














Fig. 9: Confocal p-XRF maps of a 120 um
x120 um section (2 umx4 um v x h step size; 15 s
counting time) -60um below the surface. Circles
indicate U hot-spots found in the U map. Dashed
lines indicate an As-rich rim around a Fe(ll)-
nodule. The marked region in the microscopic
image shows the area studied.

Upon comparison of As distribution maps with
scanning u-XRD results (Fig. 10) we find As to
be associated with pyrite. We find no XRD
evidence for AsFeS, indicating that
arsenopyrite is present as thin amorphous or
nanocrystalline coating on pyrite framboids,
which formed secondary to the original
framboid nodules. The observation that both
pyrite and siderite occur in the same sediment
allows us to assume that the pH was near
neutral during formation of these minerals.

These results together allow us to formulate
one of the mechanisms for uranium-
enrichment of secondary U(IV) minerals in the
sediment. The AsFeS in the sediment reduced
mobile groundwater-dissolved U(VI)to less-

U
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soluble U(IV), thereby immobilizing the
uranium as U(IV). As a consequence As(V)
was formed.

Tracer study of Aspo6 granite

We investigate Np speciation and spatial
distribution in a fractured granite bore section
from the Swedish Aspé Hard Rock Laboratory
following a radiotracer experiment [21]. A
polished slice of a fractured granite bore core
column (52 mm in diameter) used in a
radiotracer experiment is studied. The actinide
tracer cocktail contained long-lived
radioisotopes, including 10 mol/dm® 237-Np
(added as Np(V)). The slice studied is where
most of the tracer activity was recovered and
contains ~3 nmol Np/g; >1ppm.

Analysis of Np L3 u-XAFS results (Fig. 11)
allows us to conclude that Np, originally
introduced as Np(V) onto the column, is
reduced to Np(lV) in the fractured granite. We
note that without the spatial resolution of the
experimental setup and the confocal geometry
it would not have been possible to obtain this
information on such a dilute tracer
concentration. Use of confocal geometry is
especially important in these experiments as
probing volumes below the sample surface not
only avoids potential speciation changes
caused by sample preparation, it also limits the
sample volume probed, which minimizes
spectral interference from other elements (in
this case energetically close lying Np La1 and
Sr Ka1 emission lines).
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Fig. 11: Np L3 u-XANES measured at a Np hot spot
around —-50 um below the sample surface. Inset:

Pyrite Np(1V) and Np(V) reference spectra.
The distribution of Np(lV) is apparently
Siderite associated with Zn (Fig. 12). We assume This

may indicate that ZnS played a role in Np(V)
reduction to Np(lV) and subsequent
immobilization as the less soluble tetravalent
form. There are sample areas where a
correlation between Np and Fe is observed,
but other areas with none (Fig. 12). The
correlation between Np and Fe may indicate

Fig. 10: Top: Fe, As, and U distributions in a 710
um x 120 um thin section (10 um x 10 um, count-
ing time = 10s). Bottom: Distribution of d-spacing
intensities expected for pyrite and siderite for the
first 9 rows (i.e. top 90 um) of the elemental dis-
tribution images. The darker the pixel, the higher
the measured intensity in all images.
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Fig. 12. Correlation plots
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one or both of two things: Np(V) was
immobilized by reduction by Fe(ll) and/or the
Np is located in fissures, as Fe is an indicator
element for granite fracture material. The
sample regions, where no correlation between
Fe and Np is found, may be associated with
fissures not easily accessible by inflowing
groundwater carrying the Np tracer.

rel. Np Lo intensity [%]

The highest Np concentrations were found
clustered in 1—3 pixels (pixel size of 20um or
10um) of scanned areas associated with small
granite fissures of less than 100 pym width.
That high activity is localized in the smallest
fissures may indicate that during the tracer
experiment inflowing Np has a shorter
residence time in large fractures, while in the
small fissures migration is slower, leading to
longer residence times, i.e., reaction times,
resulting in Np(V) reduction and immobilization
to less soluble Np(IV). That a clustering of
pixels with high Np intensity can be interpreted
as either formation of precipitate or presence
of a sorbed species at highly localized areas
on the fissure walls.

This study has implications for modeling
scenarios of actinide release in a nuclear
waste repository placed in a granite host rock
formation. The redox conditions of the
groundwater/granite obviously play a role, but
this is coupled to varying hydrological transport
affected by the size and interconnectivity of the
fractures and fissures in the granite.

Outlook

At the INE-Beamline for actinide research at
ANKA we are presently installing the
necessary equipment and instrumentation for
achieving a beam focus in the micrometer
range. First experimental results of the setup
are expected in 2008.
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6.2 Laser spectroscopy: Selective speciation of the actinide solvation
shell and of aluminol groups at the corundum/water interface
A. Abdelmonem, M. Flérsheimer, R. Klenze, K. Kruse, P. Lindqvist-Reis, R. Polly, B.

Schimmelpfennig, C. Walther,

Introduction

Emphasis of laser spectroscopy was placed on
the vibrational spectroscopy of the ligand
interaction within actinide complexes (vibronic
side band spectroscopy) and of OH oscillators
at the water/a-Al,O3 (001) interface (sum-
frequency vibrational spectroscopy). Both
methods provide important information with
high selectivity and sensitivity, which is not
accessible by other techniques.

Outer shell speciation of actinide ions
by vibronic sideband spectroscopy

Time-resolved laser-induced fluorescence
spectroscopy (TRLFS) is a valuable tool for
characterization and quantification of trace
amounts of luminescent trivalent lanthanide
and actinide (Cm**, UO,**) species in solution.
For example, the emission bands of Eu®*
reveal the number of different species and their
symmetry, while the emission lifetime provides
the number of H,O or OH’ ligands. Similar
information is obtained for Cm®". However,
since the f-f electronic transitions of
lanthanides and actinides are sensitive only to
the local structure, TRLFS is less suited for
detecting changes in their second coordination
shells. Another drawback is that these
transitions provide no direct information about
the ligand type. Spectroscopic methods such
as infrared and Raman are indeed sensitive to
internal molecular vibrations but are of little
relevance for very dilute systems.

However, several of these problems can be
overcome by means of vibronic side band
spectroscopy (VSBS). This method provides
infrared-like spectra in the direct environment
of the luminescent ion and has been used,
e.g., to derive vibrational information of Ca®"
binding sites in biological macromolecules,
replacing ca® by luminescence probes such
as Gd* or Yb* [1,2]. VSBs arise due to the
coupling between the f-f electronic transitions
and the various localized vibrational modes
(e.g. stretching and bending modes of H,O
ligands), and appear at the low energy side
(Stoke shift) of the parent electronic transition
(zero phonon line, ZPL) in the emission
spectra (Fig.1). Although VSBs have generally
extremely low intensities and therefore are
difficult to detect, when observed in the spectra
they may provide valuable information about
the nature of the ligand.
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Fig. 1: ®P7»— 8Sy, fluorescence emission spec-

trum of Ga**(aq) (75 mM Gd(CIO4)3 in 0.1 M HCIO,);

the inset shows the vibronic side band spectrum.

We have studied VSBS of Cm(lll) for the first
time and compared the results with Gd(lll) to
obtain spectroscopic information about solvent-
shared and contact ion-pairs formations of both
ions in aqueous perchlorate solutions. Our
previous TRLFS studies on the hydration of
Eu(lll) and Cm(lll) in 0.1-12 M HCIO, solution
have shown an increase in the fluorescence
decay rates with increasing concentration up to
~ 8.8 M, but no changes in the spectra [3]. This
was interpreted as the formation of solvent-
shared ion-pairs (M3+-H20---CIO4'), because as
perchlorate ions progressively enter the
second coordination spheres of the metal ions
the hydrogen bonding to the first hydration
spheres weakens, which does not necessarily
affect the coordination geometries. At higher
concentrations the decay rates decrease signi-
ficantly followed by major spectral changes as
perchlorate ions penetrate the first hydration
spheres to form contact ion pairs (M3+-CIO4‘
--H,0), presumably in monodentate fashions
by replacing 2-3 water ligands (Fig. 2).
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Fig. 2: Fluorescence decay rate constant Kops (m)
and peak maximum Amax (A) of the Disp — Sy
fluorescence emission spectrum of Cm°*(aq) at
different concentrations of added HCIO..



