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1 Introduction to the Institut f r Nukleare Entsorgung

R&D at the Institut fur Nukleare Entsorgung,
INE, (Institute for Nuclear Waste Disposal)
deals with the long-term safety assessment for
final disposal of nuclear waste, the separation of
minor  actinides from  high-level waste
(partitioning) and the immobilization of high-level
liquid waste by vitrification. All activities are
integrated into the programme Nuclear Safety
Research within the Energy Center of the
Karlsruhe Institute of Technology, KIT. INE
contributes to the German provident research for
the safety of nuclear waste disposal, which is in
the responsibility of the federal government.

Based on the scheduled operation times for
nuclear power plants in Germany, about 17.000
tons of spent nuclear fuel will be generated.
About 6200 tons have been shipped to France
and UK before 2005 for reprocessing to recover
plutonium and uranium. Therefore two types of
high level, heat producing radioactive waste
have to be disposed of safely, namely spent fuel
and vitrified high level waste from reprocessing.

There is an international consensus that storage
in deep geological formations is the safest way
to dispose of high level heat producing
radioactive waste. It ensures the effective
protection of the population and the biosphere
against radiation exposure over very long
periods of time. The isolation and immobilization
of nuclear waste in a repository is accomplished
by the appropriate combination of redundant
barriers (multi-barrier system).

INE research focuses on the geochemical
aspects of nuclear waste disposal. Special
emphasis is given to actinides and long-lived
fission products because of their significant
contribution to the radiotoxicity for long periods
of time.

Relevant scenarios for the geological long-term
behaviour of nuclear waste disposal have to
take into account possible radionuclide transport
via the groundwater pathway.
Thermomechanical studies are performed at INE
in order to describe the evolution of the
repository  after closure. The possible
groundwater access to emplacement caverns is
assumed to cause waste form corrosion.
Radionuclide mobility is then determined by the
various geochemical reactions in the complex
aquatic systems: i.e. dissolution of the nuclear
waste form (high-level waste glass, spent fuel),
radiolysis phenomena, redox reactions,
complexation with inorganic and organic ligands,
colloid formation, surface sorption reactions at
mineral surfaces, precipitation of pure solid
phases and solid solutions. Prediction and
quantification of all these processes require

availability of thermodynamic data and a
comprehensive  understanding  of  these
processes at a molecular scale.

Relevant radionuclide concentrations in natural
groundwater lie in the nano-molar range, which
is infinitesimally small in relation to the main
groundwater components. Quantification of
chemical reactions occurring in these systems
calls for the application and development of new
sophisticated methods and experimental
approaches, which provide insight into the
chemical speciation of radionuclides at very low
concentrations. Innovative laser and X-ray
spectroscopic techniques are continuously
developed and applied. A theoretical group
performs quantum chemical calculations on
actinide complexes as an additional tool to
support experimental results.

The long term safety assessment of a repository
for nuclear waste has to be demonstrated by
application of modelling tools on real natural
systems over geological time scales. The
experimental research programme at INE aims
to acquire fundamental knowledge on model
subsystems and to derive model parameters.
Geochemical models and thermodynamic
databases are developed as a basis for the
description  of radionuclide  geochemical
behaviour in complex natural aquatic systems.
The prediction of radionuclide migration in the
geosphere necessitates a coupled modelling of
geochemistry and transport. Transferability and
applicability of model predictions are examined
by designing dedicated laboratory experiments,
field studies in underground laboratories and by
studying natural analogue systems. This
strategy allows to identify and to analyse key
uncertainties related to the accuracy and the
relevance of the developed models.

The Partitioning & Transmutation (P&T) strategy
is pursued in many international research
programmes. The objective is to reduce the time
horizon for safe disposal of high level waste
from some hundred thousand to less than
thousand years by significant reduction of the
radiotoxicity and heat inventory. The aim of R&D
at INE in P&T is to develop efficient processes
for long-lived minor actinide separation from
high active nuclear waste for subsequent
transmutation into short-lived or stable fission
products. INE develops highly selective
extracting agents and performs experiments to
derive kinetic and thermodynamic data for the
extraction reaction. R&D spans theoretical and
experimental work dedicated to a mechanistic
understanding of extraction ligand selectivity on
a molecular scale, to development of extraction
processes.
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Within the third R&D topic at INE, the vitrification
of high level waste, INE contributes to the
decommissioning of nuclear facilities. The core
process technology for the Vitrification Plant
(VEK) on the site of the former Karlsruhe
Reprocessing Plant (WAK) located at the KIT
Campus North has been developed by INE.
Design of core process components, including
the glass melting furnace and the off-gas
cleaning system, comprises this development.
Moreover, INE was involved in functional testing
of major process systems, preparation of
qualification records and certification of product
quality, as well as in the performance of the cold
test operation. INE also played a leading role in
hot operation of the VEK plant which started in
September 2009 and was completed in
November 2010.

INE laboratories are equipped with the entire
infrastructure necessary to perform
radionuclide/actinide research, including hot
cells, alpha glove boxes, inert gas alpha glove
boxes and radionuclide laboratories. State-of-
the-art analytical devices and methods are
applied for analysis and speciation of
radionuclides and radioactive  materials.
o—, B—, y-spectroscopy instruments exist for the

sensitive detection and analysis of
radionuclides. Trace element and isotope
analysis is made by instrumental analytical

techniques such as X-ray fluorescence spectro-
metry (XRF), atomic absorption spectrometry
(AAS), ICP-atomic emission spectrometry (ICP-
AES) and ICP-mass spectrometry (Quadrupole-
ICP-MS and high resolution ICP-MS). Surface
sensitive analysis and characterisation of solid
samples is done by X-ray diffraction (XRD),
scanning electron microscopy (SEM),
photoelectron spectroscopy (XPS), atomic force
microscopy (AFM) and laser-ablation coupled
with ICP-MS. INE scientists also have direct
access to a TEM instrument at a nearby institute
(Institute for Applied Science) on the KIT
Campus North site. Laser spectroscopic

techniques are developed and applied for
sensitive actinide and fission product speciation
such as time-resolved laser fluorescence
spectroscopy (TRLFS), laser photoacoustic
spectroscopy (LPAS), sum frequency infrared
spectroscopy, laser-induced breakdown
detection (LIBD) and Raman spectroscopy.
Recently a tunable optical parametric oscillator
(OPO) laser system with TRLFS-detection was
installed for high resolution spectroscopy at
liquid helium temperature. Speciation of
actinide-ion complexation and polymerization
products in solution is facilitated by nano
electrospray time-of-flight mass-spectrometry
(ESI TOF MS). Structural insight into actinide
species is obtained by extended X-ray fine
structure (EXAFS) spectroscopy at the INE-
Beamline at the Karlsruhe synchrotron source
ANKA. The INE-Beamline, in the direct vicinity of
INE hot laboratories and in combination with the
other analytic methods, represents a world-wide
unique experimental and analytic infrastructure,
which both profits from and contributes to INE’s
expertise in the field of chemistry and
spectroscopy of the actinides. A new 400 MHz-
NMR spectrometer was installed and adapted to
measuring radioactive liquid samples. The first
NMR-spectrum of an Pu(lll)-complex was
measured in October 2010.

Quantum chemical calculations are performed
on INE’s computing cluster, which is equipped
with 17 nodes and 76 processors.

Additional facilities at INE include a non-
radioactive vitrification test facility (1:1 mock-up
of the VEK plant) used to investigate and to
simulate vitrification processes for hot plants.
The INE CAD workstations enable construction
and planning of hardware components, process
layout and flowsheets. The institute workshop is

equipped with modern machine tools to
manufacture components for specific
experimental and analytical devices in hot
laboratories.



2 Highlights

Contributions collected in this report provide a
representative overview of the scientific outcome
of INE research activities in 2010. The structure
of the report follows widely the organisation of
the institute according to research topics: (1)
basic research towards understanding
geochemical reactions of radionuclides on a
molecular scale and (2) applied studies on
radionuclide retention in multi-barrier system
under ‘real’ repository conditions. Both these
topics are strongly linked together and cover a
broad range of chemical aspects for long term
safety assessment of a repository for nuclear
waste. The third research topic (3) supports
these two areas by developing speciation
methods and analytical techniques in order to
obtain detailed chemical information on
radionuclide speciation and structures. In
addition to spectroscopic methods, quantum
chemical calculations are increasingly
implemented as an additional tool to gain insight
into the molecular and electronic structure of
radionuclide species. These experimental and
theoretical tools are applied to geochemical
studies and also to achieve mechanistic
understanding of solvent extraction processes
developed for separation of minor actinides from
fission lanthanides, which is indispensible for
P&T.

Research dedicated to the immobilisation of
high-level radioactive liquid waste is much more
technically and application oriented. In this field,
a vitrification plant on the WAK site using INE
technology was in hot operation from September
2009 to November 2010. In parallel, the
Vitrification Project China (VPC) based on KIT-

INE’'s technology was launched between
Chinese organizations and a German
consortium.

Important achievements of the research

activities in 2010 are listed below:

In 2010, several research activities were
focused upon the aquatic redox-chemistry of
actinides and long-lived fission products.
The solubility and speciation of actinides depend
strongly on redox conditions and accordingly
have to be analysed within this context to allow
for quantitative predictions of solubility limits.
Our work on Pu, Np and Tc has contributed to a
better understanding of redox transformation
processes and to constraining the stability fields
of dominant oxidation states. Studies on Pu and
Tc interaction with mineral surfaces yield new
insight into relevant mechanistic and kinetic
processes under reducing conditions towards
improved schemes for thermodynamic modeling.
Further studies on Pu and Np chemistry focus
upon oxidising conditions of penta- or hexa-
valent redox states, similarly aim at a compre-

hensive thermodynamic description. Experi-
mental studies were complemented by the final
report on the joint ReCosy Intercomparison
Exercise (EU FP project, coordinated by KIT-
INE), summarizing the present state-of-art in
redox determination methods in the context of
nuclear waste disposal. (Chapter 5.1)

Currently, there is a considerable lack of
knowledge with respect to the alteration of
actinide bearing cement products in saline
solutions. Thus we studied the alteration of
hydrated ordinary portland cement (OPC) in
chloride-rich brine using batch-type
experiments and by means of thermodynamic
equilibrium calculations. The results of this study
are important in particular for the safety
assessment of final disposal of low/intermediate
level active waste in rock salt. Since most
experiments were conducted with high cement
to brine ratios, reflecting disposal conditions,
aqueous phase analyses were rather
challenging. The calculated solution composition
is in good agreement with the experimental
results for a wide range of cement / brine ratios
(0.01 to 1.0 kg cement / L solution). Am(Ill)
sorption in the cement / brine systems was
quantified from experiments with equilibrated
solutions and cement corrosion products.
Relatively high values of apparent sorption
coefficients, Rs, for weakly alkaline (3000 < R <
6000 ml g'1) and highly alkaline conditions (R =
10000 ml g") demonstrate strong Am(lll)
retention by cement corrosion products (Chapter
6.2).

The focus of research within the international
Colloid Formation and Migration (CFM)
project is to understand formation of the
bentonite gel layer, erosion of bentonite
buffer/backfill material, generation of bentonite
colloids and their impact on radionuclide
transport in a shear zone under near-natural
flow conditions. To overcome the high hydraulic
gradient towards the tunnel surface in the
underground laboratory, a sophisticated mega-
packer system counteracting the hydraulic
heads of the shear zone was constructed and
installed at the end of 2009. Consecutively
performed colloid migration experiments in
2010 under near-natural flow conditions with
increasing residence time demonstrate the

slow bentonite colloid RN sorption
reversibility, especially for the tetravalent
elements. Furthermore, these experiments

demonstrated the sensitivity of colloid transport
on flow path geometry/heterogeneity of the
fracture/shear zone lending predictions based
on correlations such as e.g. colloid recovery



versus residence time a very high uncertainty
(Chapter 6.3).

The separation of americium and curium from
the chemically similar fission lanthanides is
essential to the partitioning & transmutation
strategy. BTP and BTBP directly and selectively
extract americium and curium from aqueous
nitric acid solutions, as required for a possible
industrial separation process. However, neither
BTP nor BTBP are fully suitable for an industrial
application, thus requiring further optimisation.

A sulphonated hydrophilic BTP, SO;-Ph-BTP,
was synthesised and successfully tested for the
complexation of trivalent actinides in acidic
solutions. SO5;-Ph-BTP can be wused to
selectively strip ftrivalent actinides from an
organic solvent phase containing trivalent
actinides and lanthanides. In contrast to other
compounds previously applied (such as, e.g.,
DTPA), SO;-Ph-BTP does not require any
buffers or salting out agents. In combination with
TODGA (an extracting agent co-extracting
trivalent actinides and lanthanides), SO;-Ph-
BTP has a selectivity for Eu(lll) over Am(lll)
of up to 1000. SO;-Ph-BTP has triggered
development of greatly improved actinide
separation processes in the framework of the
ACSEPT project (Chapter 7).

Based on KIT-INE s vitrification technology,
the VEK vitrification plant was constructed to
immobilize approximately 60 m?® of HLLW with a
total activity of 7.7-10"" Bq stored on site of the
former WAK pilot reprocessing plant. In
September 2009 hot operation commenced with
a one week hot test with reduced radioactivity
level. Start-up of routine processing of the stored
HLLW  immediately followed the initial
radioactive test and was completed in June
2010. Within a considerably short nine months
operation VEK immobili ed the existing 56 m*
of highly radioactive waste solution,
containing more than 400 kg of noble metals,
in 50 metric tons of glass. The glass was poured
into 123 canisters, which all met the approved
set of quality parameters. Operation could be
maintained at a time availability of 97 %.
Difficulties arising from melter off-gas pipe
clogging and a single noble metals-related event
were solved without severe impact on the time
availability. During a rinsing program to reduce
the level of activity remaining in the HLLW
storage tanks and in the VEK installations
following vitrification operation, 17 additional
canisters have been produced. Emptying and
shut down of the melter in November 2010
marks the ending of the rinsing program.
Transportation of the 140 glass canisters inside
five CASTOR casks from WAK to the
intermediate storage facility ZLN near Lubmin
took place in February 2011 (Chapter 8.1).

In summer 2009 the Vitrification Project China
(VPC) contract between the Chinese
organizations involved and the German industry
consortium concerning construction of a
vitrification plant on the basis of KIT-INE's
vitrification technology was signed. In 2010 main
project activities were dedicated to elaboration
of the basic design of the vitrification plant
and the intermediate storage building for waste
glass canisters. The scope of the basic design
carried out by INE covered the core process
(HLLW reception, HLLW and glass frit feeding,
glass melting, electric power supply for the
melter including melter instrumentation and
control and wet off-gas treatment system). Two
editions of the basic design documentation
(BDD) were delivered to China by December
2010 according to the project schedule (Chapter
8.2).

The INE-Beamline for actinide research at the
KIT synchrotron source ANKA celebrated its five
years of official operation in October 2010,
marking successful application of this dedicated
instrumentation  for  X-ray  spectroscopic
characterization of actinide samples and other
radioactive materials. R&D work at the beamline
focuses on various aspects of nuclear waste
disposal within INE’s mission to provide the
scientific basis for assessing long-term safety of
a final high level waste repository. The INE-
Beamline is accessible for the actinide and
radiochemistry community through the ANKA
proposal system and the European Union
Integrated Infrastructure Initiative ACTINET-I3.
The modular beamline design enables sufficient
flexibility to adapt sample environments and
detection systems to many specific scientific
questions and in 2010 the portfolio available
at the beamline has been increased. Well
established bulk techniques such as XAFS
spectroscopy in transmission and fluorescence
mode have been augmented by advanced
methods including (confocal) XAFS/XRF with a
microfocused beam or a combination of p-
XAFS and p-XRD. Additional instrumentation for
high energy resolution X-ray emission (HRXES)
spectroscopy has been developed and initial
results have already been obtained (Chapter
9.1).

