments also exist in the melt to 1 450°C [31]. Therefore,
the location of uranium and thorium in glasses gives a good approximation of the sites of these
actinides in high temperature melts. No clear evidence for halogen complexation of U(1V), U(V) and
U(V1) [6] or of Th[29] has been found, although such complexes are often invoked to help explain the
transport properties of actinides in melts. In al U(VI)-containing glasses, there is a great dea of
evidence from XANES and EXAFS spectroscopy as well as from optical absorption spectroscopy that
U is present as uranyl groups with two short axial bonds [d(U-Oaa) = 1.77-1.85 A] and four or five
longer equatorial bonds to oxygen [d(U-Oegaaria) = 2.18-2.25 A]. These resuilts are consistent with the
locdl structures of U(VI) in borosilicate glasses used in radioactive waste storage. All of these studies
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demonstrate the stability of the uranyl group geometry in silicate, aluminosilicate and borosilicate
glasses and melts of various compositions and different average structure. They also indicate that melt
structure exerts little influence on the local environment around U(V1).

Bond valence modelsfor actinidesin oxide glasses and melts

Bond valence theory has been used to model the local structure around Th and U in silicate
glasses [6,29] and melts[31]. These empirical models are based on the application of Pauling's second
rule [32,33], see also Ref. [8] for a more detailed discussion of Pauling bond vaence constraints on
medium-range structure in silicate glasses and melts. The application of these empirical models is
particularly useful for constraining the medium-range structure (out to 3-4 A radia distance) around
actinides in glasses and melts because of the lack of robust pair potentials for actinides required for
accurate molecular dynamics modelling or for reverse Monte Carlo studies of neutron/X-ray scattering
experiments.

The calculated models suggest that, because of their high charge and low co-ordination, tetravalent
actinides are not likely to bond directly to a bridging oxygen (BO) in the glass network at the observed
Th/U-O distances (2.3-2.4 A range) without significantly lengthening of some individua Si-O bonds
beyond their maximum observed value, and disrupting the tetrahedral network. A more plausible
structural configuration corresponds to the linkage of Th/U(IV) to several non-bridging oxygens
(NBOs). These oxygens are most likely around Th/U(IV) because they require one Si(1V) and one
akali to charge balance Th/U(IV). The presence of some NBOs around Th corresponds to an
environment characteristic of aweak network modifier following the definition of Nelson, et al. [34].

The structural and chemical roles of the two types of oxygen ligands of uranyl groups can aso be
understood by considering the variation of U-O bond strength with bond length [35]. If we consider
the EXAFS-derived U(VI)-Oaia distances, this relationship shows that the bond strengths of
U(V1)-Oxia bonds range from 2.2 to 1.96 vu for the observed U(V1)-O..4 distances (1.77 to 1.85 A).
These bond strength values are very close to those required for “charge balance” at the axial oxygens
in the Pauling sense (i.e. the sum of bond strengths to each oxygen is close to 2.0 vu [32]), suggesting
that these oxygens are not bonded to other cations in the glasses studied. Thisidea provides arationae
for the common observation that uranyl axial oxygen ligands do not participate in other chemical
bonds in crystalline uranyl-compounds. Thus these axial oxygens are not expected to interact with the
glassy network. As a consequence, the U(V1)-O.a distance is longer than 1.7 A in al uranyl-containing
compounds. The non-bonded character of the axial oxygens helps explain the stability of uranyl
groups with low distortion in silicate melts. In contrast, the U(V1)-Oguaoia bONds have lower bond
strengths (= 0.60-0.65 vu). Recent molecular dynamics calculations for glasses and melts [36] have
suggested that most ions follows Pauling’ s second rule to an accuracy level of +2-13%.