The formation of solvent-shared and contact
ion-pairs are clearly seen in the Gd** and Cm**
vibronic spectra as a Cl- O stretching band at
about 1020 and 980 cm” , respectively, whose
intensity increases markedly above ~ 8.8 M
HCIO, due to contact ion-pair formation (Figs.
3 and 4). This is in agreement with reported
infrared frequencies of monodentately coordi-
nated CIO, [4]. In addition, with increasing
HCIO, concentration the OH stretching V|bra-
tions of the water ligands shift ~ 270 cm™ to
higher frequencies. These large blue-shifts
indicate significant strengthening of the O-H
bonds of the water ligands due to the simulta-
neous weakening of the hydrogen bonds to the
perchlorate ions in the second coordination
shells. It is noteworthy that VSBS on Cm(lll) is
much more sensitive compared to Gd(lll). The
vibronic intensities normalized to the ZPL
intensities shown in Fig. 3 ([Gd(III)] 0.075 M)
and Fig. 4 ([Cm(Ill)] = 0.5x10°® M) is about 2-3
times higher for Gd, however the noise level is
comparable in both spectra. This indicates that
the sensitivity of VSBS is more than four
orders of magnitude higher for Cm(lll)
compared to Gd(lll).
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Fig. 4: Vibronic spectra associated with the parent

®D;/,— 8S7; electronic transition of 0.5 uM Cm>* (aq)

in 0.1 and 12 M aqueous HCIO,.

VSBS has also been used for Gd>* and Cm**
doped into solids. In the spectra recorded at 20

1000 1500
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K the bands are rather sharp and have
intensities well above the noise level, but are
still much lower than the ZPL. For example, the
intensity of the VSBs normalized to the ZPL of
[Cm:Y(H,0)e)(CF3S03)3 ranges from 0.015 to 2
%, where the higher intensities are found in the
low frequency part of the spectrum (Fig. 5).
This is due to that fact that the VSB intensity
depends on the infrared oscnlator strength for
a given molecular vibration and R® where Ris
the distance between the emlsswe Ccm* ion
and the vibrational centre at the molecule
(H20, CF3S03). Thus, the higher intensities
originate from the CmQOgy skeletal modes
appearing at lower frequencies (< 400 cm’ )
whereas the more distant vibrational centers of
CF3;SO; give rise to bands of much lower
intensity. Interestingly, the intensity ratios
(VSB/ZPL) for several of the VSBs in Fig. 5 are

similar to the corresponding bands of
[Gd(H20)e](CF3SO3)s.
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In summary, we have shown that VSBS of
Gd** and Cm* can provide infrared-like
spectra of the local structure around these ions
both in solution and in solids. This was
demonstrated by the first spectroscopic
evidence of solvent-shared and contact ion-
pairs formations in aqueous Gd(Ill) and Cm(lIl)
perchlorate  solutions at high HCIO4
concentration. The vibronic spectrum of cm*
in [Y(H20)9](CF3S03); at 20 K contains several
sharp lines originating from different localized
phonon modes in the crystal.



Speciation and hydration of mineral
surfaces probed by vibrational sum
frequency spectroscopy and quantum
chemistry

Introduction

The adsorption of radioisotopes at mineral
surfaces of the aquifer is an important process
which leads to the retention of the contami-
nants. That means that their transport by the
ground water is either suppressed or
considerably slowed down. For the reliable
long-term modelling of the elements’ migration,
the adsorption/desorption properties and the
reactivity of the mineral surfaces must be
understood at the molecular level.

The interaction of a mineral with an electrolyte
is controlled by the surface functional species.
We use corundum (a-Al,O3) as a model mine-
ral which is related to natural clay minerals and
analogous iron phases. At the surfaces, there
are aluminol groups. At a corundum (001)
surface, for example, a single type of a doubly
coordinated OH species (see middle structure
in Fig. 6) is expected to occur [5]. The most
basic and most important reaction of the
surface functional species is their protonation

H

2 -H' -H' =
0 006 o0 o

Fig. 6: Scheme of expected speciation corundum/
water interface, protonation and deprotonation of
aluminol species.

and deprotonation which occurs upon the
change of the pH of the water. As a result, the
surface properties change dramatically, for
example the interaction capability with actinide
and lanthanide ions. In our combined experi-
mental and theoretical study we observe a
surprising diversity of species and unexpected
processes at the interface leading to a picture
of the interface at the molecular level which is
much more detailed as compared to the simple
model assumed in Fig. 6.

Speciation of functional groups obtained by
Sum Frequency Spectroscopy

In order to obtain chemical analytical informa-
tion selectively from a mineral surface in situ in
water we apply the nonlinear optical technique
of sum frequency (SF) vibrational spectroscopy
[6, 7]. This method is the only experimental
technique for direct and selective probing of
small functional surface species such as OH
groups.

Obpp/dssp
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The spectral positions of the vibrational bands
provide information on the chemical composi-
tion of the species. From the band positions,
we can also obtain the coordination number of
the atom, which binds the functional species to
the crystal lattice. The quantitative comparison
of the amplitudes in spectra, taken at different
polarization configurations, allows us to deter-
mine the bond tilt angles of the functional
species.

We can also use the method for measuring the
net polar orientation of the water molecules
adjacent to the mineral surface. This informa-
tion is not accessible in a corresponding linear
optical experiment. Polar water ordering near
the interface is due to the interaction of the
water molecules with the functional species of
the hydrophilic mineral. The SF signal thus
provides information on the interaction
mechanism.

The following results are obtained:

e The corundum (001) surface exhibits differ-
rent aluminol groups. They are all doubly co-
ordinated with Al atoms. As shown in Fig. 7,
the species differ in their OH bond tilt angle.

e The tilt angles do not depend significantly on
the pH in the region between pH 12 and 4.

e The surface concentrations of the flat orient-
ted species increase with decreasing pH.

o At high pH, the mineral surface is partially
deprotonated as expected (Fig. 6). At high
pH, mineral/water interaction is controlled
electrostatically.

¢ Within the broad pH range from 7 to 2, the
preferential polar orientation of the water

molecules at the interface cannot be
explained by electrostatic interactions.
33 P4
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Fig. 7: Tilt angles for the examples of the steepest
and flattest aluminol species observed in the SF
spectra at different pH. tilt is calculated from the
ratio of two nonlinear susceptibility tensor elements
obtained in two different experimental geometries.



Hydrophilic hydration observed by SFG

If mineral/water interaction between pH 7 and
2 is not due to electrostatic forces it must be
due to hydrogen bonding. The hydrogen
bonding The interaction between water and
hydrophobic surfaces (hydrophobic hydration),
which is responsible for key biological
phenomena such as protein folding and self
assembly of membranes, could be well
understood at the molecular level in the recent
years [8]. For hydrophilic hydration, however,
which is a key phenomenon in mineral/water
interaction, no predictive theory exists so far.
There are only indications from computer
simulations in the literature [9-11] on the
parameters at the molecular level which
probably control hydrophilic hydration:

e The relative concentration of hydrogen bond
donor species and acceptor species of the
surface was stated to be essential [9,10].

¢ Not only the chemical composition but also
the geometry of the functional species
determines their ability to act as hydrogen
bond donor or acceptor [11].

e The relation between the surface lattice
constants and the size of the water molecule
is crucial.