A high energy resolution X-ray absorption
near-edge structure (XANES) spectroscopy
study on U* (UO,), U ([UO,Pys][KI,Pys,]),

and U% [UO,(NO;),(H,0)s] has been
performed using high resolution X-ray emission
(HRXES) spectrometer at the ESFR

experimental station 1D26. The measurements
demonstrate the potential of this experimental
technique for qualitative/semiqualitative and
quantitative actinide speciation investigations.
For the first time a pre-edge feature with



quadrupole nature (transitions involving 5f-like
final states) is observed in a U L3 edge partial
fluorescence yield-XANES spectrum. This
feature is a tool for characterizing the
participation of 5f orbitals in U-O bonding. The
origin of the feature is explained by performing
calculations with the finite difference method
near-edge structure code (FDMNS) based on
the multiple scattering theory and the finite
difference method (Chapter 9.1).

The structure of water near the corundum
(001) surface was determined by means of
Monte Carlo (MC) simulations, which give
direct information about the water species and
their orientation close to the surface and thus
help to better understand sum frequency
spectroscopy results. These MC calculations are
complemented by theoretical efforts using
density functional theory at the corundum (001)
and (110) surface. The sorption of trivalent
lanthanides and actinides and the formation of
inner-sphere complexes on the corundum (110)
surface was investigated. Theoretical results
confirm the experimental observed trend, of

more water bonds to the (110) surface
compared to the (001) surface (Chapter 9.6).

In order to describe solvation effects on a
theoretical level, molecular dynamics provides a
common tool. Therefore we have extended the
TCPEp force field and obtained new
parameters for actinides, water and
counterions based on highly accurate state-of-
the-art quantum-chemical calculations. As a
result coordination numbers, bond distances,
resident times, simulated EXAFS spectra, as
well as thermodynamic data are obtained, which
can be compared directly to experimental data.
This project is a European collaboration with
CEA / Saclay und Université Lille1.
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3 Education and Training

Teaching

Teaching of students and promotion of young
scientists is of fundamental importance to
ensure high level competence and to maintain a
leading international position in the field of
nuclear and radiochemistry. INE scientists are
strongly involved in teaching at KIT-Campus
South and the Universities of Heidelberg, Berlin,
Jena and Mainz.

Prof. Dr. Horst Geckeis, director of INE, holds a
chair of radiochemistry at KIT Campus South,
Department Chemistry and Biosciences. He
teaches fundamental and applied radiochemistry
for chemistry students in master and diploma
courses. A radiochemistry module consisting of
basic and advanced lectures on nuclear
chemistry topics and laboratory courses has
been set up for master students in Karlsruhe.

Prof. Dr. Petra Panak, heading a working group
on actinide speciation at INE, holds a
professorship of radiochemistry at the University
of Heidelberg. A basic course in radiochemistry
is offered for bachelor and/or master students.
An advanced course is comprised of chemistry
of f-elements and medical applications of
radionuclides. The advanced radiochemistry
lectures are supplemented by a scientific
internship at the INE radioactive laboratories.

About 50 students from Karlsruhe and
Heidelberg participated in two 3-week
radiochemistry laboratory courses in 2010 held
at KIT-CN in the FTU radiochemistry and hot
laboratories at INE. Some students started to
extend their knowledge in
nuclear/radiochemistry topics within scientific
internships at INE. It is obvious that the students
became interested in nuclear chemistry topics
and appreciate the various semester courses.

Dr. Andreas Bauer is lecturing Clay Mineralogy
at the University of Jena. His lecture deals with
mineralogical characterization of these fine
materials and the importance of quantifying
surface reactions. In the second part of the
lectures sound, practical advice on powder X-ray
diffraction in general is provided, as well as a
useful set of step-by step instructions for the
novice.

Lectures and practical units taught by Dr.
Thorsten Schéafer at the Freie Universitat Berlin,
Institute of Geological Sciences, Department of
Earth Sciences, focused in 2010 on a master
degree course on laboratory and field methods
in hydrogeology, including performance and
analysis of tracer tests, pumping tests and
permeability determination (Applied
Hydrogeology Ill), as well as a special topic
course on “Environmental radioactivity”.

Dr. Thorsten Stumpf gave lectures at the KIT
Campus South, Department Chemistry and
Biosciences, in the field of chemistry of f-
elements and inorganic chemistry.

The lecture of Dr. Clemens Walther at the
University of Mainz deals with electric power
generation. All  currently applied major
techniques for electricity generation are
presented with a focus on nuclear energy and
the scientific basics of nuclear fission.
Advantages and drawbacks of each technique
are compared and present resources,
sustainability and technical development are
discussed.

Through this close cooperation with universities,
students are educated in the field of nuclear and
actinide chemistry, which most universities can
no longer offer. Hence, INE makes a vital
contribution to the intermediate and long-
perspective of maintaining nuclear science
competence.

PhD-students

In 2010 thirteen PhD students worked at INE on
their dissertations. Five of them were awarded
their doctoral degree. Topics of their theses are:

- Structural study on Cm(lll) and Eu(lll)
complexes with ligands relevant to
partitioning

- Spectroscopic and thermodynamic
studies on the complexation of Cm(lll)
with inorganic ligands at elevated
temperatures

- Interaction of trivalent lanthanides and
actinides on various aluminium
oxides/hydroxides minerals at the water
interface

- Sorption of Ln(ll1)/An(lll) and U(VI) onto
monomineralic clays and natural
claystones

- Co-precipitation of actinides with calcite
- interfacial reactions and kinetics

- Influence of colloids on radionuclide
mobility

- Study on the complexation behaviour of
actinides by ESI-MS

- Separation of trivalent actinide from
lanthanide ions by N-donor ligands

- Development, implementation and
application of force-field interaction
terms to aqueous actinide complexes

-11 -



Study on the speciation of Cm(lII)/Eu(lll)
complexes relevant for partitioning

Impact of kinetics and flow path
heterogeneity on nanoparticle
/radionuclide migration

Incorporation of elements with low
solubility in alkaline borosilicate glasses
for the immoblisation of high-radioactive
liquid waste

-12 -

Influence of pore clogging on the
diffusion properties of porous media
during geochemical perturbation:
experiments and modelling



4 National and international cooperation

INE R&D involves a number of national and
international cooperations and projects. These
are described in the following.

The EURATOM FP7 Collaborative Project (CP)
“Redox Controlling Systems” (ReCosy) started
in April 2008. Main objectives of ReCosy are the
sound understanding of redox phenomena
controlling the long-term release/retention of
radionuclides in nuclear waste disposal and
providing tools to apply the results to
performance assessment/safety case. The
project is coordinated by INE, with Amphos 21
as the coordination secretariat and 32
institutions from 13 European countries
contributing to the four-years CP. The
international interest in the project is large, and
organizations from the Finland, Japan, Korea,
UK and USA have signed associated group
agreements.

In June 2010 an additional FP7 Collaborative
Project (CP) started, namely “Cation diffusion in
clayrocks” (CatClay). The aim of CatClay is to
improve understanding of the phenomena
governing migration of radionuclides in clayrocks
as potential host rocks for the deep geological
disposal of nuclear waste. The project focuses
on the diffusion-driven transport of cationic
species, Sr**, Zn*" and Eu®*, which are more or
less strongly sorbed on clay mineral surfaces.
CatClay coordinated by CEA combines model
and experimental developments from the
partners ANDRA, BRGM, CEA, SCK:CEN, PSI-
LES, Appelo Hydrochemical Consultant and
KIT-INE.

The EURATOM FP7 CP “Actinide Recycling by
Separation and Transmutation” (ACSEPT) is
dedicated to the development of actinide
separation processes. It is a four year project
(2008-2012) coordinated by CEA. KIT-INE
leads the “Hydrometallurgy” Domain. The
consortium consists of 34 members from
Europe, Japan and Australia. ACSEPT is a
continuation of previous FP4, FP5 and FP6
partitioning projects in which KIT-INE also
participated.

INE was one of the core members of the
European "Network of Excellence for Actinide
Sciences” (ACTINET-6) within the 6th FP of the
EC which ended 2008. The negotiations for the
follow up project ACTINET-I3 dragged on for
over a year and the contract for the three year
new project was finally signed by the
Commission in January 2010. ACTINET-I3 is an
Integrated Infrastructure Initiative. In contrast to
the former ACTINET, the consortium has only
eight members. These are the leading European
actinide laboratories: CEA, JRC-ITU and KIT-

INE, as well as FZD, PSI, CNRS, KTH and
UNIMAN. The objectives of ACTINET-I3 are: (i)
to establish and strengthen a network of actinide
facilities across the EU and to foster their joint
development in terms of capacity and
performance; (ii) to support and manage jointly a
programme of access to  appropriate
infrastructures for training and associated
research projects making use of the proposed
facilities; (iii) to conduct on a limited scale a set
of Joint Research Activities (JRA) involving
consortium member organisations, with an
objective to improve the performance of
infrastructures by developing new relevant
instrumentations and/or data of common
interest. Further, these activities will be
complemented by a virtual infrastructure, the
Theoretical User Lab, providing a limited support
in theoretical and computational chemistry and
modelling, with a focus on the complementarities
between theory and experiment. Open access to
the actinide laboratories and the integrated
beam lines for outside scientist to perform
experimental work within well defined joint
research projects was very successful in
ACTINET-6. This instrument will be continued in
ACTINET-I3; the 1% Call for proposals was
launched in February 2010.

With funding from the EU 7th Framework
EURATOM program as a coordination and
support action the project “Towards a European
Competence Center for Nuclear Magnetic
Resonance (NMR) on Actinides” began in
autumn 2009. At the end of January 2010, a
workshop "EURACT-NMR - European
Radioactive Nuclear Magnetic Resonance" was
held in Karlsruhe, to build competence and
identify future trends and promising application
fields in NMR actinide research. An expert round
table was established with the aim of specifying
required NMR instrumentation and infrastructure
in the “European Competence Centre for NMR
on Actinides” to be established as a joint
initiative of JRC-ITU and KIT-INE together with
partners from the University of Cambridge and
CEA Marcoule to meet the experimental needs
of research in this field.

Two international projects focus on the stability
of the bentonite buffer/backfill in contact with
water conducting features and the influence of
colloids on radionuclide migration in crystalline
host rock: the Colloid Formation and Migration
(CFM) experiment, coordinated by NAGRA
(National Cooperative for the Disposal of
Radioactive Waste, Switzerland), and the
Colloid Project, initiated by SKB (Swedish
Nuclear Fuel and Waste Management Co.,
Sweden). Both projects are currently jointly
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working together using the experimental set-up
at the Grimsel Test Site (Switzerland). Additional
partners involved are from Japan (JAEA, AIST,
CRIEPI), South Korea (KAERI), Finland
(POSIVA Oy), Switzerland (NAGRA, PSI-LES),
and Spain (CIEMAT). INE plays a decisive role
in the laboratory program of both projects and is
also mainly carrying out the field activities.

INE is involved in various bi- and multilateral
cooperations with national universities on
different topics. Scientific cooperation with
various German universities, research
institutions and industrial partners is partly
supported by the German Federal Ministry for
Economics and Technology (BMWi), the
geoscientific  research and  development
program GEOTECHNOLOGIEN funded by the
Federal Ministry for Education and Research
(BMBF) and the German Research Foundation
(DFG) and the Federal Ministry for the
Environment, Nature Conservation and Nuclear
Safety (BMU). These research programs are
dedicated to actinide and long-lived fission
product geochemistry and, specifically, the
impact of reactive surfaces, colloidal and natural
organic matter. The BMWi funded collaborative

projects VESPA, THEREDA, HATT,
KOLLORADO-2 and the BMBF/DFG funded
project RECAWA should be specifically

mentioned here.

Primary goal within the collaborative project
VESPA coordinated by GRS with partners FZD-
IRC and FZJ-IEF is to reduce the
conservativeness in the assumptions currently
made in performance assessment calculations
concerning the radionuclides '*C, *Se, *°| and
*Tc. There is reasonable evidence that sorption
values for radionuclides on organics, clay
surfaces, layered double hydroxides or steel
corrosion products are significantly higher than
currently used in modelling approaches. This
could, in “what if” scenarios, lead to significantly
lower radionuclide release rates than currently
predicted. The project VESPA focuses on the
reduction of these uncertainties.

Within the THEREDA project INE generates a
centrally managed and administered database
of evaluated thermodynamic parameters in
cooperation with the Gesellschaft fur Anlagen-
und Reaktorsicherheit (GRS) mbH,
Braunschweig, Forschungszentrum Dresden-
Rossendorf, Institut fir Radiochemie (FZD-IRC),
Technische Universitat Bergakademie Freiberg,
Institut fur Anorganische Chemie (TU-BAF) and
AF-Colenco AG, Baden (Schweiz).
Thermodynamic data are required for
environmental applications in general and
radiochemical issues in particular. This database
is to be developed to a national (reference)
standard and will be the basis for performance

assessment calculations for a national nuclear
waste repository.

The HATT project focus on the migration of
radionuclides in natural clay formations and in
bentonite considered as technical barrier. Within
this project not only the mechanism of
radionuclide sorption onto clay is studied, but
also the influence of organic matter naturally
occurring in the clay stone on the radionuclide
migration. Parallel to the characterization of clay
organic compounds, the interaction of actinides
with humic substances, kerogen-like compounds
and small organic molecules are examined.
Besides INE, the members of this collaborative
project are GRS, FZD-IRC, University of Mainz,
University of Potsdam, University of Munich and
University of Saarland.

The bilateral GRS-INE project KOLLORADO-2
started mid-2009 as successor of the
KOLLORADO project focusing on the erosion
stability of compacted bentonite barrier as a
function of the contact water chemistry/
hydraulics and the formation of near-field
colloids/nanoparticles as potential carriers for
actinides/radionuclides. Both a  detailed
experimental program investigating the influence
of surface roughness/charge heterogeneity on
nanoparticle mobility and actinide bentonite
nanoparticle sorption reversibility, as well as
approaches to implement the acquired process
understanding in reactive transport modeling
codes comprise the project activities.

In the BMBF/DFG funded joint research project
RECAWA with partners from KIT (Institute of
Reinforced Concrete Structure and Building
Materials; KIT-IfMB, Institut of Mineralogy and
Geochemistry;  KIT-IMG), the  University
Frankfurt (Institute of Geoscience, UniFaM-IfG)
and industrial partners (Rheinkalk Akdolit,
Lafarge Cement and Schafer Kalk), basic
understanding of processes with regard to the
reactivity and dynamics of calcite mineral
surfaces during crystal growth in aquatic
systems will be developed. INE focuses on the
immobilization of environmentally relevant
anionic trace elements (Se, U) on calcite
surfaces using an integrated approach on the
basis of batch sorption and co-precipitation
experiments with molecular calculations and
spectro-microscopic information.

The BMBF funded in the framework of the
funding concept ‘Basic research Energy 2020+’
entitted "Grundlegende Untersuchungen zur
Entwicklung und Optimierung von Prozessen zur
Abtrennung langlebiger Radionuklide
(Partitioning)“ continued in 2010. This is a
cooperative project between KIT (both Campus
North and South), Forschungszentrum Jiilich
and the Universities of Erlangen and Heidelberg
aimed at understanding the differing reactivity
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between 4f and 5f elements with the ultimate
goal of using this information to optimize their
separation in partitioning.