Actinidesin minerals

Accessory minerals like zircon, titanite, apatite, pyrochlore and many others (Table 1) can be
studied using XAFS methods to provide useful information about the location of trace/minor amounts
of actinides. Recent results suggest that substitution of actinides for smaller ions in minerals often
requires substantial expansion of the original local structure of their host mineral to accommodate their
larger size [12]. This local expansion effect may extend as far as 4 A and is close to that measured in
the isostructural actinide-rich equivalent (e.g. ThSIO,4 for Thin ZrSiQ,). Therefore, such replacements
are the cause of a number of A-scale defects in the structure. Molecular dynamics calculations of U in
crystaline zircon confirm these preliminary results[7].
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Actinidesin radiation-damaged crystals

In nature, one can find minerals that were exposed to intense radiation damage (over 10*® a/mg of
sample). These samples, which may have only moderate actinide contents, suffered only low levels of
a-decay damage but were exposed to this decay for millions of years and sometimes billions of
years[4]. These minerals usualy retain their crystalographic faces but their internal structure is
destroyed by apha recoil, produced by the decay of actinides (“metamict”). Table 1 lists the principal
metamict minerals, which are mostly oxides and include some silicates. Among these metamict mineras,
zircon is the most common. The periodic to aperiodic displacive phase transition of minerals due to
a-particle recoil is of special interest in both mineralogy and in materias science. Radiation-induced
defects in complex ceramics are an important consideration in evaluating the long-term behaviour of
individual phasesthat may occur in proposed crystalline, high-level nuclear waste forms [37,38,39].

Using XAFS spectroscopy, it is possible to measure the oxidation state of uranium in natural
metamict minerals that have suffered magjor radiation damage and to evaluate the effects of the relatively
highly ionising decay of natura radioactivity. In the case of natural pyrochlores [40] and the thorite/
thorogummite series [41], U was found to be oxidised, in contrast to zirconolite or zircon, which show
no U oxidation [41,42]. This important conclusion, as well as other findings, enhances the choice of
zirconolite and zircon as potential hosts for high-activity nuclear wastes (Pu and Am among others).
However, the effect of long-term radiation damage in minerals is extremely variable. In zircon, bond
valence models suggest the formation of Zr-rich domains (and concomitant Si-rich domains) in highly
metamict zircons [43], which was confirmed recently using Si NMR spectroscopy [44] and molecular
dynamics calculations [7]. Such major structural reorganisation of the tetrahedral framework cannot
occur in oxides, such as zirconolite.

Similar studies must be extended to Cr or Ce, which are structural analogues of Pu and Am, and
can be oxidised. Additional studies are required to better understand the location of these actinides in
such structures after they have received high radiation doses. These phases are known to auto-heal
their defects and to be more resistant to weathering and structural reorganisation than mineras/structure
types like zircon or pyrochlore.

Conclusions

Despite the limited number of studies involving actinides in deep-seated geological systems by
XAFS methods, third-generation synchrotron sources and optimised computer tools (software and
hardware) should dramatically improve the contributions of earth and environmental scientists to the
aready large database on actinides in natural materials and ceramic waste forms. More importantly,
earth materials offer adiversity of structures and concepts that are interesting to investigate in order to
determine if these natural analogues are suited for high-level waste containment and also to test
computer methods with a combination of appropriate experimental methods such as X-ray absorption
fine structure spectroscopy.
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Table 1. Main metamict mineralsin nature

(a) Oxides

* Group of pyrochlore, zirkelite/zirconolite series

Zirconolite
Polymignite
Zirkelite

» Group of crichtonite

Davidite-(Ce)
Davidite-(La)

(Ca,Fe,REE,Zr, Th)(Zr,Nb,Ti,Ta,Fe)Ti,O,
(CaFe,REE,Zr,Th)(Zr,Nb,Ti,Ta,Fe)Ti,O,

(CaTh,Ce)Zr(Ti,Nb),O,

(CeLa)(Y,U)(Ti,Fe), 0,
(La,Ce,Ca)(Y,U)(Ti,Fe), O,

* Group of pyrochlore, betafite series, with Ti > (Nb,Ta)

Betafite
Stibiobetafite

Y ttrobetafite-(Y)
Plumbobetafite

(CaNa,U),(Ti,Nb,Ta),0,(OH)
(Sb,Ca),(Ti,Nb,Ta),(O,0H),
(Y,U,Ce),(Ti,Nb,Ta),0,(OH)
(Pb,U,Ca)(Ti,Nb),O,(OH,F)

» Group of pyrochlore, pyrochlore series, with Nb > Ti

Pyrochlore
Calciobetafite
Kalipyrochlore
Strontiopyrochlore
Bariopyrochlore
Yttropyrochlore-(Y)

Ceriopyrochlore-(Ce)