The unique observation of various functional
surface species in our experiments, which
differ only in one geometric parameter, can
now be applied for the first experimental study
of hydrophilic hydration as a function of the
species’ geometry. To this end we determine
the net polar orientation of the water molecules
near the interface. The net water dipole
moment is normal to the interface. It points into
the water phase at medium pH and to the
mineral surface at pH 3. The different polar
orientations are due to different hydrogen
bonding caused by the density variation of the
flat oriented OH groups upon a pH change. An
OH species can serve as a hydrogen bond
acceptor and as a donor. Flat oriented species,
however, favour the action as acceptors in
contrast to steeper oriented species which
preferentially serve as donors. (See Fig. 8) As
a result, the hydrogens of the water molecules
are favoured to be bonded to the surface at pH
3, where the density of the flat OH species is
increased, leading to the net water dipole
moment in agreement with the measurement.
At medium pH, the oxygens of the water
molecules are favoured to be bonded to the
hydrogens of steeper oriented OH groups,
leading again to the net water dipole moment
to be in agreement with the measurement.
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Fig. 8: The aluminol species of the surface can act
as hydrogen bond donors and acceptors. Flat
oriented species, whose surface concentrations
increase with decreasing pH, favour to serve as
acceptors. Steeper species favour acting as donors.
The observed change of the net polar water
orientation with decreasing pH is a consequence of
the increase in the flat oriented species’
concentration.

The interpretation of the SF data leads to a
detailed, consistent model. For a verification,
we need, however, the results of an
independent method.

Quantum chemical calculations

For the task of supporting and confirming the
experimental results we complemented the
spectroscopic study with ab initio and first
principles quantum chemical computations. We
considered aluminium oxide and hydroxide
clusters whose sizes were increased
successively in order to approximate the real
mineral surface. We calculated the minimum
energy structures, bond angles, and vibrational
frequencies. Details are given in Section 6.4 of
this report. We obtained surfaces, composed
of doubly coordinated species which differ in
their OH bond tilt angle. From the calculated tilt
angles and resonance frequencies of the
different OH species, we computed SF spectra
which are in excellent agreement with the
measured ones (see Section 6.4). The
calculations provided also two water
populations at the cluster surfaces with
opposite net dipole orientation. The water
molecules are bonded to flat oriented aluminol
species which act as hydrogen bond acceptors
and to steep oriented donors similar as
obtained experimentally. The calculations
represent a completely independent theoretical
proof of the experimental findings.



Conclusion and Outlook

Applying two independent methods, we
obtained a detailed, consistent model on the
speciation of the functional groups of a mineral
surface and on the interaction of the functional
species with the adjacent water molecules.
The results are important for geochemical
transport modelling which depends on reliable
information on the real chemical composition
and geometric structure of the mineral/water
interfaces. High impact is also expected for the
understanding of hydrophilic hydration. In the
next steps we include actinide ions as well as
organic molecules
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6.3 Formation and hydrolysis of polynuclear Th(IV) complexes

C. Walther, J. Rothe, M. Ful3 and S. Biichner

Introduction

Polynuclear complexes play an important role
for the hydrolysis of tetravalent thorium ions in
aqueous solution [1-3], in particular, for ThSIV)
concentrations in excess of [Th(IV)]=10"" M.
Consequently, these polymers (Th,(OH),””,
denominated (x,y)) must be considered when
describing hydrolysis of Th(IV) or dissolution
processes of Th(IV) solids, even in undersatu-
rated solutions [4,5]. In the past, considerable
efforts were made to obtain equilibrium
formation constants of these polymers and
different stoichiometries for dimers (x=2) [6,7],
tetramers and hexamers have Dbeen
suggested. However, most information was
obtained from indirect methods, in particular,
from potentiometric titrations. Here, we use
nano-electrospray mass-spectrometry [8,9] to
directly quantify the degrees of polymerization,
i.e. the numbers of Th*" ions, the numbers of
hydroxide ligands, and as a consequence, also
the charges of the complexes. All mono- and
polynuclear species which are present in
solution are quantified simultaneously down to
species contributing less than 0.1% of the total
[Th(IV)] concentration.

Experimental
preparation

The electrospray  time-of-flight mass-
spectrometer [10] consists of a home built
nanospray ion source equipped with spray
capillaries from PROXEON (boro-silicate, thick
metal coating, inner tip diameter 2 um).
Droplets of less than 100nm in diameter form
[11] and shrink within a few microseconds to
tiny droplets of some 50 water molecules each
containing only one thorium hydroxide complex
{Th,(OH),”™ - mCI” nH,O}*”™. The chloride
ions, presumably located in an outer shell,
compensate part of the charge of the complex.
The source is operated at conditions
preventing polynucleation in the spray [10].
The ions are analyzed in the time-of-flight
mass-spectrometer with a maximum mass
resolution of m/Am = 26000 which provides
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isobaric resolution and allows us to identify, as
a function of pHc not only size and
polymerization x, but also the number of
hydroxide groups y and via q=4x-y the charge
of each oligomer [10]. Often several hydroxide
complexes with the same degree of
polymerization x but different number of
hydroxide groups y are present
simultaneously. In this case, a number
weighted mean charge y is calculated. Though
Th has only one long lived isotope ngh), the
natural isotope abundances of ***’Cl cause
isotopic patterns unique for each complex in
the mass spectrum ({***Th,(OH),*CI,*Cl,
n(H,0)}*7¥™™9) which facilitates unequivocal
identifcation.

Thorium nitrate (Th(NOj3),,nH,O, analytical
grade) was dissolved in HCIO, and upon pH
increase by addition of NaOH, amorphous
thorium hydroxide was precipitated. The preci-
pitate was repeatedly washed with distilled
water and centrifuged. Subsequently, the
precipitate was redissolved in HCI resulting in
a stock solution of [Th(IV)],t = 0.3M at pH¢ 3.1.
(pHc denominates —log[H+], not activity). The
samples were prepared in two steps: First,
small amounts of stock solution were diluted
with HCI (pH¢ 0.3-4), and subsequently were
titrated with MQ water very slowly (10ul min™")
with vigorous stirring in order to avoid colloid
formation due to local pH gradients. All
samples were undersaturated with respect to
the formation of amorphous thorium hydroxide.
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Fig. 1: Solubility diagram for Th(OH)4(am). Samples
measured by ESI (). Solid line: solubility calculated
for Th(lV) in HCI without addition of electrolytes
denominated (“I=0 M’). Formation constants and
SIT parameters from [3]. Open symbols represent
experimental solubility data at 1=0.1M from Nabiva-
nets et al. [12], Ryan et al. [13], and Rai et al. [14].