In 2010 activities in the Helmholtz — Russia Joint
Research Group (HRJRG) entitled “Actinide
Nano-Particles:  Formation,  Stability, and
Properties Relevant to the Safety of Nuclear
Waste Disposal” continued for their third and
final year. This HRJRG is a cooperative effort
between KIT-INE and the Chemistry Department
of Lomonosov Moscow State University, with the
goal of developing a  molecular-level
understanding of the formation, stability, and
properties of nano-sized actinide containing
colloids relevant to safe spent nuclear fuel (SNF)
and high level radioactive waste (HLW) disposal,
thereby filling conceptual gaps in the source
term and transport models used in long-term
assessment for deep geological repositories.

The Helmholtz University Young Scientist Group
(HHNG) “Elucidation of Geochemical Reaction
Mechanisms at the Water/Mineral Phases
Interface” has been supported by HGF and KIT
since 2006. The partner of the HHNG is the
Faculty of Chemistry and Geosciences of the
University of Heidelberg. The project was funded
over five years with a 1.25 million Euro volume,
including funding for personnel as well as for
non-personnel items. The leader of the working
group has teaching functions at the Heidelberg
University. The HHNG was evaluated
successfully and finished at the end of 2010.

The Virtual Institute (VI) “Advanced Solid-
Aqueous Radio-Geochemistry“ supported by the

HGF and coordinated by INE began in March
2008. The work is focused on the elucidation of
reaction mechanisms, which are responsible for
the migration and/or retardation of radionuclides.
The investigations range over a broad scale of
complexity, from a thorough study of a model
system for the formation of solid solutions
(calcite, powellite), up to monitoring the complex
interaction of cations and anions with
cementious material under repository conditions.
Experimental work, modern spectroscopy and
Monte Carlo simulations, as well as quantum
mechanical calculations are performed to
achieve a process understanding on a molecular
level. Members of the VI are KIT, the
Universities of Frankfurt (Germany) and Oviedo
(Spain), the Research Center Jilich and the
Paul Scherrer Institut (PSI) in Switzerland.

In May 2010, INE hosted the NEA symposium
“From Thermodynamics to the Safety Case"
which was organised jointly by the NEA TDB
and Sorption Projects. The objective of the
symposium was to present and discuss the
principal outcomes of these two projects with
interested communities (academic institutions,
technical support  organisations, waste
management organisations, regulatory bodies).
Emphasis was placed on illustrating and
discussing the successful use and key
challenges when applying thermodynamic
models and underlying databases to problems of
interest to the waste management community as
a whole. The symposium was attended by 75
delegates from 16 countries.
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5 Fundamental Studies: Process understanding on a molecular
scale

In the following section recent achievements are presented on basic actinide chemistry in aqueous
solution which are relevant to the migration of actinides and long-lived fission products in the near- and
far-field of a nuclear repository in deep geological formations. This includes provision of reliable ther-
modynamic data and models but also fundamental understanding of relevant processes. The reported
studies deal with the chemistry of actinides in aqueous solution, their interaction with mineral/water
interfaces and the formation of actinide containing solid solution phases. Whereas the first topic is
oriented to derive realistic solubility data, both last topics are aimed at the elucidation of retention/
retardation mechanism and their thermodynamic quantification. These fundamental studies are strong-
ly linked to applied studies on natural systems relevant for safety assessment.

5.1 Chemistry and thermodynamic of actinides in aqueous solution

M. Altmaier, K. Dardenne, D. Fellhauer®, X. Gaona, S. Héhne, S. Hofmann T. Kobayashi,
Ch. Marquardt, P.J. Panak, A. Skerencak

In co-operation with:
L. Charlef’, Th. Fanghénel, R. Kirsch®, A. Rossberg®, A. Scheinost’, J. Tits®, E. Wieland”

2 |STerre, Grenoble, France; ° JRC-ITU, European Commission, Karlsruhe, Germany, ° IRC-HZDR, Dresden, Germany;
¢ PSI-LES, Villigen, Switzerland

Introduction gations and predictions of redox related proc-
esses. Within the EURATOM FP7 Collabora-
In order to assess the long-term safety of a tive Project “Redox phenomena controlling
nucl_ear waste reposﬂ_ory, it is essent_lal to have systems” (CP ReCosy), an InterComparison
a reliable understanding of the chemical effects Exercise (ICE) on redox determination meth-
cont_rqlllng both radionuclide retention and ods was performed at KIT-INE in 2009/2010.
mobilization. For the last decades, a correct More than 40 scientists working on different
and rg_llable quant|_tat_|ve dgsprlptlon of acthlde topics related to redox chemistry from 20 Re-
solubility and spec!atlon within robust chemical Cosy partner organisations and associated
and thermodynamic models has been at the groups contributed to ReCosy ICE, thus pro-
centre_qf successfull resea.\rch. act|V|t|e:s at Il\_lE. viding a broad scientific basis.
In addition to these investigations mainly using ) ) )
redox stable radionuclides, the similarly impor- The main conclusion of RECOSY ICE is that
tant investigation of actinide redox chemistry the redox state of an aqueous system can be
has recently received increasing attention, as determined by the existing experimental tech-
aqueous actinide chemistry is strongly depend- niques, although the degree of confidence
ing on the actinide oxidation state and thus strongly depends of the kind of aqueous sys-
directly correlated to redox processes. The tem investigated and the degree of optimisa-
following studies highlight current research tion of the experimental equipment and han-
activities at KIT-INE focussing on different dling protocols. In how far the available ex-
aspects of redox controlled aqueous actinide perimental accuracy an_d precision is sufficient
and technetium chemistry. In addition, new to adequa’gely characterise the sample must be
studies on Cm(lll) — propionate complexation gssessed in each case and cannot be general-
(at 25-90°C) are presented, reflecting experi- ised. Based on the outcome of.the ICE, the
mental programs at INE focussing on actinide partners have agreed upon a list of recom-
chemistry at elevated temperature conditions. mendations. The central argument is that it is

strongly recommended to use a combination of
several experimental approaches to identify
The ReCosy Intercomparison Exercise and assess systematic errors as there is no

on redox determination methods single “best method” to determine the redox
state of a given system. This is especially true

Redox conditions in aqueous systems are for the analysis of (intrinsically highly complex)
usually characterised and reported by the re- natural systems. Further recommendations,
dox potential (E, or pe) in solution. Reliable e.g. concerning non-conventional techniques,
measurements of redox potentials are there- instrumentation, sampling and improved han-
fore essential requirements for reliable investi- dling protocols have been derived and are
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reported in the final ReCosy ICE report. In
addition, several topics have been identified
beyond the present state-of-the-art that may
provide significant input for future research
activities related to redox phenomena in aque-
ous systems.

The report on ReCosy ICE [1] and additional
supporting information is available from the
authors and can be downloaded via the Re-
Cosy project webpage www.recosy.eu or at
http://digbib.ubka.uni-karlsruhe.de/volltexte/1000021898.

Plutonium Redox Behavior in Aqueous
Solutions and on Nanocrystalline Iron
Phases

Plutonium chemistry in aqueous solution is
strongly determined by its oxidation state; ei-
ther Pu(V) / Pu(VI) under oxidizing conditions
or Pu(lll) / Pu(lV) under reducing conditions.
Since secondary iron mineral phases may be
formed in a nuclear waste repository via canis-
ter corrosion and are ubiquitous in the envi-
ronment, the interaction of iron minerals with
Pu and the impact on Pu oxidation state distri-
bution requires a detailed understanding.

Redox processes of Pu(V) and Pu(lll) in pres-
ence of heterogeneous iron mineral suspen-
sions have been investigated using advanced
XANES/EXAFS spectroscopy to identify sur-
face complexes [2] and determine the Pu re-
dox state distribution on the mineral surface
after reaction. The results from spectroscopic
in-situ investigations are compared to the cal-
culated Pu redox state distribution based on
macroscopic thermodynamic constants. Com-
plementary experiments in homogeneous solu-
tions with similar redox conditions as in the
heterogeneous systems were also performed.

Aliquots of electrochemically prepared 2Py (V)
or ““Pu(lll) stock solution were added to sus-
pensions of synthetic Maghemite (y-Fe,0Os3),
Magnetite (Fe;0,4), Mackinawite (FeS), Hema-
tite (a-Fe,03), Goethite (FeOOH) and Siderite
(FeCO3) in 0.1 M NaCl at pH 6-8.5. Within few
minutes the initial Pu  concentration
(1.320.1:10"° M) decreased by more than 90 %
in all experiments indicating fast sorption of Pu
onto the mineral phases. XANES and EXAFS
analysis (ROBL at ESRF) after 40 days re-
vealed that in all samples with initial Pu(V) a
combination of sorption and reduction to Pu(lV)
and Pu(lll) had occurred. No changes in the
initial Pu oxidation state were observed for the
experiments with additions of Pu(lll) except the
sample Pu(lll)+Maghemite, where partial oxi-
dation to Pu(IV) occurred.

After 6 months, a second experimental series
with longer equilibrations times were per-
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formed. The results from the 40 days experi-
ments with initial Pu(V) were confirmed: reduc-
tion to Pu(lV) and Pu(lll) occurred in all cases.
Deviations from the previous findings were,
however, observed for the experiments with
initial Pu(lll). In 5 of 6 samples Pu(IV) was the
predominant oxidation state after 6 month al-
though redox conditions were comparable in
both series. A redox transformation of Pu(lll) to
Pu(lV) occurs under the given experimental
conditions on a rather long time scale.

The observations can be analysed by compar-
ing the experimental (Ey + pH) values with the
predicted stability fields for different Pu oxida-
tion states in the Pu Pourbaix diagram (see
Fig. 1). The fast reduction of initial Pu(V)
agrees with the predictions since the experi-
mental conditions (Ey + pH) in the correspond-
ing samples are several orders of magnitude
below the stability field of Pu(V). The meta-
stability of initial Pu(lll) (with the tendency to-
wards slow transformation into Pu(lV)) is also
not surprising as the measured (Ey + pH) val-
ues lie close to the borderline calculated for the
equilibrium Pu(lll) < Pu(lV).

[Pu],, = 2:10° M in 0.1 M NaCl
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Fig. 1: Comparison of experimental data with the
calculated Pourbaix diagram of Plutonium for
([Pujiot = 2:10° M and 0.1 M NaCl.

Pu(V) redox experiments in homogeneous
solution with similar redox conditions and simi-
lar [Pu]it as in the iron mineral suspensions
confirm the observations made for the hetero-
geneous systems. Fast reduction of Pu(V) to
Pu(lV) occurred in samples where the (Ey +
pH) values are in the stability field of Pu(IV)


http://www.recosy.eu/
http://digbib.ubka.uni-karlsruhe.de/volltexte/1000021898

while mixtures of Pu(lV) / Pu(lll) were obtained
when redox conditions are close to the border-
line Pu(lll) < Pu(lV).

The results of our experiments indicate that the
redox chemistry of Pu is strongly related to the
“solution parameters” pH and pe both in ho-
mogeneous solutions and heterogeneous sus-
pensions. The assessment of predominant Pu
redox states based upon thermodynamic mod-
eling has a remarkable predictive capability,
even considering the presently still rather high
uncertainties related to experimental data, e.g.
pe measurements, and thermodynamic model-
ing. The present work underlines the advan-
tages of combining information from advanced
spectroscopic in-situ techniques like EXAFS
and geochemical model calculations based
upon macroscopic thermodynamic data. Using
these complementary approaches, improved
chemical and thermodynamic models can be
derived and a comprehensive picture of the
complex redox behavior of plutonium under
conditions relevant for nuclear waste disposal
obtained.

Redox processes of Tc(VII)/(IV) in 0.1 M
NaCl under various redox conditions

The amount of Technetium potentially mobi-
lized from a nuclear waste repository to the
environment is strongly related to Tc redox
processes. In the heptavalent Tc(VIl) oxidation
state, stable under non-reducing conditions, Tc
exists as a highly soluble TcO4 anion. On the
other hand, reduced tetravalent Tc(lV) is easily
hydrolyzed to form sparingly soluble oxyhy-
droxide solid phases. For a reliable prediction
of Tc chemistry under near field and far field
conditions, it is essential to predict the Tc re-
dox state distribution and respective stability
fields as function of basic geochemical para-
meter (E;, pH, ionic strength). Based upon a
consistent understanding of Tc redox behavior,
related processes influencing Tc mobilization
can be assessed, e.g. by systematic studies on
Tc(IV) solubility and speciation as function of
different geochemical boundary conditions.
The systematization of Tc redox processes in
homogenous and heterogenous systems within
the established E/pH concept offers a robust
approach and furthermore allows conclusions
on main reaction mechanisms.

The redox behavior of the Tc(VII)/Tc(IV) couple
in 0.1 M NaCl/NaOH solutions was investi-
gated in various homogeneous and heteroge-
neous reducing systems. TcO, stock solution
was added to 0.1 M NaCl/NaOH solutions pre-
equilibrated with different reducing agents to a
final concentration of [TcOy Jint = 1-10™ M. After
given periods, pH and E, were measured and

-18 -

Tc concentrations in solution determined after
10 kD (2-3 nm) ultrafiltration using Liquid Scin-
tillation Counting.

In the systems with Na,S,04, Sn(ll), Lawsone,
Fe powder (neutral pH), or AQDS/AH,QDS
(acidic pH), the initial Tc concentration de-
creased quickly within a few days or weeks,
indicating the reduction of Tc(VII) and the for-
mation of the expected sparingly soluble Tc(IV)
solid phases. On the other hand, in the sys-
tems with AQDS/AH,QDS (alkaline pH), hy-
droquinone, Fe(ll)/Fe(lll) (acidic pH) or Fe
powder (alkaline pH), Tc(VIl) was not reduced
and the concentration constant at the initial Tc
level. The results are summarized quantitative-
ly in the E,-pH diagram shown in Fig. 2.
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Not reduced
12 A e AQDS/AH,QDS
10 ‘ B Hydroquinone {1 0.6
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Fig. 2: Reduction of Tc(VIl) in 0.1 M NaCl/NaOH
solutions. Open symbols indicate Tc(VII)-(1V) reduc-
tion, filled symbols indicate no Tc(VIl) reduction
within up to 1.5 months.

A clear and systematic trend regarding E./pH
conditions and Tc(VII)/Tc(IV) redox behavior is
apparent as expected from thermodynamic
calculations [3]. The dashed line in Fig. 2
represents the experimental borderline for the
reduction, which was found to be independent
of the reducing chemicals or the presence of
iron solid phases. The work indicates that Tc
redox processes in the investigated systems
can be systematized and predicted using expe-
rimental data (E;, pH, [Tc]) and thermodynamic
model calculations, e.g. Ex/pH predominance
diagrams. Well defined stability fields for the
respective Tc(VIl) and Tc(lV ) species can be
established for the given experimental parame-
ters indicating E, and pH conditions clearly



favoring the tetravalent Tc(lIV) redox state and
thus Tc retention. For a more detailed discus-
sion of this work please refer to [4].

This work is part of an ongoing extended expe-
rimental program on Tc(IV) chemistry at KIT-
INE to derive improved solubility data, aqueous
speciation schemes and activity models (SIT,
Pitzer) required for geochemical modeling at
intermediate and high ionic strength conditions.