Plumbopyrochlore
Uranpyrochlore

(Na,Ca),Nb,0,(OH,F)
Ca,(Ti,Nb),(O,0H),
(K,Sr),,Nb,0,(0,0H)-n(H,0)
Sr,Nb,(O,0H),
Ba,5),(Nb,Ti),(O,0H),

(Y ,NaCaU), (Nb,TaTi),(O,0H),
(Ce,CaY),(Nb,Ta),0,(OH,F)
(Pb,Y,U,Ca),,Nb,O,(OH)
(U,Ca,Ca),(Nb,Ta),0,(OH,F)

» Group of pyrochlore, microlite series, with Ta> Nb

Microlite
Stannomicrolite
Stibiomicrolite
Bariomicrolite
Plumbomicrolite
Natrobistantite
Bismutomicrolite
Uranmicrolite

» Columbite series
Magnocolumbite
Manganocolumbite
Ferrocolumbite
Manganotantalite
Ferrotantalite

(Na,Ca),Ta,0(O,0H,F)
(Sn,Fe)(Ta,Nb,Sn),(0,0H),
(Sh,Ca,Na),(Ta,Nb),(O,0H),
Ba,(Ta,Nb),(O,0H),
(Pb,Ca,U),Ta,0,(OH)
(Na,C9)Bi(TaNb,Sb),0,
(Bi,Ca)(Ta,Nb),O,(OH)
(U,Ca),(Ta,Nb),0,(OH)

(Mg,Fe,Mn)(Nb,Ta) 0,
(Mn,Fe)(Nb,Ta) ,0,
FeNb,O,

MnTa,0,

FeTa,0,

* Polycrase-(Y)-loranskite series

Polycrase-(Y)
Uranopolycrase
Yttrocrasite-(Y)
Fersmite
Euxenite-(Y)
Samarskite-(Y)
Ishikawaite

Y ttrocolumbite-(Y)
Yttrotantalite-(Y)
Loranskite-(Y)

» Aeschynite series
Aeschynite-(Y)
Aeschynite-(Ce)
Aeschynite-(Nd)
Vigezzite

Niobo-aeschynite-(Ce)
Niobo-aeschynite-(Nd)

Rynersonite

Tantalaeschynite-(Y)

(Y,CaCeU,Th)(Ti,Nb,Ta),0,
(U,Y)(Ti,Nb,Ta),0,
(Y,Th,CaU)(Ti,Fe),(O,0H),
(Ca,Ce,Na)(Nb,Ta,Ti) (O,0H,F),
(Y,Ca,Ce)(Nb,TaTi),O,
(Y,Fe,U)(Nb,Ta) O,
(U,Fe,Y,Ca)(Nb,Ta)O, (?)
(Y,U,Fe)(Nb, Ta)O,
(Y,U,Fe)(TaNb)O,
(Y.Ce,Ca)ZrTao, (?)

(Y,CaFe)(Ti,Nb), (O,0H),
(Ce,Ca,Fe)(Ti,Nb), (O,0H),
(Nd,Ce)(Ti,Nb),(O,0H),
(Ca,Ce)(Nb,TaTi) O,
(Ce,Ca)(Nb,Ti), (O,0H),
(Nd,Ce)(Nb,Ti), (O,0H),
Ca(TaNb).0,
(Y,CeCa)(TaTi,Nb),O,

* Thorutite-orthobrannerite series

Thorutite
Brannerite
Orthobrannerite

(Th,U,Ca)Ti, (O,0H),
(U,Ca,Ce)(Ti,Fe),0,
U,Ti,0,(OH),

* Petscheckite-liandratite series

Petscheckite
Liandratite

UFe (Nb,T&)208
U(Nb,Ta)208

(b) Oxides (cont’d)

* Serie fergusonite-(Y)-formanite-(Y)

Fergusonite B-(Y)
Fergusonite 3-(Ce)
Fergusonite 3-(Nd)
Fergusonite-(Y)
Fergusonite-(Ce)
Fergusonite-(Nd)
Formanite-(Y)

* Series baddel eyite-uraninite

Tazheranite
Calzirtite
Cerianite-(Ce)