Oversaturated samples can not be measured
by nano-ESI due to clogging of the 2 um
capillary, restricting the present investigations
to 1 < pHc < 4.5 (Fig. 1, *). Samples between
[Th(IV)]et = 6x10™°M and [Th(IV)}et = 1x107'M
are measured up to the solubility of amorphous
Th(IV) hydroxide ([12-14]). The frequently used
approach of working at rather high, but
constant, ionic strength, e.g. at | = 1M is not
possible here, since the amount of electrolyte
present in solution is limited by the ESI
technique: Salt deposition clogs the small
orifice were the spray enters the vacuum
chamber and  strongly reduces the
measurement time between cleaning cycles.
Hence, no electrolyte was added to the
samples, and the ionic strength of the solution
is determined by the molality of H*, CI” and the
thorium hydroxide complexes.
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Results

In the following, the dependence of hydrolysis
and complex formation on Th(lV) concentration
and on acidity are discussed by means of the
time-of-flight spectra of seven selected
samples (Fig. 2). All but spectrum (h) are
plotted in a logarithmic representation due to
the large difference in abundance of the
various species. The Th(IV) complexes remain
embedded in small water droplets during all
stages of the detection to minimize the
invasiveness of the electrospray process.
However, since the number of water molecules
in the detected droplet may vary between
some 10 < n < 50, each complex (x,y) gives
rise to a cluster of peaks rather than one single
line in the spectrum.
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Fig.2: ESI Mass-spectra of selected samples. With increasing Th(IV) concentration and with increasing pHc the
abundance of polymers increases. Details on the peak structure are discussed in the text.
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At [Th(IV)]et = 6x107°M (a),(b) only monomeric
complexes Th(OH)y‘"y are detected: the sin%ly
charged (1,y)" and the doubly charged (1,y)*".
These charges, however, are not the charges
of the complexes in solution but the charge of
the droplet containing the complex and in
addition some charge compensating chloride
ions. The species (1,0)", for instance,
corresponds to {Th*-CI73 nH,O}", whereas loss
of one chloride ion leads to the doubly charged
species (1,0)%" ({Th**- CI7, nH,0¥*).

At [Th(IV)}et = 2x107*M, initially polymer free
solutions (c) form polymers upon pH increase

(d). The most abundant species is the
pentamer Ths(OH),*®Y, a rather surprising
finding, since most models of Th(lV)
polymerization include only even sized
polymers, ie. dimers, tetramers, and
hexamers.

Increase of Th(IV) concentration ([Th(IV)]t =
1.5x10°M), shifts the stability range of
polynuclear hydroxide complexes to higher
acidity (Fig.2e: pHc 2.0) and polymers
dominate the spectrum close to the solubility
limit of Th(OH)4(am) at pHc 3.65 (f). Moreover,
the hydrolysis of pentamers is clearly visible:
The number of hydroxide ligands increases
from y=13-16 at pH¢; 2.0 (e) to y = 16-18 at
pHc 3.65 (f). While the pentamer is the most

abundant polymer up to [Th(IV)lt =
1.5x10M, the dimer becomes equally
abundant at [Th(IV)lx = 1x10"M (g) in
agreement with recent X-ray scattering

experiments on solutions of comparable
concentration [6,7].

Fig. 2(h) shows a magnified section of
spectrum (g) in order to visualize how doubly
charged dimers can be quantified in spite of
the massspectrometric interference of the
mononuclear hydroxide complexes (h) by
making use of the unique isotope distribution of
the charge compensating chloride ions.

Discussion

Fig. 3 compares the species distributions of the
two series at [Th(IV)=6x10°M and
[Th(IV)Jx=2%10"*M to the model of [3].

At [Th(IV)]mt=6><10'6M (top), no polymers are
detected which is in accordance with a
potentiometric study performed at twofold
higher concentration [15]. With increasing pHc
3.0-4.3, the dihydroxide complex Th(OH),>*
forms at the expense of the hydrated ion Th*
and the first complex Th(OH)3+ which is in
quantitative agreement with the hydrolysis
model of [3] (solid, dotted and dashed lines,
respectively). Moreover, it also agrees with the
model that no polymers are detected. The
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concentration of the most abundant polymer
predicted by the model, the tetramer, should

[LThAVDI ™M

07

47

gprrmr————

L\H]ﬁo‘_

STRTETTNN] INTRRTTI) INRTRTITANRTRRITIRTRNIEIN vOL

TITTTTTT

\

A

(-

o b bl EOI

LA AR (AR LR A

donhnl il SOL

Fig. 3: Distribution in Th(lV) solutions measured by
ESI-TOF (symbols) compared to model predictions
(lines): top: At [Tl h(/V)]mt=6><1O_6M only monomeric
hydroxide complexes are detected. Middle: At
[Th(lV)]tot=2><10_4M , polynuclear complexes form
close to the solubility limit. The formation of
pentamers coincides with the prediction of tetramer
formation by [3] (dashed line). Bottom: The same
data, compared to a modified model taking into
account pentamer formation and hydrolysis.

be [Ths(OH):,**] = 1x10®M which is below the
detection limit of our ESI mass spectrometer.
In Fig.3 (middle) the series at [Th(IV)]x=2%10"*
M is compared to the NEA model [3]. At pH¢
25, Th* and Th(OH);. contribute
approximately 40% of the total Th(lV)
concentration each, which is in accordance
with the NEA model (solid and dotted lines,
respectively). The fraction of dimers remains
below the detection level. At pH: 3.3, dimer,



tetramer and pentamer form at approximately
equal amounts, though they are clearly minor
to the mononuclear complexes Th* and
Th(OH);". With increasing pH, the relative
abundance of the pentamer increases strongly
and eventually accounts for almost 50% of the
[Th(IV)}t concentration at pHC > 3.6. In this
pH range, the fraction of Th(IV) pentamers
agrees very well with the polymer fraction
predicted by the NEA model (dashed line).
That pentamers are observed instead of the
predicted tetramers must not necessarily be
regarded as a contradiction. For one, the
present study was conducted at low ionic
strength, whereas the equilibrium constants at
zero ionic strength used for the model [3] were
obtained by extrapolating conditional constants
from experiments performed at typically molar
ionic strength. Supposed, a species were of
minor relevance or of low stability at high ionic
strength it would not be described correctly by
extrapolation to zero ionic strength. Second, to
our knowledge, up to now no direct
observation of the polynuclear species of
Th(lV) in millimolar concentrations was
reported. The introduction of the tetramer is
based on analogy considerations for Zr(IV) and
Hf(IV) [3]. It might very well be possible to
model earlier experiments by formation of
Ths(OH),*°™ complexes instead of by formation
of tetramers and hexamers.

In the lower part of Fig. 3 the data of the
middle part is compared to a slightly refined
model, including two pentamers (5,14) and
(5,17). Data from [Th(IV)]e= 6x10° M — 0.1 M
is well described by one set of equilibrium
constants [16].

At pHc 3.5, the pentamer coordinates 16
hydroxide ligands in average, and 17 at pH¢ >
3.7: Th5(OH)173+. This finding agrees with
solubility data: According to the solubility curve
for amorphous Th hydroxide close to pHc 4,
d log[Thle/d(-log[H']) = -3 ...-4 (Fig.1), the
most abundant species must be threefold
charged, for dilute solutions this is the
monomer Th(OH)3+ in more concentrated
samples Ths(OH).;*". In addition, the total
charge of q=3 of (5,17) is similar to q=4 of the
predicted tetramer (4,12) and the hydroxide to
metal ratios are y/x = 3.4 (5,17), and y/x =3.0
(4,12), respectively.

XAFS measurements

Th L3-edge (16.3 keV) XAFS measurements of
selected samples are performed at the INE-
Beamline with the same sample solutions
parallel to or immediately following ESI-TOF
investigations. Spectra are recorded in
fluorescence yield detection mode using the 5-
pixel solid state Ge detector recently upgraded
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with a fully digital data acquisition system (cf.
section 6.1). XAFS data analysis is based on
standard procedures implemented in autobk
and feffit using scattering functions derived
from FEFF8.2 [17]. Here we show exemplarily
results obtained for two  samples:
[Th(IV)]e=7.0x10™*M at pHc 3.67 and
[Th(IV)]=1.6%x10"°M at pHc 3.49. The Th(IV)
species distribution measured by ESI-TOF
indicates the presence of ~43% pentamers
(Th5(OH2173+), ~36% Th(OH)** and ~14%
Th(OH),”" in the former and ~71% pentamers
(Th5(OH2173+), ~16% Th(OH)** and ~9%
Th(OH),"" in the latter sample solution. EXAFS
fit parameters for these samples are
summarized in Tab.1; R- and backtransformed
k-space data and best fit results for the sample
with [Th(IV)]=7.0%10™*M are shown in section
6.1 covering the INE-Beamline in this report.