Redox chemistry of Np(V/VI) under
hyperalkaline conditions: aqueous
speciation and solid phase formation

The redox chemistry of the Np(V/VI) couple
under alkaline conditions remains largely un-
known and the stability fields and thermody-
namics of Np(VI) species rather ill-defined. In
the aqueous phase, the formation of hexava-
lent anionic species (e.g. NpO,(OH); and
NpOz(OH)42') has been proposed, although no
thermodynamic data are currently selected in
the NEA reviews [5]. In analogy to the U(VI)
system, the precipitation of Na- and Ca-
neptunate solids can be expected. The forma-
tion of these aqueous Np(VI) species and solid
compounds may significantly limit the stability
field of Np(V) in favour of hexavalent Np spe-
cies in cementitious and saline environments,
and therefore deserves detailed investigation.

In a first step, aqueous Np speciation and solid
phase formation were investigated in tetrame-
thylammonium hydroxide (TMA-OH) solutions,
in order to limit the precipitation of solid phases
and maintain Np in solution for EXAFS/XANES
analysis. However, the high total Np concen-
tration ([Nplet ~ 2-10°M) gave rise to the pre-
cipitation of solid Np phases in some of the
samples. Carbonate concentration (as impurity
of TMA-OH) was 2-3:10°M. Redox conditions
were defined by the absence or presence of
CIO™ as oxidizing agent (Na-salt, 510°M and
5-10 'ZM), whereas pH ranged between 9 and
13.5. In Fig. 3, a summary of the samples pre-
pared is plotted in the predominance diagram
of Np for 8<pH<14 and -1V<Ej<+1V. Thermo-
dynamic calculations in the figure were con-
ducted consistently with the NEA reviews [5],
except for NpO,(OH); and NpO,(OH).* (in
analogy to U(VI)), and NpO,(OH),(CO3)* (as
reported in [6]).

UV spectra obtained from the supernatant in
TMA-OH solutions and in absence of CIO
showed very clear Np(V) features, identified as
NpO,", NpO,(COs) and NpO,(OH),(COs)”.
XANES of these samples confirmed the pre-
dominance of Np(V). No UV features were
observed within 800-1300 nm for samples with
CIO;, even though Np(VI) is expected to occur.
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This different behaviour could be explained by
the lower Np concentration in some of the
samples, but is also indicative of the possible
formation of centrosymmetric Np(VI) species
(e.g. NpO,(OH),*) with lower absorptivity coef-
ficients. XANES of this second set of samples
confirmed the predominance of Np(Vl), in ac-
cordance with reference spectra [7]. A similar
Np redox distribution was observed for the
solid phases based on XANES and EXAFS
measurements. EXAFS spectra indicative of
Np'O,0H(s) and Np“'OsxH,O(s) were ob-
tained for samples Np-1/Np-2 and Np-5/Np-9,
respectively. The formation of a Na-Np(VI)
solid phase in 5:10°M CIO” and pH~12 (sam-
ple Np-8) was indicated from both EXAFS and
chemical analysis.
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Fig. 3: Predominance diagram of Np aqueous spe-
cies including measured experimental pH and Epy
conditions. Calculations for [NpJiot = 1.10* M; [COsiot
= 2.510°M; | = 0.6M. The orange line indicates the
Np(V)/Np(VI) border calculated with NEA-TDB.

The results of this study confirm the relevance
of Np(VI) in hyperalkaline systems even under
mildly oxidizing conditions. Anionic species
analogous to U(VI) are expected to form in the
pH range 10-14. Indications of a Na-neptunate
formation at [Na] = 0.01M highlight the poten-
tial relevance of Na-Np(VI) (and Ca-Np(VI))
solid phases in cementitious and saline envi-
ronments. For a more detailed description to
this work see [8]. Additional experimental se-
ries in alkaline carbonate free NaCl and CaCl,
systems are in progress to identify solubility
limiting solid phases, determine the
stoichiometry and stability of aqueous Np(VI)
species and derive an improved and compre-
hensive thermodynamic description.



Thermodynamic and spectroscopic
studies on the complexation of Cm(lll)
with propionate at T=25 90 C

The prediction of actinide chemistry at higher
temperatures is a key topic required for the
assessment of repositories for heat producing
highly radioactive waste, operating under ele-
vated temperature conditions for several thou-
sand years after closure. Cm(lll) is an excellent
analogue for other actinides potentially present
in the trivalent oxidation state under reducing
conditions (Am, Pu) and ideal analytical probe
for speciation studies at trace level concentra-
tions owing to very advantageous spectro-
scopic properties. The present ligand system is
studied, because increased concentrations of
low molecular weight organic acids (LMWOA,
f.e. propionate) are found in the pore water of
different natural clay formations. Hence, the
thermodynamic characterization of the interac-
tion of trivalent actinides with LMWOA at in-
creased temperatures is of importance for a
comprehensive long term safety assessment.

The formation of Cm(Prop),>" (n = 0, 1, 2)
complexes was investigated by time resolved
laser fluorescence spectroscopy (TRLFS) and
UV/Vis spectroscopy in the temperature range
from 25 to 90°C. The experiments were per-
formed in a quartz cuvette embedded in a
temperature controlled copper block. Two sets
of samples were prepared using the molal
(mol/kg H,O) concentration scale. The first set
contains samples at constant ionic strength in
NaClO, media at |, = 2.0 and varying propion-
ate concentration ([Prop it = (0.1—3.0)-10'2 m.
The second set of samples was prepared at a
constant total ligand concentration and differ-
ent ionic strengths ([PropJi = 0.510% m,
I = 0.1-4.0 (NaClQy)). The proton concentra-
tion in all samples was fixed with HCIO, at
[H ot = 1.287-10™ m.

The temperature dependent species distribu-
tion as function of ligand concentration and
temperature is determined by deconvolution of
the TRLFS emission spectra. A detailed speci-
ation at T = 25 and 90°C is given in Fig. 4.

At room temperature, the speciation of the
samples is defined by the molar fractions of the
aquo ion and the [Cm(Prop)**] complex. The
[Cm(Prop),’] complex is formed only up to
20%. An increase in the temperature results in
a general shift of the species distribution to-
wards the complexed species.
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Fig. 4: Speciation of the Cm(lll) propionate system
as function of the total propionate concentration
([Prop’Jit) at T = 25 and 90°C.

The temperature dependent conditional log
K’,(T) values are calculated using the spectro-
scopically determined speciation and pK’,(T)
values of HProp, measured with UV/Vis ab-
sorption spectroscopy.

The calculated log K’, values are extrapolated
to zero ionic strength with the SIT approach
(specific ion interaction theory) [5]. The com-
plex formation constants in the standard state
and corresponding log KO,,(T) values are dis-
played in Fig. 5 as function of the reciprocal
temperature. The log KO1(25°C) value is about
0.4 order of magnitude higher compared to
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Fig. 5: Stability constants at zero ionic strength for
Cm(Prop)** and Cm(Prop)2" (log K%, log K%) plot-
ted as function of the reciprocal temperature (T °).



agreement with the literature [9,10]. The stabil
Ity constants show a linear correlation with the
[9,10], while the log K02(25°C) value is in good
reciprocal temperature. Hence, constant A,HO,,,
of the individual, stepwise reactions are as-
sumed and the linear Van't Hoff approach is
used to model the temperature dependency of
the stability constants. The thermodynamic
constants (ArGOm, AH, ArSOm) for the step-
wise formation of the complexed species are
summarized in Table 1.

n=1 n=2
NG’ 250)
[kJ/mol] -19.03+1.0 |-10.85+0.25
AHkJmol] | 576 +11 | 30.40+23
ArSOm [J/mol:K] | 83.16 0.4 138.34+7.9

Tab. 1: Thermodynamic data for the stepwise for-
mation of [Cm(Prop).]”" (n =1, 2)

The results show, that the driving force of the
complexation reaction of Cm(lll) and propion-
ate is the increase in the entropy of reaction,
explaining the observed increase of the stabil-
ity constants with increasing temperature. The
studies are part of ongoing research activities
at KIT-INE on the field o high temperatures
actinide chemistry, relevant for a comprehen-
sive long term safety assessment of a nuclear
waste repository.
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5.2 Sorption of trivalent metal ions onto aluminium(hydr)oxides
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Introduction

Migration of actinide species in the near- and
far-field of a nuclear waste repository in deep
geological formations strongly depends on
reactions at solution-mineral-interfaces, e.g.
inner- and outer-sphere adsorption, ion
exchange, and structural incorporation (solid
solution formation). For a long-term safety
analysis, a sound understanding of the
involved processes is required. This includes
the identification and characterization of the
formed surface species. Aluminium
oxides/hydroxides themselves are of minor
direct importance in the context of nuclear
waste disposal, but can conveniently be used
as isomorphous model phases for trivalent iron
oxides/hydroxides. The latter phases occur
both as natural minerals in various types of
rocks in the far-field and as corrosion products
in the near-field of a nuclear waste repository
and do exhibit strong sorption capacity. In
contrast to iron oxides/hydroxides, aluminium
oxides/hydroxides show no absorption in the
visible light region, thus allowing TRLFS
experiments, which in turns vyields direct
information about the surface speciation. In
addition, natural alumosilicate minerals like
clays exhibit surface aluminol sites as do the
aluminium hydroxides. Furthermore, Gibbsite,
as an alteration product of alumosilicate
minerals, is by far the most common crystalline
aluminum(hydr)oxide in soil environments.

In TRLFS studies on the interaction of Cm(lll)
with y—=Al,O3, three different Cm(lll) surface
species were distinguished between pH 3 and
13 and assigned to the surface complexes y-
Al O3---Cm(OH)(H20)s (x = 0, 1, 2) [1]. As
the undefined structure of the y-Al,O3 particles
inhibits an assignment to the reactive surface
sites, Cm(lll) sorption studies were extended to
sapphire (a-Al,O3) single crystals, for which
information about the reactive surface sites,
their distribution and concentration is available
[2]. TRLFS results at pH values of 4.5 and 5.1
show differences in peak position and
fluorescence lifetime for Cm(lll) bound to the
(001) a-Al,O5; surface compared to the (018),
(104), (012) and (110) crystal planes. This
indicates a clear influence of the nature of the
aluminol groups present at the mineral surface,
their acidity and the way Cm(lll) is bound to
these surface groups. As pure Al-oxide
surfaces are not thermodynamically stable in
water and undergo (surface) phase
transformations into the hydroxides [3], [4], the
investigations were further extended to a pure
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aluminiumhydroxide, gibbsite  (a-Al(OH)3).
From the Cm(lll) emission spectra two Cm(lll)
surface species could be distinguished [5]. In
addition, a third Cm(lll) species could be
observed at pH 6-11. This species is assigned
to an incorporated Cm(lll) species, possibly
forming as a consequence of precipitation of
Al(OH); from an oversaturated solution. In that
case, formation of an incorporated Cm(lll)
species should be inhibited by wusing a
suspension equilibrated at the gibbsite
solubility minimum.

The aim of this work is to study trivalent metal
ion sorption onto a-Al,O3 (corundum) powder
and a second aluminiumhydroxide, bayerite (3-
Al(OH)3). In continuation of the experiments by
Rabung et al. [2], Cm(lll) sorption onto
sapphire single crystals is extended to higher
pH.

Experimental

Gibbsite used in this study was prepared at
KIT-INE and is described in the literature [5].
The mineral suspension was equilibrated at the
solubility minimum (pH = 6.2) for four months
prior to the Cm(lll) sorption study. Starting the
Cm(lll) sorption experiments with this
suspension from the solubility minimum and
increasing and decreasing the pH in two
separate sets of experiments should minimize
the formation of an incorporated Cm(lll)
species between pH 5 and 9. Bayerite
microrods were synthesized by titration of an
aluminate solution with HCI to pH 9 at elevated
temperatures [6]. a-Al,O; powder was supplied
by Taimicron, Japan (TM-DAR). Cm(lll) TRLFS
measurements were performed with 0.5 g/L
solid content and 2x107 M Cm(lll) in 0.1 M
NaClO,. After addition of the acidic Cm(lll)
stock solution, the desired pH was adjusted in
small steps for corundum and bayerite. For
gibbsite, Cm(lll) was diluted in 0.1 M NaCIlO,
and the pH was increased to pH ~ 6 prior to
the gibbsite addition to avoid changes in the
initial state of the gibbsite suspension. The
suspensions were shaken periodically for 2-3
days to reach sorption equilibrium. The a-Al,O4
single crystals with the surfaces (001), (110)
and (012) were obtained from MaTecK, Jilich.
The samples were subjected to a standard
cleaning procedure before use to eliminate the

organic carbon and minimizing inorganic
contamination  [2]. Streaming  potential
measurements with Eu(lll) sorbed onto

sapphire (001), (110) and (012) single crystals



were carried out with one side polished
samples with a dimension of 2 x 1 cm. For the
Cm(lll) sorption experiments, both sides
polished (001) and (110) single crystals with a
dimension 1 x 1 cm were used. Two Cm(lll)
solutions were prepared in 0.1 M NaClO4. A
Ccm(lll) concentration of 1-10° M was used for
the sapphire (001) surface, while a
concentration of 3-10° M was adjusted in case
of the (110) single crystals due to a lower
Cm(lll) uptake of the latter surface [2]. The pH
was adjusted to 5 and 6. To inhibit hydrolysis
of Cm(lll), the studies at pH > 6 were carried
out in a Cm(lll) free 0.1 M NaClQ, solution, i.e
the samples equilibrated at lower pH in the
presence of Cm(lll) were exposed to this new
solution. Prior to the TRLFS study, the crystals
were removed from the solutions and dried
under Ar.

Results and discussion

Cm(lll) sorption onto corundum and
bayerite

Based on time resolved laser fluorescence

spectroscopy (TRLFS) results on the
interaction of Cm(lll) with bayerite and
corundum between pH 3 and 13, three

different Cm(lll) surface species for both
minerals can be distinguished by peak
deconvolution (Fig. 1).

species 1

2*10" M Ccm™

cm.,,
0.1 M NaCIO,

species 2

0.5 g°'L" corundum

12*10"Mcm™
0.1 M NaCIo,
0.5 g"L " bayerite

Normalised Intensity

630

Wavelenght (nm)
Fig. 1: TRLFS single component spectra for the
interaction of Cm(lll) with corundum (top) and
bayerite (bottom).

For corundum, the Cm(lll) species exhibit
emission peak maxima at An.x = 600.7, 603.0
and 605.0 nm. For bayerite, the single
component spectra show peak maxima at Amax
= 600.6, 603.6 and 605.9 nm. In addition, a
fluorescence lifetime of 1 = 110 £ 10 ys can be
observed for all Cm(lll) species, which
suggests the presence of ~ 5 H,O/OH" ligands
in the first Cm(lll) coordination sphere [7].
Based on the almost similar TRLFS results
obtained for the interaction of Cm(lll) with v-
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AlL,O; particles [1], the three Cm(lll) surface
species can be assigned to the complexes
[surface---Cm(OH)X(H20)5_X]3'X x=0,1,2).1In
the case of corundum these similarities can be
related to the formation of hydroxidic structures
on the aluminium oxide surface and
consequently to the presence of similar
aluminol groups on both minerals in the
presence of water. This assumption can be
further extended to the y-Al,O3; surface, which
is known to transform to bayerite with time.
Consequently, very similar pH dependent
species distributions in the pH range between
pH 3 to 13 are observed for Cm(lll) interacting
with corundum and bayerite (Fig. 2). At low pH
values (pH < 4.0), the only species present is
Cm3+aquo. Increasing the pH leads to the
formation of the first Cm(lll) surface species.
This surface complex is only observed in a
narrow pH range with a maximal abundance of
~ 50 %. At pH = 6.0 the second Cm(lll) surface
species is formed by hydrolysis of the first one,
thus leading to a ternary surface complex. It is
the predominant Cm(lll) species in a broad pH
range (6.5 < pH < 10.5). At pH = 9 the third
Cm(lll) species is being formed, its abundance
increasing with increasing pH up to pH = 13.