* Non-classified oxides

Zirconolite-2M
Zirconolite-3T
IMA98.059

YNbO,

(CeLa,Nd)NbO,
(Nd,Ce)NbO,

YNbO,
(Ce,Nd,La)NbO,-0.3(H,0)
(Nd,Ce)(Nb,Ti)O,

YTa0,

CaTiZr,0,
Cazr,TiO,
(CeTh)O,

CazrTi 0,
CazrTi,0,

(Bi,U,Ca,Pb), (Nb,Ta),0,(OH)-n(H,0)

(c) Phosphates (weakly metamict)
» Xenotime-(Y)-Wakefieldite-(Ce) series

Xenotime-(Y)

* Group of monazite
Monazite-(La)
Monazite-(Ce)
Monazite-(Nd)
Cheralite-(Ce)
Brabantite

» Group of rhabdophane

Rhabdophane-(Ce)
Rhabdophane-(La)
Rhabdophane-(Nd)
Brockite
Tristramite
Grayite

Ningyoite

(d) Silicates

* Nesosilicates
zircon

coffinite

thorite

huttonite
thorogummite
hafnon
Umbozerite

* Nesosubsilicates
Titanite
Gadolinite-(Y)
Gadolinite-(Ce)
Melanocerite-(Ce)

* Sorosilicates
Yttriaite-(Y)
Ekanite
Iragite-(La)
Tritomite-(Y)
Tritomite-(Ce)

YPO,

(La,Ce,Nd)PO,

(CeLa,Nd, Th)PO,
(Nd,Ce,La,Pr,Sm,Gd)(P,Si)O,
(Ce,Ca,Th)(P,S)O,
CaTh(PO4),

(CeLa)PO,(H,0)
(La,Ce)PO,-(H,0)

(Nd,Ce La)PO,-(H,0)
(CaThCe)(PO)(H,0)
(Cafque)(PoM$4) 2(Hzo)
(Th,Pb,Ca)PO,-(H,0)
(U,CaCe),(PO,),1-2(H,0)

ZrSio,

us 04-U(S'OA)LX(OH)4X
ThSiO,

ThsiO,

Th(SI04), (OH),
HfSIO,
Na,Sr,ThSi,(O,0H),,

CaTiSiO,
Y,FeBeSi,0,
(CeLaNd,Y),FeBeSi,0,

(Ce,Th,Ca)(Si,B),0,,(0OH,F)-n(H,0)

(Y,Th),S.,0,

ThCa,S,0,,
K(LaCe,Th),(CaNa),(S,Al), O,
(Y,CalaFe),Si,B,Al)(O,0H,F),
(CeLaCaY,Th),(Si,B),(O,0H,F),

Karnasurtite-(Ce) (Ce,La Th)(Ti,Nb)(Al,Fe)(Si,P),O,(0H),-3(H,0)

Tranquillityite
Chevkinite-(Ce)

Fes(zr' Y )zTI 35i 3024

(Ce,La,CaNa,Th),(Fe,Mg,((Ti,Fe),S,0,,

Karnasurtite-(Ce) (Ce,La Th)(Ti,Nb)(Al,Fe)(Si,P),O,(0OH),-3(H,0)

Allanite-(Y)
Allanite-(La)
Allanite-(Ce)
Vesuvianite

(Y,Ce,Ca),(Al,Fe),(Si04),(OH)

Ca(La,Ce)(Fe,Mn)(Al,Fe) (Si0,)(Si,0,)0(0H)

(CeCaY),(Al Fe),(Si04),(OH)
CalﬂM gZAI 4(S| OA)S(S 207)2(OH)4

Steenstrupine-(Ce) Na,CeMn,Fe,(Zr,Th)(Si,0,,)2(PO,),-3(H,0)

Thorosteenstrupine

(Ca.Th,Mn).Si40,.F-6(H.,0)
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Figure 1. Comparison of (a) Fourier transformsfor Th in a sodium disilicate
glass/melt as a function of temperature and (b) average Th-O distances calculated
using both harmonic and anharmonic EXAFS models (modified after [14])
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Figure2