Table 1: EXAFS fit parameters for Th samples
described in the text.

[Thle: [shell [R[A] | CN o  WAEg[eV] | r-fact
0.68 (o) 2.40 3.8 |0.0020 8.9 0.03
mM 02 2.55 3.4 10.0020 8.9

Th 3.87 1.7 10.0061 5.2
16 (0] 2.48 9.2 |0.0128 8.1 0.03
mM Th 3.94 3.0 |0.0091 8.6

In both cases Th absorbers are surrounded by
a first shell of oxygen neighbors and a clearly
visible second shell of Th backscatterers. We
observe only a single Th-Th distance at around
3.9 A The Th-Th coordination number is
significantly reduced for the lower concentrated
sample (1.7) compared to the sample with
higher Th concentration (3.0). This trend is in
good agreement with ESI-TOF species
distribution results. Based on a pyramidal Th
arrangement in the polymers one predicts an
average coordination number of 1.3 in a
sample consisting of ~40% pentamers and
~60% monomers (i.e., the sum of aquo ions
and monomeric hydrolysis products) and 3.2 in
a sample consisting of ~70% pentamers and
30 % monomers. The splitting of the next
neighbor oxygen shell in the sample with lower
Th concentration indicates the different
environments of Th species. Thorium is
predominantly coordinated by water in the
monomers and by bridging or terminal hydroxyl
groups in the pentamers.

Conclusions

The following general trends for Th(lV)
hydrolysis and polymerization are observed:

While at high acidity monomeric species
account for the majority of [Th(IV)]it in solution,
the fraction of polynuclear hydroxide comple-



xes increases with increasing pH. Close to the
limit of solubility for amorphous thorium hydro-
xide, polymers often dominate the solutions.

The relevance of polymers increases for
increasing  [Th(IV)lxt  concentration. At
[Th(IV)]ot = 6x10°M no significant amount of
polymers is observed at any pH that was
measured in the present work, for [Th(IV)}t >
10™*M, however, polynuclear species form
with increasing pH. In solutions of millimolar
Th(lV) concentration the stability field of
polymers extends from pH 2 up to the limit of
solubility of Th(OH)4(am).

Pentamers (Ths(OH),°”) were found to
dominate the species distribution of acidic
Th(lV) solutions over a wide range of
concentrations. In contrast to most models,
tetramers and hexamers were observed only
as minor species or in freshly prepared non-
equilibrated solutions.

However, the latter species were introduced in
order to fit solubility data and were never
proved to exist directly. The present mass
spectrometric detection is the first actual
observation of Th(lV) complexes in rather
dilute solutions and it is most likely possible to
model solubility data with a series of
pentamers.

The largest polymers measured are the
decamer  Thyo(OH)s®", the  undecamer
Thy1(OH)3s®" and the dodecamer Thi,(OH)..%".
Since their contribution to the total Th(IV)
concentration was very minor and since these
complexes were observed only for the first few
hours after preparation of the samples they are
not discussed. Formation of larger polymers
eventually culminates in the generation of
amorphous Th(OH), — like colloids.

One central result of this work is the direct
proof that the mean number of hydroxide
ligands of Th(IV) complexes increases quasi
continuously with increasing pHg, not only in
the case of monomeric species, Th(OH)y4'y, but
also in the case of polymers Th,(OH),””. The
simultaneous presence of three or four
different complexes with the same degree of
polymerization x (for instance (5,13), (5,14),
(5,15), (5,16)) is frequently observed.

This has direct consequences for the
understanding of potentiometric data or
solubility experiments. It is difficult to obtain
reliable equilibrium constants and SIT
parameters for such a large number of species
and most present models restrict to only a few
complexes. For instance, a recent review on
Th(IV) hydrolysis [3] models a great manifold
of data with high precision including only six
polymers. However, one should keep in mind,
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that, though this model is very successfully
applied, it does not reflect the high complexity
of the real system and that for an
understanding of reactions on a molecular
level the exact stoichiometry of the species in
solution needs to be known.
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6.4 Computational Chemistry
B. Schimmelpfennig, M. Armbruster, R. Polly
Introduction

Computational Chemistry has been established
at INE in various research fields covering a
broad range of problems and employing
appropriate theoretical tools to tackle them.
Recently, ab initio ADC(2) calculations on C(1s)
—TT * have been applied to benzoic systems,
here we present results on much larger system
to understand the NEXAFS spectra of
polyacrylic and humic acid. Interactions at the
corundum/water interface are studied at INE
with various experimental methods. DFT
calculations on Al/O/H-clusters supported the
interpretation of SFG-results on the aluminol
groups at the surface but also of coordinated
lanthanide ions and small organic molecules,
such as butanol. However, for actinide the main
and most demanding challenge is to provide a
reliable description of the three- and tetravalent
hydrated ions with the currently available soft-
and hardware.

Metal-lon Complexation Effects in C 1s-
NEXAFS Spectra of Carboxylic Acids

The experimental NEXAFS spectra of humic
acids (HA) and polyacrylic acid (PAA) are
dominated by the C 1s (COOH)—Trc-o* transition
appearing at ~288.4 eV [1]. The carboxyl
resonance undergoes distinct changes upon
reaction of HA or PAA with hlgher charged metal
cations such as Eu** or Zr**. As shown in Fig. 1
for PAA the resonance intensity decreases while
at the same time a shoulder at slightly lower
energy (~0.5 — 0.8 eV) appears adjacent to the
C 1s (COOH)—T1rc=0* transition. To corroborate
quantum mechanically this complexation effect
we consider some simple carboxylic metal
complexes as model compounds for the
HA and PAA metal complexes. As model com-
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Fig. 1: NEXAFS spectra at the C 1s edge of meta/
complexes of polyacrylic acid with Na®, Eu** and zr**
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pounds, we investigated the hydrated acetate
complexes of the type [M(OOCCH3)(H O)]n1
and [M(OOCCHs)(H20)7] O with zr**, La®, Eu®
and Ac¥, the uranyl acetate complexes
[UOz(OOCCHa)gHzO)d2+ [UO2(OOCCH;)2(H20).].a
s well as La> complexes with glutaric acid
(HOOC(CH;);COOH), which is structurally related
to PAA. As an example, in Fig. 2 some BP86/def2-
TZVPP optimized structures of the model
compounds are shown.

Fig. 2: Structures of some metal carboxylate complexes
studied. The left corresponds to the 8-fold and the right
one to the 9-fold coordinated complex:
[UO2(OOCCH;3)(H20)4" ,  [UO2(OOCCHs)2(H20)21",
[La(OQC(CH2)3COQ)(HQO)7],[La(OQC(CH2)3COQ)2(HQO)4I

The calculations of the vertical C 1s (COOH)—
Tic=o® excitations energies and transition
strengths were done within the ADC(2) method
[2]. The ADC (Algebraic Diagrammatic
Construction) method is a specific reformulation
of the diagrammatic perturbation theory for the
polarization propagator. It combines diagonali-
zation of a Hermitean secular matrix with
Rayleigh-Schrédinger perturbation theory for the
secular matrix elements. The ADC(2) approach
contains the core-hole relaxation and the
response of the ionic core to the presence of an
excited electron consistently through second
order in the electronic repulsion. The ADC(2)
implementtation in the program package
TURBOMOLE with the very useful resolution-of-
the-identity (RI) approximation for the two-
electron integrals allows the calculation of core-
excitation spectra of comparatively large
molecules with adequate basis sets. We compare
the transition energies of the optimized structures
of the model metal complexes mentioned above
with the associated free anions (both in the gas
phase). All investigated complexes show,
independent of the metal center, qualitatively the
same behavior: the C 1s (COOH)—-Trc=0*
transition in the metal complexes appears at
lower energies than the transition in the free



anions. The shift of the C 1s (COOH)—1c=0"
transition to lower energies lie in the range
between 0.33 eV for the uranyl acetates and
1.01 eV for [Zr(OOCCHg)(H20)6]3+. The com-
plexation shift of the other investigated metal
species lie between these values. The
coordinating water molecules have a minor
effect on the energetical position of the C 1s
(COOH)—>Trc-0* transition: the excitation
energies of the 8- and 9-fold coordinated
species differ by 0.08eV only. The excitation is
therefore very localized despite the fact that the
excited state have 1c-o* character, but contains
to a lesser extent orbital contributions from the
metal center and the water ligands.