= bayerite (BET = 14.0 m'/g)
—— corundum (BET = 14.5 mig)

100 =

80 -

@
o
|
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(5]

o

L
[ ]
[ ]

Fig. 2: Cm(lll) species distribution for Cm(lll)
sorption onto corundum and bayerite.

Cm(lll) sorption onto gibbsite

To avoid the formation of an incorporated
Cm(lll) species as a consequence of Al(OH);
precipitation which has been previously
reported [5], a new suspension, equilibrated in
the gibbsite solubility minimum was used and
the pH dependent TRLFS experiments were
started at pH = 6.2. In two separate sets of
experiments the pH was increased (alkaline
branch) and decreased (acidic branch),
respectively. The results for the acidic branch
show the formation of two Cm(lll) surface
species with An.x = 603.5 and 605.6 nm
(Fig.3). Compared to the systems



Cm(lll)/corundum and Cm(lll)/bayerite the red-
shifted emission spectra for the first Cm(lll)
species can be attributed to the direct
formation of a ternary Cm(lll) surface complex
([gibbsite:--Cm(OH)(H,0),]**. This different
Cm(lll) speciation is due to different acid-base-
properties of gibbsite compared to corundum
and bayerite, leading to a higher isoelectric
point for gibbsite and therefore a sorption
edge, which is shifted to higher pH values. For
the second Cm(lll) species further hydrolysis
and the formation of a surface complex
gibbsite---Cm(OH),(H,0); is most likely.

1

2107 MCm™ 593.8 nm

0.1 M NaCIO,
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> —Cm” - B05.6 nm
= o 4
2 —— species 1
2 —— species 2
£ A
o
(1]
L]
®
£
£
Q
=z - -

: 7 - r - T - T v 7 r
570 580 590 600 610 620 630

Wavelenght (nm)

Fig. 3: TRLFS single component spectra for the
interaction of Cm(lll) with gibbsite.

In addition to these Cm(lll) surface complexes,
the existence of an incorporated Cm(lll)
species is observed at pH values near the
gibbsite solubility minimum (5 < pH < 7).
Although this Cm(lll) species couldn’t be
excluded, its formation could be significantly
suppressed under the conditions applied.
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204
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Fig. 4: Cm(lll) species distribution for Cm(lll)
sorption onto gibbsite for pH = 6.2..

The pH dependent species distribution for the
alkaline branch is shown in Fig. 4. At pH = 6.2,
the Cm3+aquo ion is only present in small
quantities. The first visible Cm(lll) complex is

the predominant Cm(lll) species up to pH = 9.
The second Cm(lll) surface complex is formed
at pH = 8.5 being the predominate Cm(lIl)
species from pH = 9.5 up to pH = 13.

M(lll) sorption onto sapphire single
crystals

Cm(lll) TRLFS study

For the sapphire single crystals, a higher
Cm(lll) uptake on the (001) surface compared
to the (110) surface is observed at pH = 5 and
6 by o-spectrometry. This result is in
agreement with previous results [2]. The
deviations for the two crystal surfaces have to
be attributed to the presence of different
reactive aluminol groups. On the (001) surface,
all oxygen atoms of the terminal layer are
bound to two Al atoms in the bulk structure
(doubly coordinated aluminol groups), while for
the (110) surface, singly, doubly and triply
coordinated aluminol groups are present. The
different reactive surface groups also lead to a
different Cm(lll) speciation behaviour in the pH
range between 5 and 13. For the (001) surface
the pH dependent TRLFS results show the
formation of three different Cm(lll) surface
species with emission peak maxima at Ayax =
601.5, 605.3 and 607.5 nm (Fig. 5). Up to pH =
12 a constant Cm(lll) fluorescence lifetime of t
= 140 £ 10 ps is observed, which can be
related to ~ 4 H,O/OH™ molecules in the first
Cm(lll) coordination sphere [7]. Based on the
results obtained for the Cm(lll) interaction with
corundum, bayerite and y-Al,O3 [1], the single
component spectra can thus be attributed to
the Cm(lll) species [sapphire-
(001)---Cm(OH)y(H20)4>* with x = 0, 1, 2.
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Fig. 5: TRLFS single component spectra for the

interaction of Cm(lll) with the sapphire (001) (top)
and sapphire (110) surface (bottom).



The first Cm(lll) species (x 0) is the
predominant species up to pH = 9.5 (Fig. 6).
The second surface complex (x = 1) is formed
at pH ~ 8, and its abundance increases up to
pH = 11. Above this pH, its fraction decreases
with further increasing pH. Simultaneously, the
third Cm(lll) species is formed, which
predominates above pH = 11.5.

On the (110) surface two Cm(lll) surface
species were derived by peak deconvolution
with Anax = 603.0 and 607.0 nm (Fig. 5).
Together with a  significantly  higher
fluorescence lifetime of T = 190 + 40 ys (2 -3
H,O/OH" ligands) this result indicates a higher
Cm(lll) coordination onto the (110) surface
compared to the (001) crystal surface. As the
same emission peak maximum for the first
Cm(lll) surface species is observed at pH = 4.5
[2], a ternary Cm(lll) surface complex can be
ruled out. The two Cm(lll) species can
therefore be assigned to the complexes
[sapphire-(110)---Cm(OH )X(HQO)(2_3)_X]3'X with x
= 0, 1. In contrast to the (001) surface, the
decrease of the fraction of the first Cm(lll)
surface species (x = 0) and accordingly the
increase of the percentage of the second
Cm(lll) surface complex (x = 1) is observed
over a broader pH range (Fig. 6). At pH = 10.5,
both Cm(lll) surface species appear in similar
quantities. At higher pH values, the second
surface complex is the predominant Cm(lll)
species, its abundance increasing up to pH =
13.

100 <

001 surface
B species 1
B species 2
B species 3

Cm(lll) species (%)
é L=]
L 1

110 surface
®  species 1
| B species2

pH

Fig. 6: Cm(lll) species distribution for Cm(lll)
sorption onto the sapphire (001) (top) and sapphire
(110) surface (bottom).

Zeta-Potential measurements with
Eu(lll)

The higher Cm(lIl) uptake on the (001) surface
is a priori unexpected since the ideal (001)
plane consists of doubly coordinated hydroxyl
groups only. These hydroxyl groups are
considered within  surface complexation
models as rather inert compared to singly
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coordinated groups, which in turn occur on the
(110) or (012) surface. The zeta-potential
measurements were designed to study, with an
independent method, these single crystal
systems (i) to verify the trend previously found
and (i) to investigate, in more detail, the
concomitant dependence of Eu(lll) adsorption
to different cuts as a function of europium
concentration and pH. Eu(lll) was chosen as a
non-radioactive lanthanide homologue to
Cm(lll). Streaming potential measurements
were carried out on sapphire (001), (110) and
(012) single crystal surfaces with two identical
samples in a flow channel of about 100 um
width.

50

L sapphire single crystals
40 * in presence of
. b 0.1 mM EuCl,
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Fig. 7: Zeta-potential as a function of pH at a total
Eu(lll) concentration of 0.1 mM for three different
cuts of a-Al;03.

In the absence of Eu(lll) similar zeta-potential
vs. pH curves are obtained with an isoelectric
point around pH = 4 for all three crystal planes
studied. In 0.1 mM Eu(lll), distinct differences
occur in the zeta-potential vs. pH curves (Fig.
7) for the different planes. The strongest effect
is found for the (001) plane in the presence of
europium, whereas the (012) plane is not
affected at all by these relatively high Eu(lll)
concentrations. The isoelectric point of the
(012) plane does not shift, while the (001) and
(110) planes show isoelectric points at pH >
6.5. The strong impact on the (001) plane
agrees with the observations mentioned before
and the results obtained by Rabung et al. [2]
and confirmed as reported in the previous
section. However, based on the results by
Rabung et al., it would be expected that the
(110) and (012) planes should behave similar,
which is not supported by the streaming
potential measurements under the chosen
conditions. However, it is to be noted that the
work by Rabung et al. [2] had been carried out
at significantly lower M(lll) concentrations.



To study possible effects of the total M(lll)
concentration on the behaviour, zeta-potentials
at pH = 5 (within the range of pH studied by
Rabung et al. [2]) were determined as a
function of the total europium content in the
system. The results are shown in Fig. 8.
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4012 *
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-40
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log (TOTEu/ M)

6.5 6.0 -5.0 4.5
Fig. 8: Zeta-potential at pH = 5 as a function of the
total Eu(lll) concentration for three different cuts of

a-Al 203.

As observed in the pH dependence study, the
Eu(lll) interaction with the (001) plane is
obviously quite strong compared to the two
other cuts. In the latter, singly coordinated
hydroxyl groups are present, on which stronger
adsorption would a priori be expected
compared to the (001) plane which only
contains doubly coordinated groups. As can be
seen from Fig. 8 for the (110) and (012)
planes, similar behavior for a total Eu(lll)
concentration of about 1 uM is obtained. Since
the studies by Rabung et al. [2] had been
carried out at low concentrations, the
streaming potential measurements confirm the
results of the previously published uptake and
spectroscopic studies both with respect to the
observed differences in affinity and the
unexpectedly strong interaction of the trivalent
ions on the (001) plane. Increasing the Eu(lll)
concentration then results in a stronger effect
on the (110) plane compared to the (012)
plane, which in turn is in agreement with the
results of the pH-dependent study (Fig. 7). The
results of the streaming-potential study
therefore appear to be self-consistent.
However, it is not clear why the (012) plane
shows a rather unusual effect of total europium
concentration at constant pH.

The rather strong affinity of the trivalent ions
for the (001) plane agrees with previous
spectroscopic studies by Bargar et al. [8], [9]
for divalent ions. Both Pb(ll) and Co(ll) could
be adsorbed on this plane in sufficient amounts
to allow EXAFS (extended x-ray absorption
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fine structure) measurements. The structural
assignment of the surface complexes was
such that a tridentate surface complex within
the six-ring structure of the sapphire (001)
plane was postulated. This assignment to the
(AlI-OH-AI)-six rings for the divalent ions agrees
well with theoretical results for trivalent ions
[10]. However, some disagreement exists with
respect to the kind of the surface complex
formed. Whereas for Pb(ll) Bargar et al. [8]
postulated a structure that involved rather
outer-sphere coordination based on their
EXAFS-data, it has been found that adsorption
of Co(ll) and the trivalent ions occurs via a
inner-sphere coordination on the (001) surface
[21[9], [10].

Conclusions

The pH dependent TRLFS results on the
Cm(lll) interaction with aluminium(hydr)oxides
suggest the presence of different Cm(lll)
surface complexes. Since the Al,O; surfaces
are hydrated in aqueous solution, comparable
Cm(lll) species can be observed for Al,O3 and
B-Al(OH);. Besides Cm(lll) adsorption onto the
mineral surfaces, an incorporation process for
gibbsite could be verified. For the sapphire
single crystals, a higher Cm(lll) uptake on the
(001) surface compared to the (110) surface is
observed. This result is verified by zeta-
potential measurements with Eu(lll) and can
be related to the different aluminol groups
present on the crystal surfaces.

Since a combination of different spectroscopic
methods is necessary to investigate processes
occurring at the water-mineral-surface, an
EXAFS investigations on the Gd(lll) sorption
onto gibbsite, bayerite and corundum should
give further information about the sorption
environment and the way the metal ion is
bound to the mineral surfaces.
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5.3 Retention of radionuclides by secondary phase formation
F. Heberling, T. Stumpf, K. Holliday, N. Finck, S. Heck, M. L. Schlegel*, K. Dardenne, J. Rothe, T.

Schéfer, D. Bosbach**

*CEA Saclay, France.
**FZJ, Germany.

Secondary phases may form during the
geochemical evolution of a High Level nuclear
Waste (HLW) repository system upon
alteration of the waste matrix in contact with
groundwater. The neoformation of such
phases represents a significant retention
potential for radiotoxic long-lived radionuclides
(RN) in aqueous systems. Besides reactions at
the mineral / solution interface, RN binding
may occur by incorporation into the bulk
structure (coprecipitation), resulting in long-
term immobilization, especially if (meta)stable
solid-solutions are formed. The mechanism of
RN incorporation in selected mineral phases,
relevant for the disposal of HLW in deep
repositories, is investigated at INE. Most of the
activities in this field are related to the retention
of actinides, but also to a lesser extent to the
binding of long-lived fission products.
Molecular-scale information about
incorporation processes is obtained by using
various complementary spectroscopic
techniques. This information is important for
the safety assessment of HLW repositories.

Ln(lll)/An(lll) phosphate bearing
mineral phases

Experimental

A 0.6 M La solution doped with Eu was made
by dissolving the oxides in a minimal amount of
10 M HNO; and diluting with water (18 MQ). A
4 mL aliquot of the prepared La solution was
added to 8 mL of 1 M NaOH. To the well-
stired suspension, 8 mL of (NH4),HPO,
solution (0.27 M) was added. The pH was then
adjusted to 12.5 with 4 M NaOH and the
solution transferred to a Teflon-lined steel
autoclave (Parr Instruments). The autoclave
was then heated to 200°C for 2 hours in a box
furnace. Once cool, the suspension was
centrifuged and supernatant discarded. The
solid was suspended with stirring in 25 mL of
0.1 M HNO; for 3 days in order to dissolve
La(OH); created by excess La under
hydrothermal treatment. The resulting pure
LaPO, solid was then recovered by
centrifugation and dried at 90°C overnight.

TRLFS was performed using a pulsed (20 Hz)
XeCl-eximer laser (Lambda Physics, EMG,
308 nm) pumped dye laser (Lambda
Scanmate). High resolution fluorescence
measurements were recorded by an Andor
spectrometer consisting of a polychrometer
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with 2400 lines/mm holographic grating
(Shamrock) and intensified, gated CCD
camera (I-Star). The measurements on this
system had a maximum resolution of 0.013
nm. The samples were cooled to 4 K by a
helium refrigerated cryostat (CTI-cryogenics) to
improve resolution.

Results and discussion

The results of site-selective time resolved laser
fluorescence measurements of Eu and Cm
doped LaPO, as prepared by hydrothermal
synthesis and subsequent sintering are
presented here. The major site before and
after sintering was found to be the same
despite the lower temperature synthesis
method. The emission spectra from the major
Eu site shows a resolved and fully degenerate
5-fold splitting of the F, transition, confirming
previously calculated data and proving that Eu
was incorporated in the La site through
isomorphic substitution (Fig. 1).

- - --Original Sample at 578.4 with 1 mus delay
Heated Sample at 578.4 with 6 ms delay

Normalized Fluorescence Intensity

T T T T T
570 580 590 600 610 620 640

Wavelength (nm)

Fig. 1: Emission spectra of the major Eu species
from direct excitation at 578.4 nm before and after
sintering LaPQOy4. The sintered sample confirms
previously calculated peak positions (indicated with
lines) between 605 and 625 nm.

This was compared to Cm spectroscopic data
to conclude that the major site in Cm:LaPQ, is
also Cm substituted on the La site of LaPO,.
High resolution direct excitation time resolved
laser fluorescence spectroscopy was used to
show that this single site of Cm was actually
four slightly different environments or satellites
as can be seen in Fig. 2. This was concluded
to be a difference in the four La sites within a
LaPO, unit cell due to a deviation from the
ideal structure which breaks their equivalence.