(a) Experimental (top curve) and calculated U-L,, XANES spectra (2", 3 and 4" from top) using FEFF 8.2 for
a-uranotile, considering different cluster sizes: uranyl moiety (up to 3 A from the central U, also showing the
individual axial and equatorial contributions) and its mediumrrange environment including next-nearest
neighbours (up to 4, and 6 A, respectively). The more distant atoms (S, U, Ca, O and H) do not contribute
significantly to the measured spectrum. The normalised experimental spectrum was collected on undul ator beam
line ID26 at ESRF, and its instrumental deconvolution (i.e. related to monochromator broadening: bottom curve)
was calculated using the VIPER code [24] . The instrumentally deconvoluted spectrum is consistent with ab initio
XANES calculations.
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(b) normalised K-weighted EXAFS spectra at the L, -edge of Th (100-2000 ppm Th) in various Th-bearing
zircons from different localities in Madagascar (Betafo, Ampagabe) and Japan (Naégy): radiation damaged
(“ metamict” : top four spectra) or annealed (at 1200°C for four hours. bottom two spectra). Spectra were
collected on undulator beam line ID26 at ESRF. The thick grey arrows indicate a probable multi-electronic
excitation transition near k= 10 A™, which is best detected using a multi-electronic excitation deconvolution
procedure in the VIPER code [24]. Another possible multi-electronic excitation feature may occur near
k=55A" (light black arrow). Neglecting these multi-electronic excitation features can lead to incorrect
structural information in EXAFSdata analysis, particularly for next-nearest neighbour contributions.
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LOCAL STRUCTURE OF Th COMPLEXESON MONTMORILLONITE
CLAY MINERAL DETERMINED BY EXTENDED X-RAY
ABSORPTION FINE STRUCTURE (EXAFS) SPECTROSCOPY

R. D&hn," A.M. Scheidegger,' A. Manceau,’ B. Bagyens' and M.H. Bradbury"
"Waste Management Laboratory, Paul Scherrer Institute
CH-5232 Villigen, Switzerland
“Environmental Geochemistry Group, LGIT-IRIGM, University of Grenoble
BP53, F-38041 Grenoble Cedex 9, France

Abstract

The research at the Waste Management Laboratory, PSI, concentrates on the understanding of safety
relevant mechanisms and processes that govern the release of radionuclides from waste matrices, and
their transport through engineered barrier systems and the surrounding geosphere. For this reason,
detailed sorption studies of radionuclides in clay and cement systems are conducted. The studies are
combined with extended X-ray absorption fine structure (EXAFS) spectroscopy measurements in
order to understand the sorption mechanisms at an atomic level.

In this manuscript, a case study of Th(IV) uptake on montmorillonite is presented. EXAFS samples
were prepared by incubating a montmorillonite suspension with Th for seven days at pH = 5 (Thinitia:
4.3x107° to 4x 10 M). The resulting Th loadings on the clay varied between 14 and 166 umol/g.
Lu-Th EXAFS spectra of Th-treated montmorillonite were measured at the Rossendorf Beamline
at the European Synchrotron Radiation Facility. Data analysis revealed the presence of two O shdlls at
2.27 A and 2.45 A in al samples. The spectra at low Th uptake suggest the presence of Si/Al and Th
backscattering atoms at distances of 3.85 A and 3.77 A respectively. The presence of a Th-Si/Al
backscattering pair suggests that Th is bound to S tetrahedra by a double corner-sharing manner.
At higher Th uptake, however, the spectrum shows a strong similarity with the spectrum of amorphous
Th(OH)4 and suggests that Th is predominately present as anewly formed Th(OH)s-like phase.
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Introduction

Sorption on mineral surfaces strongly affects the fate and mobility of contaminants in the
geosphere. Therefore, an atomic-level understanding of sorption mechanisms of contaminants on
mineral surface is of fundamenta importance for maintaining environmenta quality and assessing the
long-term stability of waste repositories. On clay minerals several uptake mechanisms of divalent
metal ions such as Ni(ll), Co(ll) and Zn(l1) have been proposed: sorption on edge sites, sorption on
interlayer sites (Figure 1) and the formation of lamellar nucleation phases such as neoformed layer
silicates and mixed-layered double hydroxides [1-4].

Figure 1. Sorption modes on dioctahedral aluminous clays (V = vacancy) [5]
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In this study EXAFS was used to investigate the uptake process of Th(IV) on montmorillonite.
Th has long been recognised as an important tracer element in natural waters, soils and sediments
because of its accurately known source terms, long half-life and single redox state [6]. Thorium is,
therefore, a suitable analogue for other tetravalent actinides. Furthermore, Th is of mgor concern in
nuclear waste management and an important contaminant in fly ashes from lignite power plants[7].
Th has been added to synthetic silicate glasses in order to study the structural environment of Th as a
function of melt composition and polymerisation [8]. Long-term spontaneous radiation will make
crystalline compounds (e.g. ZrSiOs) become aperiodic and also oxide glasses to nucleate [9,10].
Dioctahedral aluminous clays are used as a backfill material in the Swiss concept for a high-level
radioactive waste repository and, therefore, metal sorption on montmorillonite has been investigated in
our laboratory in great detail [11].