The geometry of the organic ligand in the metal
complex plays an important role. The
comparison of the transition energies for three
different alignments of the glutaric anion (free-
optimized in the gas phase, with the same
structure as in the complex with/without water
sphere) with the whole complex
[La(OOC(CH,);CO0)(H,0)7]** show that the C
1s (COOH)—-T1¢=0* transition shift comes from
the geometry of the organic ligand in the
complex. The influence of the water ligand shell
is small. The remaining fraction of the energy
shift is due to the electronic structure of the
metal cation and the distance between the
carbonyl C atom and the metal center.

For consistency a different basis set, the cc-
pwCVTZ basis, which is especially constructed
for core excitations, is compared for the La and
Ac acetates with the def2-TZVPP basis set.
The differences in the transition energy (0.01
eV) are small and therefore negligible. We
conclude the def2-TZVPP basis is an adequate
basis set for the study of core excitations of
metal containing systems. Based on this
quantum chemical investigation the
experimentally observed complexation effect
can be interpreted as associated ligand
structure and metal cation electronic changes.

Theoretical investigation of the
interaction of the corundum (0001)
surface in contact with water, organic
substances and metal ions

Interaction of water with the corundum
(0001) surface: These calculations are aimed
to assist an experimental effort understanding
the structure of the corundum surface in
contact with water. Sum-frequency
spectroscopy experiments determines the
orientations  (tilt angles) and vibrational
frequencies of the surface OH groups. In our
calculations we focused on these experimental
observables. We performed a theoretical study
employing the cluster model for the surface

using different ab initio methods (MP2,
CCSD(T)) along with Density functional theory
(DFT). The clusters are Al;Og+H,0, Al;015H3,
A|12022H6, A|21038H12 and A|31060H21. At the
smaller clusters the DFT results were assessed
with highly accurate CCSD(T) and MP2 calcula-
tions. With this benchmark study we established
that the results obtained with DFT agree very
well with the ab initio methods for this class of
systems. Accordingly we were safely able to
proceed with DFT for the larger clusters.

The results of this study were used to simulate
the experimental spectra [3]. The excellent
agreement of the simulated spectra with the
measured spectra provides a complete indepen-
dent theoretical proof of our model of the corun-
dum (0001) surface in contact with water (Fig. 3).

3400 3600 3800 4000

PPP

Aly;O35H,; /2

%
x
x

3400 3600 3800 4000

Sum Frequency response [arb. units]

3400 3600 3800 4000

Al OgoHy 7 PPP

3400 3600 3800 4000
vibrational frequency [cm'1]
Fig 3: Simulation of the sum frequency spectra of the
OH- vibration at the corundum (001) surface by
various DFT / ab initio calculations of Al,O3 clusters.
A further point of this work was the determination

of the average distance of the water molecules
to the surface. Eng et al. experimentally
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determined this distance to be 230 pm (bulk
water: 275 pm). If we use one water layer (7
water molecules) on top of the surface we get
an average distance of 166 pm, which is much
to short. Introducing a second layer of water
(18 water molecules) brings the average
distance to 248 pm which is much closer to the
experimental result. Thus we were able to
establish the importance of using more than
one layer of water for an accurate description
of the interface water/corundum. Another
interesting result is that we find different water
species adjacent to the surface. Some water
molecules gave only one OH bond pointing
towards the surface, some two OH bonds (see
Fig. 4).

Fig. 4: Al3;OsoH21 cluster in contact with water to
study the interaction of the water with the corundum
surface

Interaction of lanthanides and actinide ions
with the corundum (0001) surface: In this
study we determined the arrangement of
hydrated La**, Eu** and Cm* on the corundum
surface. This is of main relevance for the
research on nuclear waste disposals.
Information of the interaction of the
radionuclides with the surface provide theore-
tical insight whether these ions are adsorbed
on the surface or remain in the bulk water. For
this task we covered the cluster with 12 water
molecules and added one ion. In bulk water the
ions are nine fold coordinated, thus surrounded
by nine water molecules. As shown in Fig. 5,
upon adsorption on the surface the number of
neighbouring water molecules is reduced to six.

Fi%. 5: Al31060H21 cluster in contact with water and
Ln’* to study the interaction with the corundum
surface in aqueous solution

Interaction of organic substances with the
corundum (0001) surface: We studied the
interaction of simple aliphatic alcohols with the
corundum surface. For this task we used the
largest cluster (Al310Og0H2¢) and added methanol,
ethanol, propanol and butanol on top of this
cluster. In this way gain a systematic overview of
the bonding of these alcohols with the surface.
As shown for butanol in Fig. 6, the derived
equilibrium structure shows the expected
structure with the OH group of the alcohols
pointing towards the surface. This determines
the slope of the whole C-H chain towards the
surface. The slope angle of butanol determined
in our calculations agrees excellently with the
experiment. In a further step we placed up to 2
butanol molecules on the surface, hence,
providing a realistic model for the interaction of
the butanol with the surface.

Fig. 6: Al31OsoH2¢ cluster in contact with butanol to
study the interaction with the corundum surface in
aqueous solution

Complexation and Spectroscopy of
An(lV) ions in aqueous solution

The coordination and structure of actinide(lV)
ions in the aqueous face, sometimes as
polynuclear species, is still a challenge for
computational chemistry. We were investigating
possible conformations of Th(IV)-oxo-hydroxo
species in solution together with EXAFS studies
by J. Rothe [4] and mass-spectrometry by C.
Walther [5]. The combined experimental data
gives clear indication of a pentamer species, with
Th-Th bond distances of approx. 390 pm,
however, no immediate structure model could be
deduced from the data. An extensive literature
study as well as an initial guess of a tetramer
ring of a structural element suggested a
pyramidal structure as a likely candidate,
however, DFT calculations at BP86 DFT-level,
using a small-core pseudo-potential on Th
and basis sets with triple-zeta plus polarization
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quality (TZVP) employing the TURBOMOLE
software package, revealed Th-Th distances of
typically 360-365 pm, which were far to short
compared to experimental data. Even taking
various error sources into account, e.g.,
insufficient treatment of solvent effects,
deficiencies of the employed functional, such a
pyramidal structure could be ruled out. Other
potential structures are under investigation.

A second study is ongoing with C. Marquardt
(INE) and V. Vallet (Lille / France) on the
coordination and fluorescence spectroscopy of
Pa(lV) in aqueous solution and changes on
complexation with hydroxide or fluoride ions.
This system is especially interesting for a
theoretical study as, with just one unpaired
electron it allows to apply a wide selection of
accurate methods for investigating excited
states. An initial DFT study using B3LYP, basis
sets of TZVP quality, and a small-core PP on
Pa in combination with a dielectric continuum
approach to describe solvent effects (COSMO),
revealed Pa(lV) to be coordinated to nine water
molecules with the eight-coordinated structure
energetically close-by. Upon replacing water
with fluoride or hydroxide, the much shorter
bonds to these ligands, lead to a lack of space
in the first coordination sphere and by
increasing the number of non-water ligands,
the complexes show a strong tendency to push
water into the second coordination sphere. Our
joint study revealed the coordination number to
be reduced to seven or even six, when three
hydroxides or fluorides were attached to the
metal center. Using the structures obtained in
the DFT-study, investigations are ongoing to
describe and rationalise the effects of changed
coordination on the character and position of
the excited states including spin-orbit effects.
Preliminary results reveal strong ligand-field
effects on the 6d-manifold and the 7s-like
excited state and even low-lying charge-
transfer states have been observed in this
theoretical study. Despite the still preliminary
character of the results, the current state of the
project indicates a surprisingly rich and
unexpected interaction of effects such as
ligand-field splitting and spin-orbit coupling in
such a comparably simple system.