A minor site was identified in both Eu and Cm
samples. The fluorescence lifetime and
emission data suggests that the minor site is
coordinated to a single hydroxide interstitial.
This minor site persisted in the Eu doped
sample after sintering, however, the
fluorescence lifetime and emission spectra
changed. This change in spectra was
attributed to a change in the hydroxide
interstitial due to heat treatment.

Mormalized Fluorescence Intensity

6020 6025 6030 6035

Wavelength (nm)

6010 6015 5040

Fig. 2: High resolution emission spectra from direct
excitation of Cm in sintered LaPQy. Single arrows
indicate wavelength of direct excitation used to
obtain that emission spectrum as listed in the
legend. Double arrow indicates position of direct
excitation that would excite multiple Cm species
yielding more than the maximum four peaks allowed
by the ground state splitting of a single species.

Ln(l/An(lll)

Clay minerals may form as secondary phases
upon alteration of the HLW waste matrix in the
presence of groundwater [1]. For example, the
magnesian smectite hectorite is frequently
observed in HLW glass corrosion experiments.
These minerals have a high affinity for trivalent
f-elements. Various distinct molecular-scale
binding mechanisms have been identified, but
information on the retention by incorporation in
the bulk structure is limited. Hectorite was
precipitated in the presence of Eu(lll) and X-
ray absorption spectroscopy (XAS) was used
to characterized Eu(lll) species during various
synthesis steps to track the incorporation
mechanism.

clay minerals

Experimental

Hectorite was coprecipitated in the presence of
Eu(lll) (Eu-Hectorite) following a multi-step
synthesis protocol [2]. Briefly, a freshly
precipitated Eu(lll)-containing brucite precursor
was refluxed in the presence of LiF. After 30
minutes a silica sol was added and the
suspension reacted for additional 48 hours.
The resulting hectorite was washed to remove
any remaining precursor phase. Separately, a
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Eu(lll)-containing brucite (Eu-Brucite) was
freshly precipitated under identical
experimental conditions, europium hydroxide
and europium carbonate (Eu-carbonate) [3]
were prepared as reference phase. Eu(lll) was
also sorbed on pre-existing Eu-free hectorite
(Eu/Hectorite; m/V ~ 4 g/L; TotEu = 110 uM;
pH = 7.0(1); I = 0.5 M NaClO,) and on the
starting silica sol (Eu/Silica; m/V ~ 4 g/L; TotEu
= 100 uM; pH = 5.6(1); I = 0.5 M NaClO,).
Europium Lj-edge XAS data were collected at
the ESRF (BM30B beamline) and at the ANKA
(INE-Beamline). Conventional powder XAS
data were collected for the hydroxide and
carbonate reference phases, Eu/Hectorite and
Eu/Silica. Polarized XAS [4] data were
collected for Eu-Hectorite and Eu-Brucite
considering various angles (a) between the
electric field vector E of the X-ray beam and
the layer plane.

Results and discussion

XRD — XRD data unambiguously identified the
main phase in Eu-Hectorite and in the Eu-free
hectorite as clay mineral, and in Eu-Brucite as
brucite. The europium hydroxide was identified
as Eu(OH); and the data collected for the
carbonate phase are identical to those
reported for NaEu(CO3),.5H,0 [3].

Powder EXAFS — The Fourier transforms (FTs)
of the powder EXAFS data (at 35° polarized
and powder EXAFS data are identical)
collected for all samples are shown Fig. 1. All
FTs display a first peak originating from O
atoms ligated to Eu(lll). For Eu-hectorite, Eu-
brucite and Eu/Hectorite, this contribution was
modeled considering two subshells of ~2.5 and
~4.5 O atoms at 2.27 A and 2.42-2.44 A,
respectively. All FTs display contributions at
higher distances originating from the presence
of next nearest atomic shells. For Eu-Brucite,
~2 Mg backscatterers were detected at 3.32 A
and higher distances O neighbors. These
results can best be explained by Eu polyhedra
(d(Eu-0) = 2.27 A) sharing edges (d(O-0O) =
2.78 A) with Mg octahedra (d(Mg-O) = 2.10 A)
in brucite. Whether adsorbed to or
coprecipitated with hectorite, successive Mg
(3.27-3.28 A) and Si (3.84-3.87 A) shells were
detected. However, lower Mg coordination
numbers were obtained by fitting the data for
Eu/Hectorite (~0.4 atom) compared to Eu-
Hectorite (1.3 atom), suggesting distinct
chemical environment. This shell can also best
be explained by considering edge-sharing
between Mg octahedra and Eu polyhedra.
Finally, compelling formation of hydroxide
and/or carbonate phases during the hectorite
multi-step synthesis procedure may be ruled
out by comparison with the corresponding FTs

(Fig. 3).
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Fig. 3: FTs of EXAFS data collected for the Eu-
containing samples together with the Eu-Hectorite
and Eu-Brucite.

Polarized EXAFS — Polarized EXAFS data
were collected for oriented samples of Eu-
Brucite and Eu-Hectorite. In a polarized XAS
experiment, the absorber-backscatterer pair
parallel to E is probed preferentially. For a <
35°, the contribution of in-plane neighbors may
be increased, whereas out-out-plane neighbors
are probed preferentially at a > 35° [4].

—10°

—— 80°

Eu-Brucite

FT (K™*)

Eu-Hectorite

Fig. 4: FTs of polarized EXAFS data collected for
Eu-Brucite and Eu-Hectorite.

The data collected for Eu-Brucite show weak
angular dependence (Fig. 4), suggesting Eu to
be located in an isotropic environment. In
contrast, the data collected for Eu-Hectorite
are clearly angular dependent, suggesting a
local anisotropic environment surrounding Eu,
and thus a structural association to the solid
phase. Furthermore, the decreasing Mg
coordination numbers (Fig. 5) with increasing a
hints an in-plane orientation of the Mg
neighbors.
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Fig. 5: Experimental and modeled FTs of Eu-
Hectorite EXAFS data collected at a = 10 and 80°.

Comparison with literature data These
results contrast with previous findings on Lu
coprecipitation with hectorite [5]. For Lu, the
next nearest Mg and Si shell were detected at
3.12(2) and 3.35(2) A, respectively. The Si
shell is located at a distance that may suggest
homovalent substitution of Lu(lll) for Mg
structural site, implying (nearly) complete
crystallization of hectorite from the precursor
phase. For Eu(lll), at least part of the cations
may be located in the brucite octahedral layer,
but in a highly distorted site as evidenced from
the split O shell. This geometrical constrain
may prevent from clay crystallization in the
close vicinity of Eu(lll). This may best account
for the very similar first coordination shell in
Eu-Brucite and Eu-Hectorite, and the absence
of close Si shell compared to undoped
hectorite (3.25 A [6]).

Incorporation of selenium in mineral
phases

Selenium-79 is a long-lived fission product (T4,
~ 3.27x10° a) with a significant contribution to
the long-term radiotoxicity of HLW. lis
chemistry is similar to that of sulfur and its
solubility is strongly dependent on the pH — Eh
conditions. Under oxidizing conditions, the
oxyanions selenate (SeO42') and selenite
(Seogz‘) are the dominating species. They are
expected to be highly mobile. In contrast,
elemental selenium and selenide species (Se(-
II)) occur as solids with low solubility [7].
Consequently, depending on the
environmental conditions, different phases may
account for effective Se immobilization.

Se(-ll) — iron sulfides

Under reducing conditions, Se is expected to
occur in low oxidations sate (0, -Il). Under
these conditions, mackinawite (FeS) is the first
iron sulfide to form under ambient conditions.
The retention of selenide by coprecipitation
with FeS (Se-Mackinawite) was investigated.
Separately, a Fe(ll) solution was added to a
Se(-ll) solution (sample FeSe,). The solid



phases could hardly be identified by XRD.
Information on the Se oxidation state and on its
chemical environment was obtained by
collecting XAS data at ANKA (INE-Beamline).
In the XANES region, the data point to the
presence of Se(-ll) species, as the K-edge
position depends on the Se oxidation state
(Fig. 6) [8]. In Se-Mackinawite, only Fe atoms
were detected in the Se first coordination
sphere, ruling out the presence of Se(0) (Fig
7). Only S and Fe atoms were needed to
model next atomic shells, pointing to the
presence of Se in a FeS-like environment and
ruling out the formation of a FeSe-like phase.

Na,SeQ, (cr)

Na,SeO, (cr)

Elemental Se

FeSe

FeSe
X

Normalized absorption

Se-Mackinawite

12680 12700 12720

E [eV]

Fig. 6: Se K-edge XANES region for references and
both experimental samples.
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Fig. 7: Experimental and modeled FTs of Se K-
edge XAS data.

Selenite-calcite interactions

The oxidized selenium species selenite
Se(IV)O;* and selenate Se(VI)O,” are
expected to be highly mobile in subsurface
environments [9]. The question of how
contaminant species migrate in groundwater
aquivers is largely a question of how they
interact with mineral surfaces. Here we
investigate how selenite interacts with calcite
surfaces and research its potential to be
incorporated into the calcite crystal structure.

In batch-type adsorption experiments at calcite
equilibrium  conditions and trace Se

-31-

concentrations (~10"® mol/L) very limited
adsorption of Se(lV) at the calcite surface is
observed. Below pH 9, Kp values are in the
range 1-2¥10" L/g. Above pH 9 no adsorption
is observed. These results contradict
previously published experimental adsorption
data [10], where at comparable reactive
surface area and much higher Se
concentrations (107 — 10° mol/L) higher
relative adsorption (~7 * 10° L/g) is reported.
The reason for this discrepancy is not yet
known. Grazing incidence Se K-edge EXAFS
spectra measured in-situ at the calcite(104)
surface in contact to a calcite equilibrated
solutions at pH 7.5 and 8.3 containing 10
mol/L Se(lV) are not significantly different from
EXAFS spectra of aqueous Se(lV).

Upon coprecipitation with calcite in mixed flow
reactor (MFR) experiments considerable
amounts of Se(lV) can be incorporated into the
calcite crystal structure. Se(lV) doped calcite
crystals grown at room temperature at surface
controlled growth conditions, slow growth rates
(~10° — 10® mol/(m?s)), and low calcite
supersaturations (Sl(calcite): ~0.7 — 1.0) can
contain up to ~6 % selenium. Se K-edge
EXAFS analyses (see k>-weighted k- and R-
space EXAFS data and models in Fig. 8 a and
b) reveal that Se(lV) in calcite occupies a
slightly distorted carbonate lattice site. This
result is in perfect agreement with previously
published data [11].

kA"

1 b)

230 @ 1.68 A
e 20@283A

b 3Ca@327A
3Ca@353A

FT(x(k)K’)

o Data
Fit

2

R A
Fig. 8: K- and R-space data and modelled Se K-
edge EXAFS spectra of Se(IV) doped calcite.

An interesting effect is observed in polarization
dependent grazing incidence Se K-edge



XANES spectra measured at the calcite(104)
surface in contact to a Se(lV) containing
solution. The difference between this sample
and the pure adsorption samples described
above, where no interaction between Se(IV)
and calcite could be detected, is, that starting
from an equilibrated solution with pH 7.5 the
pH was in this case increased to pH ~ 8 by
addition of NaOH in order to achieve an
Sl(cacite) ~ 0.6. With the increasing Sl, calcite
precipitation starts and selenite is
coprecipitated with calcite. As selenite
substitutes for carbonate in the freshly grown
calcite it becomes ordered with respect to the
calcite substrate. This ordering is observable in
the polarization dependent grazing incidence
XANES spectra shown in Fig 9. The two
spectra are measured on the same sample the
blue curve corresponds to measurements

where the polarization vector, ¢, of the
incoming x-rays is parallel to the
crystallographic [010] direction of calcite

(named b) while the purple curve corresponds
to measurements where the polarization
vector, €, of the incoming x-rays is parallel to
the crystallographic [42-1] direction of calcite
(named a). Following the hypothesis that
selenite substitutes for carbonate in calcite,
this means that the predominant pre-edge
feature observable in the blue spectrum
originates from the preferred excitation to
bound states (Se-O bonds) in the selenite
molecule.

4.0

35

(E
moom
=
—

,/ —=ella
—=zllb

T T 1
12650 12700 12750

Energy (eV)

Fig. 9: Polarization dependent grazing incidence
XANES spectra of Se(lV) coprecipitated with a (104)
oriented calcite single crystal surface.
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6. Applied Studies: Radionuclide retention in the multi-barrier
system

The multi-barrier system of a nuclear waste disposal consists of a variety of components with specific
characteristics and properties. Investigation and quantification of their respective retention functions
require different approaches, methods, analytical techniques and models. A series of studies on
subsystems of the multi-barrier system are performed in the scope of international co-operations. In
the shielded cells of INE, the behaviour of spent nuclear fuel in high pH solutions was investigated and
new studies with glass samples from the vitrification process at VEK are in preparation. For cemented
low level and intermediate level wastes (LLW/ILW), sorption studies with Am onto corroded cement
phases were completed showing extremely high retention even in high saline solutions relevant for
LLW/ILW disposal in rock salt (e.g. Asse Il salt mine). The impact of colloids onto the radionuclide
migration was studies covering the FEBEX bentonite colloid stability in Grimsel ground water as well
as migration experiments (CFM) under near-natural flow conditions using Eu, Tb, Hf and Th as
chemical homologues. Concerning argillaceous host rocks, organic matter was extracted from the
Callovo-Oxfordian (COx) formation, clay — organic matter model substances were synthesized and the
influence of the preparation procedure on the metal-humic acid complex formation was quantified. The
modelling activities covered thermodynamic equilibrium calculations on cement corrosion in MgCl,
solutions, the migration of nano-particles in a natural granite fracture by means of a comparison
between experimental results and 3D CFD models based on uyCT data and the 3D simulation for the
long-term behaviour of a real underground structure in rock salt.

6.1 Key processes influencing corrosion of highly active waste forms
A. Loida, E. Bohnert, C. Bube, E. Janata*, M. Kelm, B. Kienzler, V. Metz, N. M ller and E. Soballa

* Helmholtz-Zentrum Berlin fUr Materialien und Energie, Solar Energy, Berlin

Corrosion behaviour of spent nuclear represents an advanced degree of concrete
fuel in high pH solutions alteration. The ECW is characterized by a high
) pH value (pH 12.5), the main constituents
Introduction NaOH, Ca(OH),, KOH and virtually the
Boom clay is presently considered as site for absence of carbonate. Due to the slow
disposal of high level wastes in Belgium. In the corrosion rate of the canister materials [2]
underground host rock laboratory HADES, the under h_|ghly alkaline c_ond|t|ons, the SNF c_ould
thermo-mechanical, hydraulic and geochemical come in contact with the evolved highly
properties of this host rock are under alkaline solution.
investigation for 30 years. The Boom clay site Recently, the corrosion behaviour of SNF in an
is situated at a depth of ~200 m. It has a low ECW-type solution (16 mM NaOH, 14 mM
degree of induration, about 40 wt.% of swelling Ca(OH),, 0.2 mM KOH) was studied
clay minerals and a water content of > 20 wt%. experimentally at INE [3]. In this study,
For disposal of spent nuclear fuel (SNF), a concentrations of U were found close to 10° M
specific disposal concept was developed. In in the leachant. Concentrations of Tc, Pu, Am
the context of this concept, corrosion studies and Np were close to or below the detection
with  SNF under the expected geochemical limit after > 450 days of experimental duration.
conditions have been conducted. Based on the release rates of Sr, dissolution

rates of the SNF matrix were calculated in the

The Belgian “Supercontainer Design” - -
range of 10°/d [3]. The experimental

In Belgium, the Supercontainer design is observations indicate strong retention effects
investigated as a possible option for the deep of the actinides. The aim of the present work is
disposal of spent nuclear fuel (SNF). It to study the behaviour of SNF (i) under the
comprises the encapsulation in a carbon steel influence of H, overpressure resulting from the
overpack surrounded by concrete buffer called corrosion of the Fe based canister, and (i) in a
“supercontainer" [1] After re-saturation of the different type of pore water, i.e. “Xoung
engineered  barriers, the pore water Cement Water with Ca” (YCWCa). YCWCa
composition will alter by interactions with solution is dominated by KOH and NaOH,
concrete. The altered pore water is simulated whereas Ca, Al, Si, sulphate and dissolved
by an “Evolved Cement Water” (ECW) which inorganic carbon are minor components or
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present in trace concentrations. The pH of the
YCWCa (pH = 13.5) is unit more alkaline than
the pH of the “ECW” solution [4]. In the present
study, a YCWCa-type solution with 370 mM
KOH, 136 mM NaOH, 2.0 mM Na,SO,4, 0.4 mM
Ca(OH), and 0.3 mM CaCO; was used.
Compositions of ECW-type and YCWCa-type
solutions were defined by SCK-CEN [4].