M aterials and methods

The montmorillonite STx-1 used in this study (SiaAlve7(Fe**,M@)o33010(OH)2(Menss,H20), where
Me refers to a metal cation in the interlayer space between sheets) was purchased from the Source
Clay Minerals Repository Project of the Clay Minerals Society.

The EXAFS samples were prepared by adding 11-100 ml of a Th stock solution (1-10° M
(Th(NO3)45H20), pH 3.0, 0.001 M HNOz) to 50 ml of a conditioned and purified montmorillonite
suspension (ionic strength of 0.1 M (NaClQO4) to block cation exchange processes). The suspension
was then filled with a 0.1 M NaClOa4 solution to 250 ml resulting in a solid to liquid ratio of 2.4 g/L
and an initiad Th concentration of 4.3:10° — 4.0-10* M. The pH was adjusted and kept constant
(pH = 5) and the samples were shaken end-over-end. The preparations were performed in a glove box
under N2 atmosphere (COz and Oz < 5 ppm). The reaction conditions were within the solubility limit
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of Th(OH)4 [12,13,14]. After seven days of reaction time the suspensions were centrifuged and the wet
pastes were filled into Plexiglas holders. The supernatant solutions were analysed by ICP-MS in order
to determine the Th uptake on the Th/montmorillonite sorption system. Th Lii-edge EXAFS spectra
were recorded at the Rossendorf Beamline (ROBL) at the ESRF [15] using a Si(111) crystal
monochromator and Pt-coated mirrors. All sorption samples were measured at RT in fluorescence
mode using afour-element Ge solid-state detector.

Data reduction was carried out by using the WinXAS 97 1.3 software package [16]. Radial
structure functions (RSFs) were obtained by Fourier transforming k>-weighted x(k) functions between
2.9to 10 A using a Bessel window function with a smoothing parameter of 4. Amplitude and phase
shift functions were calculated with FEFF 8.0 [17] using the structure of thorite (a-ThSiO4) [18] as
reference. Since the inner potentia corrections (AEo) in the Th sorption samples varied between
5.5-6.5eV, the parameter was fixed to 6 €V in order to reduce the number of free-fit parameters.
Furthermore, the amplitude reduction factor (S§) was set to 1.0.

The theoretical Th-O, Th-Si and Th-Th phase and amplitude functions calculated with FEFF 8.0
were tested by fitting the EXAFS spectrum of a synthetic thorite compound provided by Farges[§].
The results gave an average co-ordination number and bond distance of 8.5 + 1.7 O atoms at 2.39 A
(0®=0.005A?, of 5.3+ 1.1 Th atoms at 3.9 A (¢° = 0.005 A?) and of 3.9 + 0.8 Si atoms at 3.92 A
(6% =0.005 A?). The structural parameters for thorite as determined by X-ray diffraction (XRD) are four
equatorial O at 2.36 A, four axia O at 2.47 A, four Si a 3.9 A and four Th at 3.9 A [18]. The differences
between EXAFS and XRD structural data are within the uncertainty of EXAFS parameters, that is
~20% for co-ordination numbers and ~0.02 A for interatomic distances.

Results

Figure 2 shows the background subtracted, normalised and k*-weighted EXAFS spectra of
montmorillonite treated with Th (sorbed Th concentrations of 14, 40 and 166 umol/g). The corresponding
RSFs are shown in Figure 3. For the lowest Th concentration the first peak is split into two and the
amplitude is reduced, and the second peak is shifted to higher distance with higher Th concentration.