Actinide(lll)-aquo-triflates

P. Lindqvist-Reis and co-workers determined
recently XRD-structures of An(lll)(H2O)y triflate
crystals (An = Pu, Am and Cm) [6]. Looking at
the possibility to describe these complexes by
a cluster model, it turned out that comparably
large clusters such as (M(IIl)3(H20)g)s(triflate)q
are necessary to describe the central unit and
the H-bridge bonding between ftriflates

adequately. This local minimum structure of the
cluster, shown in Fig. 7, reproduces the
experimental structure with sufficient accuracy to
deduce vibrational frequencies of the first
hydration shell. Especially for Cm(lll), where
totally 21 unpaired electrons need to be treated,
we found a compromise between accuracy and
computer time by replacing the two outer metal
centers with La(lll), for which a computational
less demanding approximation can be used. This
project is still ongoing and we will elucidate the
errors of approximation the An(lll) ions using f-in-
core pseudo potentials [7]. Despite the technical
uncertainties discussed above, a cluster ansatz
for these crystals looks promising for investiga-
tions using quantum chemical methods.
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Fig. 7. DFT-optimised structure of a Cm(lll) (H20)e
triflate model with three triflate bridged Cm-aquo units.

4

The Theoretical Userlab (ThUL) in the NoE
ACTINET

INE coordinates the Theoretical Userlab (ThUL)
in the European Network of Excellence
ACTINET and supports there the interaction
between theory and experiment and gives
specific emphasis to training and education of
students from theory and experiment in state-of-
the-art computational tools in actinide sciences.
The activities in 2007 comprised support and
presentation of the ThUL at the REHE 2007
conference, co-organising and supporting the
ACTINET workshop “How can we improve
coupling theoretical chemistry with X-ray
absorption spectroscopy?” in Avignon, one
school dedicated to solid states in Cadarache
and supporting the international Helsinki Winter
School in Finland with the leading experts in
experimental and theoretical actinide sciences.
At all these events the ThUL promoted its
activities and those of ACTINET in general.
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7. Separation of long-lived Minor Actinides

A. Geist, P.J. Panak, S. Trumm, U. Miillich

Introduction

The separation of plutonium and the minor
actinides (neptunium, Np; americium, Am;
curium, Cm) from spent nuclear fuels and their
subsequent transmutation by nuclear fission in
advanced reactors could significantly reduce
the long-term radiotoxicity of the highly active
waste to be stored in a final repository [1]. This
is the so-called Partitioning & Transmutation
strategy [2]. The required chemical separations
can be achieved by hydrometallurgical or
pyrometallurgical processing [3, 4].

We study two hydrometallurgical (i.e., based
on liquid-liquid extraction) separations
processes, in the frame of the EC Integrated
Project, EUROPART [5], and a joint FZK-
INE/Université de Liege ACTINET project [6]:

1. The DIAMEX process, which is the co-
extraction of Am(lll), Cm(lll), and the
lanthanides (Lnlll) from the PUREX raffinate
solution.

2. The SANEX process, involving separation of
Am(IIl) and Cm(lll) from the chemically similar
lanthanides, from the DIAMEX product
solution.

Whereas the DIAMEX process is considered
mature, the SANEX process is still under
development. This is primarily to the fact that
SANEX extracting agents developed so far all
have their shortcomings with respect to
stability, solubility, and kinetics. Thus, there is
a need for improved extracting agents. To
move ahead from the usual “cook and look”
strategy, a fundamental understanding of the
chemistry governing the selectivity of nitrogen
(N)-donor extracting agents is required.

However, the separation chemistry involved in
the SANEX process is not understood from a
fundamental point of view: Why do N-donor
extracting agents preferentially extract Am(lIl)
and Cm(lll) over the lanthanides, in spite of
their chemical similarity? Finding answers to
this question covers a large part of our R&D
effort. To this, we study the complex formation
of trivalent actinides (An(lll)) and lanthanides
with N-donor ligands such as bis-triazinyl-
pyridines (BTP, Fig.1) and bis-triazinyl-
bipyridyls (BTBP, Fig. 2). Furthermore we work
on the synthesis of improved N-donor ligands,
and studies related to DIAMEX and SANEX
process development.
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Fig. 2: Bis-triazinyl-bipyridyls (BTBP).

BTP: An(lll) and Ln(lll) Distribution Data

For the interpretation of EXAFS and TRLFS
results on An(lll) and Ln(lll) complexation with
n-Pr-BTP (Fig.1, R = n-CsH;) [7, 8], a
correlation with liquid-liquid distribution data is
desirable. Thus, the extraction of Am(lll),
Cm(lll), and Ln(lll) (Ln =Y, La — Lu except
Pm) from nitric acid into n-Pr-BTP dissolved in
kerosene/1-octanol mixture was studied.

Fig. 3 shows the distribution ratios for An(lll)
and Ln(lll) at given experimental conditions.
First of all, the large selectivity for An(lll) over
Ln(lll) is evident, with the smallest separation
factor, SFamuymomy = 9, and the largest,
SFemuram > 10°.
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Fig. 3. Distribution ratios as function of the ionic
radii for the extraction of An(lll) and Ln(lll) from 1 M
HNOg3 into 40 mM n-Pr-BTP in kerosene/1-octanol.



The extractability of Ln(lll) increases steeply
with atomic number up to Ho(lll), followed by a
slight decrease up to Lu(lll). This decrease
may be due to a misfit between the size of the
N-donor cavity and the ionic radii of the
heaviest Ln(lll). This assumption is supported
by EXAFS results [8]: the difference between
M(II1)-N bond length and ionic radius is larger
with Lu(lll) (namely 1.67 A) than with Am(lll),
Cm(lll), Eu(lll), and Gd(lll) (1.61 — 1.62 A).

It is interesting to compare the behaviour of
Am(lll) and Eu(lll) with that of Cm(lll) and
Gd(lll): In both cases, the selectivity is
SFAn(I/I)/Ln(III) = 150. We need to find out whether
or not this “parallel” behaviour also holds for
other  An(lll)/Ln(lll)  pairs.  Thus, this
investigation is currently expanded to include
further An(lIl).

BTBP: TRLFS Studies

Objective of the project is to investigate the
selectivity of N-donor ligands such as BTP and
BTBP for the extraction of trivalent actinides
over lanthanides. Previous studies from our
group indicate that the structural differences
(as from different M(III)-N bond lengths) found
between [U(BTP);]*" and [Ce(BTP);]*" do not
apply to the respective Am(lll), Cm(lIl), Eu(lll),
and Gd(Ill) complexes. Whereas the shortened
bond lengths in the [U(BTP)s]** complex are
ascribed to a higher degree of covalence in the
U(III)-N bond, more subtle differences seem to
be causal for e.g., BTP’s Am(lll)/Eu(lll)
selectivity. Work is performed comparing
selected BTBPs’ complex formation and
extracting behaviour towards trivalent actinides
and lanthanides. The EXAFS studies are
complemented by liquid-liquid extraction (cf.
above) and TRLFS studies. The following
TRLFS investigations were made:
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Fig. 4: Fluorescence emission spectra of the 1:1
and 1:2 Cm(Ill)-BTBP complexes.