Experimental approach

High burnup LWR-UO, SNF from the PWR
power plant Goésgen, Switzerland (burnup
50400 MWd/tHM) was used for the
experiments. More details are given in
reference [3]. Two SNF slices, denoted
“2K11a” and “2K11b”, were prepared for the
corrosion experiments. Sample 2K11a was
exposed to ECW-type solution and sample
2K11b to YCWCa-type solution, respectively.

Both experiments were performed in 250 ml Ti
lined stainless steel autoclaves. The
experiments under H, overpressure were
started after a 4 days cleaning procedure with
DIW and wash cycles over 21 days in ECW-
type or YCWCa-type solutions. The
experiments were started at 1 bar pH, for the
first 2563 days. Then pH, of 3.2 bars was
applied for the following 173 days. The release
of radionuclides was measured by sampling
and analyzing the free gas phases and the
solutions during the cleaning and wash cycles,
and 58 d, 181 d, 253 d, 343 d and 426 d after
start of the experiments under H, over-
pressure. Detailed descriptions of the sampling
and analytical procedures are given in [5].
After termination of both experiments, the solid
materials (fuel and Ti samples) were recovered
for further studies.

Results

Figure 1 shows the releases of various
radionuclides during the entire experiment
“2K11a” in ECW-type solution in terms of FIAP
or FIGP" values as functions of time. Due to
pH, applicaton the %Tc concentration
changed: From 4.3x10% M (FIAP1c.99 2.5x107%)
after the wash cycle without H, to <10° M
(detection limit) in the first interval of the
corrosion experiment at 1 bar pH..

Special attention is attributed to the release of
%Sr. In the first observation interval of 58 days
after the end of the wash cycles and
applicaton of H, overpressure, the Sr
concentration in Fig. 1 shows a slight
decrease. After 181 days, the sy
concentration increases by a factor 3 (FIAPs.9
1.1x10” to 3.8x10°), and remains on this level

' FIAP or FIGP: Eraction of the inventory in the
aqueous (gas) phase
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(FIAPSsrg0 4.1x10'5) untii the end of the
experiment. This finding is interpreted as a
decreasing matrix dissolution rate (~10'8/day).
The "Cs release shows similar time
dependence as “Sr, however, at a higher
concentration level. The concentration remains
at a constant level of FIAP¢g.437 ~10™ from 253
days until the end of the experiment. The initial
concentration of U in solution under H,
overpressure is found to be low ~1.9x10™"° M,
the calculated FIAPy is ~6.3x10°°.
Concentrations of Tc, Np, Pu and Am are
found to be below their detection limit.

1 E.1|washing

21 days ~1 bar H; overpressure J‘| ~3.2 bar H. o-.ferpressure]
1E-2| ECW i
1
1E3 - + +
o J' t ¢ 1
+
g 1E-4 g Ili - . . =
~ 1E5 § 1 L 1
< | :
T 1E6 fr i
1 1
1E7 4 !
1E8 §+— g 5
1E9 : Pu, Am, Np,Te < detection limit 2
o 100 200 300 400 500
4 days Time [ days
[OFG #Cs-137 BSr-90 1 Tc-99 - Np-237 4 U-238]
Fig. 1: Release of radionuclides during the

consecutive steps of the experiment in ECW-type
solution (SNF sample 2K11a, externally applied H>).

The release of radionuclides from SNF sample
2K11b in contact with YCWCa-type solution at
pH 13.5 is shown in Figure 2. Due to pH;
application “Tc  concentration drops from
8.2x10% M (FIAP1.90 4.8x10™) to 6.9x10° M
after the first 58 days and below detection limit
during following the static stage of the test. A
significant decrease of the ***U concentration
from 4x107 to 1.5x10° M is found under H,
overpressure in the course of this experiment.

%5r concentration also decreases under these
conditions from 1.2x10° to 1.4x10™ M over
the static period. The decrease of the *Sr
concentrations with time is not yet understood.
After the washing cycles, the leachants are
replaced, so, a lower concentration of Ogr at
the next sampling can be explained. However,
the ®°Sr behaviour during the static experiment
after the first sampling is interpreted with a
different reaction process, such as g)recipitation
or sorption. For this reason, Sr release
cannot be used to estimate reliably the matrix
dissolution rate in the experiment with
YCWCa-type solution.

The solution concentrations of radionuclides at
the end of both experiments after 426 days are
summarized in Table 1.
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Fig. 2: Release of radionuclides during the
consecutive steps of the experiment in YCWCa-type
solution (SNF sample 2K11b, externally applied H>).

2K11a (ECW) | 2K11b (YCWCa)
Cs 8.0x107" 1.4x10°
Sr 1.2x10° 1.4x107"°
Am <1x10™"" <1x10™"°
Pu <3x10™"" <3x10™"°
Np <3x10™" <3x10™"
u 2.1x10™"° 1.5x10™
Tab. 1: Solution concentrations in mol/L of

radioelements at the end of spent fuel corrosion in
ECW-type solution at pH 12.5 and YCW(Ca-type
solution at pH 13.5 (total time since start of the
static stage: 426 days).

Summary and concluding remarks

Due to the external H, overpressure during
426 days of the SNF corrosion experiments in
ECW-type and YCWCa-type solution, a fast
decrease of **Tc concentrations in both
experiments below detection limit is observed.
28 concentrations decreased distinctly to
1.5x10° (in YCWCa-type solution), and to
2.1x10"°M (in ECW-type solution). An
explanation for the  higher  uranium
concentration in the YCWCa-type solution may
be attributed to the presence of U(IV)
carbonato complexes [6,7]. In contrast to
ECW-type solution, the YCWCa-type solution
contains Cng' in trace concentration.

The release of *°Sr in ECW-type solution is
relatively low (FIAPs.qq ~10®day) over the
whole test duration. *°Sr concentrations in
YCWCa-type solution decrease significantly,
probably caused more by redox-insenstive
precipitation or sorption phenomena rather
than by an effect of H, overpressure on the
SNF corrosion. In the experiment with
YCWCa-type solution, the **Sr cannot be used
as matrix degradation indicator. The release of
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37Cs from SNF in ECW-type solution is similar
to the "*’Cs release in YCWCa-type solution.
The overall results indicate that the matrix
dissolution rates are similar in both SNF
corrosion experiments.

Planned studies on real HLW glass
from the VEK

Since more than 30 vyears, leaching and
corrosion studies have been performed using
mainly simulated borosilicate glasses in the
institute. The investigations covered the
mobilization of radionuclides but also the
influence of radiation on the stability of HLW
glass. Meanwhile a huge database exists
which covers the interactions and release of
nuclides.  Unfortunately, most of the
investigations have been performed with
simulated glasses and the verification of the
existing data by test with real HLW glasses is
still pending.

In 2010, the vitrification process of liquid high-
level waste was completed at the
Verglasungseinrichtung Karlsruhe (VEK) and
the glass canisters were ready for
transportation [8]. During the vitrification
process, VEK was required to save retain
samples which had to be disposed of into the
last canister. In order to get access to this
rarely available material, it was decided to
transfer some samples in the INE lab and to
initiate an investigation program.

Transfer of HLW glass samples to INE

It was intended to get representative sample,
which are typical products arising from
reprocessing of spent nuclear fuel. Therefore,
samples were selected for which a constant
course of the vitrification took place without
any interventions such as replacement of the
off-gas tubes or agitation with N,. Sample from
the glass canisters # 23, # 57 und # 71 were
chosen. Sample # 71 is shown in Fig. 3.

The samples were prepared at VEK,
transferred to the on-site WAK reprocessing
plant and transported in shielded casks to INE.
The dose rate of each sample was ~500
mSv/h in contact (see Tab. 2).

In a first step, the characteristics of the solid
glass samples will be investigated by Raman,
SEM-EDX and XPS. Afterwards, long-term
leaching/corrosion tests will be conducted.



Fig. 3: Photo of the HLW glass sample #71

Samole Mass /g Dose rate
P mSv/h
# 23 (3 fragments) 0.4365 450

# 57 (1 big, 2 small

fragments and particles) 1.033 500
#71 (1 fragment) 0.750 500

Tab. 2: Mass and dose rate of the HLW glass
samples.

Interaction of hydrogen with radiolysis
products in NaCl solution

Hydrogen effect on radiolytic enhanced
spent nuclear fuel corrosion

Radiolysis studies and leaching experiments
with spent nuclear fuel and UO,(s) indicate that
molecular hydrogen both impedes radiolytic
decomposition of the studied formation water
simulates and considerably inhibits corrosion
of the UOy(s) matrix of spent nuclear fuel ([9,
10, 11, 12] and references therein). Still, there
is insufficient knowledge about the molecular
mechanisms of the protective hydrogen effect
on SNF corrosion. A recent international
benchmark study on modeling of spent nuclear
fuel corrosion shows that model uncertainties
are still very large, especially regarding the
effect of hydrogen as well as the respective
parameters of the radiolytic reactions [13].

Various research studies have been dedicated
to examine the influence of molecular
hydrogen on the radiolysis of pure water (e.g.
[14, 15, 16, 17]). To the present knowledge, a
single reaction accounts for the influence of
molecular hydrogen on radiolysis of aqueous
solution:

.OH+H2:H20+H. (1)

Ultimately, this reaction converts oxidizing *OH
radicals into reducing H® radicals. The aim of
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our study is to examine the effect of molecular
hydrogen in NaCl solution.

Pulse radiolysis study on hydrogen effect
in NaCl solutions

In pulse radiolysis experiments at 22 °C
production and decay of Cl,* radicals were
studied in 0.1 and 1.0 molar NaCl solutions by
observing its optical absorption over a time
span of 20 ms. In addition to experiments with
NaCl solutions equilibrated with N,O at
ambient pressure, a series of experiments
were conducted with NaCl solutions
equilibrated at 10 MPa hydrogen partial
pressure and 0.1 MPa N,O partial pressure.

The results of the pulse radiolysis experiments
were compared to model predictions. To
improve the accuracy of the simulations, we
screened the widely used reaction scheme of
Sunder and Christensen [18] and revised the
rate constants of reactions, which are strongly
affected by the presence of hydrogen in NaCl
solutions. Finally, we took into account 31
reactions of primary radiolysis products and
consecutive reactions between these products.
These reactions are the basis for radiolysis
reactions in chloride bearing groundwater.

In the presence of hydrogen, the Cl,* yield
was significantly reduced compared to that in
hydrogen free experiments. The effect of
hydrogen on the radiolytic yield is more
pronounced in 0.1 molar NaCl solution (Fig. 4)
than in the relatively concentrated NacCl
solution.

10000 v e A

B000

g

Ac'.l".l'L(moIcm)'
s
=
8

2000 -

10°

10°

10"

time /s

10°

Fig. 4: Effect of H> on normalized absorbance (A-c”
1-/'1) in 0.1 molar NaCl solution. The continuous and
the dashed lines denote simulations with the revised
reaction scheme of Kelm et al. [19]; the dofted line
denotes the simulation taking into account reaction
(2) (see text).

Comparing measured and simulated
absorption of Cl,*" as a function of time, the



rate constant of reaction Cl,* + CLL,* = CI" +
Cly, is determined as k = 5.2(+0.8)-10® dm?®
mol™ s™ at zero ionic strength. This value is
within the range of published rate constants for
the Cl,* disproportionation reaction (Fig. 5).

In order to estimate whether reaction
Cl,* + H, =H®* + HCI + CI (2)

postulated by Kelm and Bohnert [20], affects
the radiolysis of aqueous chloride solution in
the presence of hydrogen, we simulated the
experiments with k; in the range of 0 dm?® mol”
s” (value of the revised data-set) to 4.3-10°
dm® mol™ s (value proposed by Kelm and

Bohnert).
1x10" T T T T T T T T
A < .
< +* . .
4
Sx10°
i
4x10°
310 e * k(present work)
= @ k(FER93)
‘n L] [ ]
i - ® Kk(McES0)
8 a0 Lo | B K(HUICLIS0)
5 o * k(HYNANINES)
= » . <> K(LIEISULBT)
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Fig. 5: Rate constants for reaction Cl,*” + Cl,* = CI
+ Cl3™ as function of | = ionic strength). Filled stars
denote rate constants determined in the present
work, other symbols denote rate constants
determined in previous studies. Abbreviations and
references of publications are given in Kelm et al.
(2011) [19].

When considering the postulated reaction (2),
the simulations for 0.1 and 1.0 molar NaCl
solution show considerable discrepancies from
the measured data with respect to the decay of
the normalized absorbance for k, 2 1-10* dm?®
mol™ s (e.g. see dotted line in Fig. 4;
experiment with 0.1 molar NaCl). At lower k,
values, the simulations are within error the
same as for k, = 0 dm®> mol” s™. Consequently,
reaction (2) is too slow to significantly affect
the decay of Cl,*". This finding is in agreement
with the observed decay of Cl,* in experiments
with hydrogen in 0.1 and 1.0 molar NaCl
solution, which is controlled by a second order
reaction (Fig. 4). In case reaction (2) took
effect on the Cl,*" concentration, the decrease
in absorption would follow a pseudo first order
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rate law. It is concluded that H, interacts
radiation chemically solely with the *OH radical
via reaction (1) even in a solution containing
1.0 mol/L chloride.
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6.2 Actinide retention in cemented nuclear waste forms
C. Bube, E. Bohnert, B. Kienzler, V. Metz, M. Plaschke, D. Schild, M. Schlieker and E. Soballa.

Introduction

Cementation is a common method to treat and
solidify low and intermediate radioactive waste
(LLW/ILW). Alteration of actinide bearing
cement products in diluted aqueous solutions
has been studied quite extensively. Yet, in
chloride-rich solutions, which are relevant for
final LLW/ILW disposal in rock salt, there is still
a lack of thermodynamic data and under-
standing with respect to both cement corrosion
and radionuclide behaviour. In the present
work, alteration of hydrated Ordinary Portland
Cement (OPC) in MgCly-rich brine has been
studied experimentally and by using
thermodynamic equilibrium calculations. In
addition, Am(lll) retention by cement corrosion
products has been quantified from experiments
with equilibrated cement corrosion products.