Figure 2. k®weighted Th Li-edge EXAFS spectra
for Th sorbed on montmorillonite (pH = 5)

Th sorbed

166 umol/g
4 - == 40 pmol/g
14 umol/g

K*x(k)
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Figure 3. RSFsof k®-weighted Th Lii-edge EXAFS
spectrafor Th sorbed on montmorillonite (pH = 5)
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The simulation of the Fourier filtered xo functions obtained by back transforming first RSF peaks
(AR=1-25A) indicated that two nearest O distances are present in al Th sorption samples.
To constrain fit parameters, the Debye-Waller (DW) factor of the second oxygen shell was fixed to
0®=0.005 A2 as in the thorite reference. Furthermore, the DW of the first oxygen shell was set to
0°=0.002 A% in order to obtain a tota co-ordination number of 10 for the two O shells. For steric and
crystallographic reasons the total number of oxygen atoms in the first and second shell should not
exceed 10. EXAFS structural parameters for the two nearest O shells are listed in Table 1. The shorter
shell consists of 2.6-3.0 O atoms at 2.27-2.28 A and the longer of 6.6-7.1 O atoms at 2.45-2.46 A.

Table 1. EXAFS structural parametersfor two nearest
O shéllsof Th sorbed on montmorillonite (ph = 5)

Sample Th-O' Th-O?
N R[A] o*'[A] N R[A] o°'[A%| AEo [eV] %Res
166 pmol/g | 2.6 227  0.002 6.6 245  0.005 6 15.7
40 pmol/g 26 227  0.002 6.9 245  0.005 6 16.5
14 ymol/g 3.0 228  0.002 7.1 246  0.005 6 6.6

N, R, &’ AEq are the co-ordination numbers, interatomic distances, Debye-Waller factors and inner potential corrections.

f: Fixed during the fit procedure.
The deviation between the fitted and the experimental spectrais given by the relative residua in per cent, %Res.

The k*-weighted Fourier back-transformed spectra of second RSF peaks (AR = 2.9-4.2 A for the
highest concentrated sample and AR = 2.9-3.7 A for the two others) are shown in Figure 4. The structural
results obtained by data analysis using Th and S as backscatter atoms are shown in Table 2.
Accordingly, the second pesk consists of 1.5-1.7 Si a ~3.85 A and ~0.7 Th at 3.77A (14 and
40 pmol/g). The o terms were set to 0.005 A? as in the thorite reference. The spectrum of the most
concentrated Th sample (166 pmol/g) clearly differs from the spectra of the two less concentrated
samples (14 and 40 pumol/g), indicating differences in the Th co-ordination environment. For example,
there is a beat pattern near 6.5 A™ in the most concentrated Th sample which indicates the presence of
at least two cationic subshells containing heavy atoms such as Th.

At high Th concentration (166 pmol/g) neither a Th-Th and Th-Si, nor a Th-Thy and Th-Thz
two-shell model provided a good fit to the experimental spectrum. Nevertheless, it is possible to
propose an uptake mechanism for Th in this sample. In Figure 5 the EXAFS spectra of thorite [8] and
amorphous Th(OH)4 are compared to the 166 pumol/g Th sample. The likeness of the sorption sample
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Figure 4. k®-weighted EXAFS functions obtained by Fourier back-transfor ming second RSF
peaksin Figure 3 (AR = 2.9-4.2 A for 166 pmol/g, AR = 2.9-3.7 A for 14 and 40 umol/g)

Fourier-filtered k?’x(k)

0.8+
----- 14 pmol/g

Th sorbed
166 umol/g
- = = 40 pmol/g

k (A

Table2. EXAFS structural parametersfor the nearest
Thand S shellsand Th sorbed on montmorillonite (ph = 5)

Samiple Th-Si Th-Th
N R[A] ©*'[A} N R[A] o*'[A? |AEJ [eV] %Res
166 pmol/g A reasonable fit could not be achieved
40 umol/g 15 3.84 0.005 0.7 3.76 0.005 6
14 umol/g 1.7 3.85 0.005 0.7 3.77 0.005 6

f: Fixed during the fit procedure.