The complex formation of five different BTBPs
with  Cm(lll) and Eu(lll) in 1-octanol was
studied by TRLFS. Fig.4 shows the
fluorescence emission spectra of the 1:1 and
1:2 Cm(lll) complexes, [Cm(BTBP)]3+ and
[Cm(BTBP)2]3+. In any case, a higher BTBP
concentration is required to form the Eu(lll) 1:2
complexes than to form the corresponding
Cm(lll) 1:2 complexes (the 1:2 complexes are
the ones relevant under conditions applying to
liquid-liquid extraction).

There is a pronounced anion effect; going from
nitrate to perchlorate results in a stabilisation of
the 1:2 complexes. This effect is also observed
in the complex formation kinetics: with
perchlorate as counter-ion; formation of the 1:2
complexes shows much higher rate constants,
probably due to a destabilisation of the 1:1
complexes. This is remarkable as the anion
concentrations present in the organic solutions
are very low (< 10 M).

Data is currently being completed to determine
complex formation constants and enthalpy and
entropy data.

BTBP: Equilibrium and Kinetic Studies

CyMe,-BTBP (6,6’-bis(5,5,8,8-tetramethyl-5,6,
7,8-tetrahydrobenzo[1,2,4]triazin-3-yl)-[2,2']-bi-
pyridine, Fig.5) is the current European
reference molecule for SANEX (i.e,,
An(IlIN/Ln(IIT) separation) process
development [9].

Fig. 5 CyMe,-BTBP.

To support flow-sheet and process develop-
ment, an equilibrium model was developed to
calculate the extraction of An(lll) and Ln(lll)
from nitric acid into CyMe,-BTBP. It takes into
account the extraction of metal nitrates and
nitric acid by CyMe,-BTBP, and the extraction
of nitric acid by the diluent, 1-octanol:

M + 3 NO5 + 2 BTBPog = M(NO3)3(BTBP),0rg
H* + NO; + BTBPog = HNO3:BTBPq g
H* + NO3™ + octanol = HNOj3-0ctanolog

In the aqueous phase, activities calculated with
SIT [10] are used, whereas concentrations are
used in the organic phase.



As shown in Fig. 6, the calculations describe
well the influence of both nitric acid and BTBP
concentrations on the Am(lll) distribution ratio,
as well as the effect of loading with Eu(lll).

The kinetics for the extraction of An(lll) and
Ln(lll) from nitric acid into solutions of CyMey-
BTBP is rather slow. To speed up kinetics, a
second extracting agent (an alkylated malon-
amide) is added [9], presumably acting as a
phase transfer catalyst.
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Fig. 6. Extraction of Am(lll) from HNOj3 into CyMey-
BTBP in 1-octanol. Symbols, experiment. Lines,
calculated.

10"

Besides the expected effect (i.e., increasing
the rate of the chemical reaction), the phase
transfer catalyst also causes the formation of
smaller droplets in a shaking tube. To study
the kinetic effect in the absence of such a
hydrodynamic effect, Am(lll) was extracted
from nitric acid into solutions of CyMe,-BTBP
with or without a phase transfer catalyst, using
a miniature hollow fibre module [11, 12] as
phase contacting device. Thus, a known and
constant specific interfacial area and well-
described hydrodynamics are employed, and
the rate of the chemical reaction is accessible.

The forward reaction rate constant is adjusted
to fit the calculated Am(lll) effluent concentra-
tions to experimental data. Indeed, the rate
constant was larger by a factor of three with
the phase transfer catalyst as compared to
without it. A more detailed kinetic study will
follow.

New N-Donor Ligands

A series of new N-donor ligands similar to
BTPs were synthesised and tested for their
ability to selectively extract An(lll) from nitric
acid. Indeed, some of the compounds are able
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to extract Am(lll) with favourable distribution
ratio and with good selectivity over Ln(lll) from
up to 0.5 M nitric acid. The compounds exhibit
rapid extraction kinetics and good stability
versus nitric acid, thus showing improved
behaviour over BTPs or BTBPs (depending on
the alkyl moieties R, cf. Fig. 1 and Fig. 2, these
are either chemically instable or have very
slow kinetics). Structures of the compounds
and details will be presented in a forthcoming
publication.
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8. Vitrification of High-Level Radioactive Liquid Waste

W. Griinewald, J. Knobloch, W. Tobie, G. Roth, A. Salimi, K.H. Weil3, H. Braun, S. Weisenburger,

M. Nesovic

Introduction

Vitrification is applied world wide as an appro-
priate technology for the solidification of high-
level liquid waste for a subsequent final dispo-
sal. The special melter design developed at
INE for liquid waste rich in noble metals and
the related technology has been realized in the
Karlsruhe Vitrification Plant (VEK) at the cam-
pus of the former Karlsruhe Pilot Reprocessing
Plant (WAK). Hot operation is foreseen to start
within the next months. In addition, research
activities focus on waste glass development
with enhanced sulfur incorporation capacity.
They are performed within the envisaged Vitri-
fication Project China (VPC). Finally, activities
within the framework of an engineering assis-
tance agreement between FZK and the
Japanese Company IHI/Yokohama on the
further development of vitrification technology
are reported.

VEK Project

In 2007 the HLLW vitrification plant VEK has
passed the cold commissioning procedure
which has been finalized by performance of a
long-term (3 months) integral plant operation
(cold test). The cold test has been required to
accomplish the goals laid down in the first
partial operation license. During this test about
17 m® of HLLW simulate were processed and
the produced simulated waste glass poured
into 32 stainless steel canisters. The positive
results of the test form the basis of granting the
license for hot operation.

Goals, boundary conditions and

performance of the cold test

Precondition of the start of the cold test opera-
tion was the completion of all function tests for
single components (e.g. glass melter) and sys-
tems (e.g. wet off-gas cleaning). This require-
ment did not only comprehend process-related
installations but also other areas like process
control system or remote handling equipment.

In the focus of the cold test were:

e Long-term demonstration of the vitrification
operation in accordance with the
established regulations

o Verification of the operational manuals

e Proving of the procedure of sampling and
chemical analysis
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o Demonstration of canister transfer,
treatment and handling procedure to meet
product requirements

¢ Education and training of operational staff

Overall purpose of the cold test was the
demonstration of the vitrification operation
under conditions close to that of the hot
operation. Control of the whole plant operation
had to be carried out by means of the central
process control system, consisting of a
conventional and a safety system. The
requirements included the conduction and
control of the process according to the
operational manuals which had been approved
by the regulatory body. All routine remote
operations as well as possibly occurring
maintenance or intervention actions had to be
exclusively carried out by the installed remote
handling equipment. Manual operations are
routinely necessary to carry out all steps of
glass canister handling and treatment.
Performance of the cold test included to focus
on sustaining stable process conditions and
operational safety. Another main goal was the
verification of the control strategy to produce a
specified glass product according to the quality
assurance program. The control sequence
from sampling the HLLW until determination
and control of the material stream of HLLW
simulate and glass frit had to be checked.

HLLW simulate

The simulated waste solution used for the test
had been composed according to the available
reference composition data of the genuine
HLLW (see Table 1). The radioactive
constituents which do not exist in a stable
isotope form (e.g. Tc, actinides) were replaced
by suitable elements on an oxide mass by
mass basis. The noble metals elements (Ru,
Rh, and Pd) were omitted and also substituted.
The suitability of the melter design with respect
to processing noble metals bearing HLLW
simulate had been demonstrated before in
extensive long-term testing in INE’s 1:1 scale
prototype facility [1].

Results of the cold test operation

Cold test operation was carried out from April 3
to July 12. The operational period was divided
into three phases (see Table 2). The interme-
diate idling phases were intentionally induced