Figure 5. Comparison of k®-weighted XAFS functions of
refer ence compounds and the highest concentrated Th sample

amorphous Th(OH),
- = = Thorite (ThSiO, from Francois Farges)

—-—--166 pmol/g Th sorbed at pH=5

1
1
1
L

kX (k)

k(A

and the Th amorphous precipitate is striking, and suggests the formation of a similar precipitate at high
Th concentration. Again it was not possible to fit Th(OH)s data with just one or two Th-Th
backscattering pairs. The reason lies probably in the fact that the second peak of the Th(OH)4
compound is too disordered to be fitted with atwo-Th shell harmonic model [19].
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Discussion

The results obtained in this study for the two most diluted samples compare well with those
reported by Osthols, et al. [19] for the sorption of Th on amorphous silica: 1.7-2.7 O at 2.27-2.34 A vs.
2.6-3.00 at 2.27-2.28 A (this study), 4.4-5.4 O at 2.53-2.56 A vs. 6.9-7.1 O at 2.45-2.46 A (this study)
and 1.3-27 S at 3.79-3.89 A vs. 1.5-1.7 S at 3.84-3.85 A (this study). While the co-ordination
numbers and interatomic distances for the first O and the Si shell match well, the second Th-O
distance in the Th/montmorillonite system is significantly shorter. The distance of the second shell is
characteristic for Th-H20 bonds (2.44-2.45 A) [20] and therefore does not modify the structural
interpretation. EXAFS dructural parameters for Th-sorbed silica were interpreted by Osthols,
et al. [19] as the formation of a double corner-sharing Th surface complex. Based on the similarity of
structural parameters in the two systems, it can be hypothesised that Th is bound to Si tetrahedrain a
similar manner.

In conclusion, this study reved s the presence of two Th-O co-ordination spheres for the uptake of
Th on montmorillonite a pH = 5. At low Th concentration (14 and 40 umol/g), Th is bound to about
two Si tetrahedra by a double-corner sharing mechanism as in Th sorbed silica. At high Th
concentrations (166 umol/g), Th precipitated as a Th(OH)s-like amorphous thorium hydroxide.

Based on the data obtained in this study two structural mechanisms can be inferred for the samples
with low Th concentration: The formation of a Th surface complex at the montmoarillonite surface or
the precipitation/neoformation of a Th-slicate. The neoformation of mixed (i.e. sorbate + sorbent
metals) precipitates has recently been demonstrated in the case of Ni uptake on clay minerals[1,4,21]
and Co on quartz [22].
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Abstract

The safety of along-term storage of radioactive waste in deep geological repositories would be strongly
affected by the migration properties of radionuclides through the different barriers to the surface of the
earth. Since the main process involved in the retention of radioactive ionsistheir sorption at the water/
mineral interface, a quantitative description of the sorption reactionsis needed.

Macroscopic data have for a long time been the only source of information used to propose a
modelling of sorption equilibria, although they bring no direct information on the nature of the sorbed
species; a microscopic structural investigation of the surface complexesis difficult indeed, because of
the small amount of matter sorbed. Thus, in this study, parale to the macroscopic measurements,
different complementary spectroscopic techniques have been used in order to determine the nature of
the surface species. Asthe final purpose of such a study is the simulation of the experimental retention
data, the precise structural identification of the sorption equilibria will then be very useful to constrain
the data simulation code.

In this work, we present the results of both macroscopic and microscopic studies of the sorption of
uranyl species on zircon and zirconia. The first part of our macroscopic approach was the surface
characterisation of the non-sorbed materials by the determination of the specific areas, of the pH of the
isodlectric points, and of the sorption site numbers, while the second part aimed at obtaining the sorption
isotherms (percentage of sorption versus pH), which was performed using apha spectrometry, for
different uranyl concentrations, media (NaClO, or KNOj3) and ionic strengths.

The spectroscopic identification of the different surface complexes and sorption sites has been carried
out using four different spectroscopies. Whereas time-resolved laser spectrofluorimetry gave a direct
answer concerning the number of surface species (only for afew samples, because of the weak signals
obtained), X-ray electron spectroscopy enabled us to show differences in the bonding energies between
uranyl species sorbed either on zircon or on zirconia, or for the same sorbent for different pH or in
different media (nitrate or perchlorate), this last point being confirmed by diffuse reflectance infrared
spectroscopy. EXAFS measurements were then performed on well-characterised samples, on zircon
and zirconia at different pH and in different media, for either dry or in situ samples. The results clearly
show that the sorbed species are inner sphere complexes, and they seem to indicate strong similarities
between our dry samples and the in situ experiments, which confirms the validity of other spectroscopic
measurements. Moreover, differences between samples prepared at different pH were observed, which
could possibly be explained by the formation of a surface precipitate.
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