Experimental Materials and Methods

OPC CEM | 32,5R was used to produce
hardened cement paste with a water / cement
ratio of W/C = 0.4. In a series of radionuclide-
free (“inactive”) batch experiments, powder
aliquots of the cement paste were leached in
so-called R-brine for 200 to 1327 days. The
composition of R-brine in mol (kg HZO)'1 is as
follows: Mg*: 4.9, Na*: 0.2, K*: 0.1, CI": 10.0,
SO4*: 0.4. Cement brine equilibration was
studied in four binary systems, having ratios of
cement paste mass to brine volume of m/V =
0.45, 0.65, 0.75 and 1.00 g mL™. Approaching
equilibrium was monitored by probing the
compositions of both the altered solution and
the altered solid. After equilibration of the
systems with m/V = 0.45 and 1.00 g mL™, they
were doped with small quantities of acidic
241Am(|||7) and ***Am(lll) solutions (10°, 107
and 10" mol (kg HZO)'1). Am concentrations
and solution composition were monitored for
1000 days in these “active” batch experiments.
Cement alteration and sorption experiments
were carried out in glove boxes under Argon
flow at room temperature (pO, < 5 ppm, pCO,
<5 ppm).

Modeling

Thermodynamic equilibrium calculations were
performed using the software code “The
Geochemist's Workbench” (GWB) [1]. The
applied thermodynamic database was based
on the “HMW84” dataset provided by Harvie et
al. (1984) for the Na-K-Mg-Ca-H-CI-SO4-OH-
HCO;-C0O;-CO,-H,0 system [2]. The HMW84
data set was extended for aqueous Al [3] and
Si [4] data as well as for a number of solid
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phases, which are relevant in cementitious
environments (data of [4], [5], [6], [7], [8])-
Pitzer-parameters are taken from Harvie et al.
(1984) [2] and Reardon (1990) [9].

Results and discussion

Due to dissolution of portlandite, ettringite and
other solid cement phases, the initially MgCl,-
rich solution altered to alkaline CaCl,-rich
solutions. Mg2+ from the solution was
exchanged against Ca* from the solid phase.
Besides reprecipitation of gypsum, formation of
hydrotalcite phases, Mg-Ca-Al hydroxochloride
and brucite was observed. Compositions of the
altered solution and solid phases depend
strongly on the cement / brine ratio (Fig. 1 and
2).
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Fig. 1: Change of solution composition in binary
cement / R-brine systems as function of time.

In all systems, a distinct increase in measured
pH. (i.e., -log(my.)) was observed within the
first 102 days (Fig. 1). In the systems with a
cement / brine ratio of 0.45 <m/V <0.75 g mL’
' pH; measured after 102 days was still about
one unit lower than at a later stage (1000
days). Fastest cement alteration kinetics was
found in the system with the highest initial
cement mass relative to the brine volume (m/V
= 1.0 g mL™"), where measured pH; attains a
constant level within the first three months of
the experiment. In the long term, the
equilibrated solutions were strongly alkaline
CaCl,-rich solutions that reached pH. values of
~11.5 at the higher ratios of cement / brine (=
0.65 g mL™"), while at the lowest ratio (0.45 g
mL'1), final pH. values were ~10 (Fig. 2). At the
end of the inactive experiments, the solids
were composed of alteration products; primary
clincer phases and cement hydration phases
(e.g. portlandite and ettringite) were absent in
the final solid samples.
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Fig. 2: Solution compositions from equilibrium
calculations for different cement / brine ratios (lines)
compared to solution compositions measured at the
end of inactive batch experiments (symbols). Above
the diagram, major solid phases are shown.

In the non-agitated experiments with the Am /
cement / brine systems, Am concentration
decreased considerably with time. Within six
months sorption equilibria were achieved,
demonstrating strong retention of Am(lll) by
the corroded cement products (Fig. 3). Data of
equilibrated systems indicate linear sorption
isotherms, which allow determining apparent
sorption coefficients, Rs. A coefficient of Rg =
3060 ml g'1 is derived from the experiments in
weakly alkaline CaCl, systems (-log(my.) ~
9.0), whereas in highly alkaline CaCl, systems
(-log(mys) ~ 11.5) Re = 10000 ml g is
observed (Fig. 4). A similar apparent Am
sorption coefficient is reported for a binary
system of cement altered in initially MgCl; rich
brine (m/V<0.1g mL™”, weakly alkaline MgCl,-
CaCl; solution after equilibration) [10].

In the present study we use the Freundlich-
isotherm to describe sorption. This isotherm is
given by the equation

q=K,-C"or log(q) =log(K,)+n-log(C)

where q is the amount of Am adsorbed (e.g. in
mol g'1 also called loading), C is the dissolved
Am concentration (in mol L'1) and Kr and n are
fitting parameters. In Fig. 4 the fits to the
Freundlich-isotherms are shown in double-
logarithmic isotherm plots. Such fits to the
mean adsorption data yield statistically better
results for the weakly alkaline and strongly
alkaline cement / brine systems than the linear
isotherm (logg = 0.8 + (1.04) - log C with R?

0.97 and log g = 3.3+ (1.25)-log C with R?
0.82). Due to the limited number of data points
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and the analytical errors, linear isotherm would
give an adequate representation of the data
(Fig. 4).

cement / R-brine system
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Fig. 3: Observed Am sorption kinetics in the system
Portland cement corroded in initially MgCly-rich
brine.

By means of thermodynamic simulations,
equilibrium compositions of the inactive
systems were calculated with the modified
database and compared to the measurements.
Fig. 2 shows the calculated solution
compositions as a function of cement / brine
ratio and the final compositions measured in
the experiments. The calculated solution
composition is in good agreement with the
experimental results. The Mg/Ca exchange
reactions between solids and solution that
have been observed in the experiments are
also predicted in the calculations. In the upper
part of Fig. 2, the solid phase assemblage is
shown. Most of the solids that are detected by
solid phase analyses are also calculated for

the equilibrium composition, e.g. brucite,
anhydrite/gypsum, Al-hydroxide. Some
secondary phases present are weakly

crystalline and are characterized by less
defined or heterogeneous compositions, e.g.
hydrotalcite phases and Mg-Ca-Al
hydroxochloride. Since ideally crystalline end-
member phases are used as proxies for these
phases in the thermodynamic calculations, the
simulated solid composition differs to some
extent from the distribution of phases detected
in the equilibrated solid. Morevover, most of
the literature data on  cementitious
environments deals with low ionic strength
systems. There is a lack of thermodynamic
data for the alteration of cementitious phases
in chloride-rich media, which should be
addressed in the future.
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aqueous Am concentration) for Portland cement
corroded in initially MgCl,-rich brine.

Conclusions

Alteration of hydrated OPC in MgCl,-rich brine
results in weakly to strongly alkaline CaCl,
enriched solutions, formation of secondary Mg-
Ca-Al (chloro-) hydroxides and reprecipitation

of CaSOQ,. The solution composition at
equilibrium can be predicted well with
thermodynamic  calculations.  Since the

thermodynamic database that is used in the
simulations relies on ideal end-member
phases, the predicted mineral assemblage is in
agreement with crystalline phases identified in
the cement alteration products. Amorphous
Mg-Ca-Al-Si-rich phases, characterized by
heterogeneous compositions, are represented
in the thermodynamic calculations by proxy
minerals, e.g. nontronite or Ca-montmorillonite.
The retention of radionuclides on cement
alteration products has often been claimed not
only for dilute solutions, but also for saline
brines. This work enables to quantify the
retention of Am and thus corroborates previous
estimations with experimental data.
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Introduction

For the disposal of radioactive waste in deep
geological formations a thorough knowledge of
the chemical processes possibly occurring in
the engineered (EBS) and the geological (host
rock) barrier are prerequisite. Inorganic and
organic colloids can occur in the near- and far-
field of a deep geological repository. Colloids
or nanoparticles (< 1 ym in size) are character-
ized by a high surface area and the ability to
remain suspended in water therefore poten-
tially being mobile in groundwater systems.
Accordingly, colloids are discussed as a poten-
tial pathway for the radionuclide release from a
nuclear waste repository. Insight into the possi-
ble colloid generation mechanisms, their stabil-
ity and mobility under given groundwater
conditions is required to assess the colloid
relevance on radionuclide migration. Other key
questions are the mechanisms of radionuclide
interaction with colloids and notably the
reversibility of the radionuclide-colloid binding.

In most repository designs, the massive metal
canisters, in which the waste is packed, are
surrounded by a large volume of bentonite clay
functioning as geo-engineered barrier (buffer
and backfill material) confining the waste. Al-
though bentonite is expected to act as a colloid
filter, the contact zone (gel layer) to water con-
ducting features in crystalline host rock forma-
tions may act itself as a colloids source due to
erosion by advective transport. Once released
from the compacted bentonite, the colloids
have to be stable under the specific geochemi-
cal conditions to effect the radionuclide mobility
in the host rock formation.

Experimental evidence of laboratory and field
studies suggests colloid instability in saline
ground waters with time [1]. Ground waters of
low ionic strength and high pH are thought to
enhance bentonite colloid stability, as demon-
strated in various laboratory and field experi-
ment over short observation periods (few
months) [2].

Once formed, if they are mobile and stable
under the specific conditions, bentonite colloids
might transport associated radionuclides along
shear zones as demonstrated in studies within
the CRR/CFM project. Experiments performed
in the framework of the BMWi project KOLLO-
RADO-2 (duration 2009-2012) are closely re-
lated to the CFM (Colloid Formation and Migra-
tion) project performed in the Grimsel Test Site
(GTS) in the frame of the Phase VI
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(www.grimsel.com/gts-phase-vi/cfm-section).
Research on the stability of the geotechnical
barrier under glacial melt water conditions and
the potential release of bentonite colloids
constitutes the scientific goal of the CFM pro-
ject. In 2009, under highly demanding engi-
neered-technological efforts, a tunnel mega-
packer system was constructed. This mega-
packer minimizes the gradient and groundwa-
ter flow in the MI shear zone intersecting the
tunnel and enables the work under near-natu-
ral hydraulic conditions similar to the post-clo-
sure situation of a deep geological repository.
In this chapter, we report on:

The FEBEX bentonite colloid stability un-
der Grimsel ground water (GGW) condi-
tions over a 3 years observation period
and

The CFM migration experiments per-
formed during the year 2010.

In addition to inorganic nanoparticles, the pres-
ence of organic colloids naturally present or
artificially introduced during the excavation
process [3] might have an impact on the migra-
tion of radionuclides in the geosphere. Re-
search on their generation, mobility and
interaction with radionuclide has been con-
ducted. In this chapter, we report:

On a protocol to extract rock mineral
associated organic matter in the Callovo-
Oxfordian (COx) formation,

On the synthesis and characterization of a
hybrid  clay-based  material (HCM)
montmorillonite- melanoidin via Maillard
reaction as a potential clay- humic sub-
stance model, and

On the influence of the preparation proce-
dure to the metal-humic acid (HA) com-
plexes formation.

FEBEX bentonite colloid stability under
Grimsel ground water conditions (high
pH, low ionic strength, IS)

FEBEX bentonite blocks are crushed and
sieved. The < 63 um fraction is homoionized
by washing with LiCl 1M during 4 days. The
colloid stock suspension is prepared by 4 cen-
trifugation-collection-resuspension in  fresh
GGW cycles. The colloid concentration in the
stock solution is 1.23 g/L.

The Flow Field-Flow Fractionation coupled to
ICP-MS [4] is used to characterize over time
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the clay colloids batch samples (further diluted
in GGW down to 20 mg/L) by looking at the
evolution of the Al fractogram (size, recovery),
Al being used as tracer for the bentonite col-
loids (see Figure 1).

Contact time in GGW
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Fig. 1: Bentonite clay colloids size evolution in
Grimsel ground water over a period of 3 years.

Over 3 years, a slow agglomeration process,
reproducible, is clearly evidenced and
representative of the sample with more than
80 % Al (bentonite colloids) recovered. The
explanation lies in the [Li*] / [Ca*"] concentra-
tion ratio changes after the homoionization
process and the batch preparation in GGW.
The Ca** ions are considered responsible of
the clay platelets induced agglomeration. This
agrees with the critical coagulation concentra-
tion (CCC) value of 10" M determined in CaCl,
system [1].

In conclusion, even the low IS and high pH
conditions of the GGW do not seem to be suffi-
cient to stabilize the bentonite clay colloids for
long time periods (years) under room tempera-
ture conditions.

In-situ migration experiments (CFM pro-
ject) at the Grimsel Test Site (GTS)

As mentioned above, the Colloid Formation
and Migration (CFM) project aims on the de-
tailed process understanding of bentonite
backfill/buffer material stability in contact with a
water conducting feature in a crystalline host
rock. Focus of the research within this interna-
tional collaboration is to understand the forma-
tion of the bentonite gel layer, the erosion of
the bentonite buffer/backfill material, the
generation of bentonite colloids and their im-

-43 -

pact on radionuclide transport in a natural
shear zone. The field investigations are
accompanied by an extensive laboratory pro-
gram to assess the influence of parameters as
inter alia ionic strength, pH, contact water ca-
tion composition; fracture aperture and bento-
nite dry density on the formation of colloidal
phases. Earlier field colloid migration tests at
the GTS conducted within the CRR (Colloid
and Radionuclide Retention) experiment suf-
fered from relatively short residence times (60-
80min)/ high flow velocity of the tracer in the
fracture [5,6]. CFM field migration experiments
have been conducted throughout the years
2008 to 2010 reducing successively the flow
velocity to near-natural flow conditions and
therefore establishing higher tracer residence
times in order to quantify retention/sorption
reversibility of colloid-bound radionuclides. To
overcome the high natural gradient towards the
tunnel surface the migration (MI) shear zone
was hydraulically isolated by installing a

sophisticated mega-packer system (see Figure
2) counteracting the hydraulic heads of the
shear zone.

Fig. 2: The mega-packer system of the CFM experi-
ment at the GTS. The shear zone is sealed with
resin layer and surface packers are installed at
outflow points on shear zone intersection. Pressur-
ised water in annulus provides mechanical support
to resin layer to counteract hydraulic head in the
shear zone.

Three migration experiments using Eu, Tb, Hf
and Th as chemical homologues for the tri- and
tetravalent actinides have been conducted in a
6.08m dipole with a conservative tracer (ura-
nine) added under variation of the fracture
residence time ranging from 230min to
~6000min (peak arrival). Colloid analysis in-
cluded laser-induced breakdown detection
(LIBD), single particle counting (SPC), photon
correlation spectroscopy (PCS), AFM and col-
loid quantification via Al analysis by ICP-MS.

The results showed a surprisingly high recov-
ery of both the bentonite colloids (injection
concentration 22-31 mg-L") and the colloid
associated tri- and tetravalent elements, not
expected from previous experiments con-
ducted within the CRR project in the same



shear zone, but another dipole. Recovery of
tetravalent elements (Th, Hf) decreased from
78-93% down to 30-32% and trivalent ele-
ments (Tb, Eu) from 56% down to 7-14% with
a residence time increase from 230min to
2250min (peak arrival time). In parallel, the
colloid recovery decreased from 95-100%
down to 47-64% (Fig. 3). The magnitude of
metal ion retention/recovery observed in the
field experiments is consistent with laboratory
determined bentonite sorption reversibility ki-
netic data obtained in the ternary system frac-
ture filling material — bentonite colloids — radio-
nuclides with a desorption rate kj ~0.01h™ [7].

A further experiment (CFM Run 10-03) at lower
flow velocity with a peak arrival time of 5962
min (1% peak) using a higher colloid cocktail
concentration of 105mg-L”" and 2L injection
volume resulted in a colloid recovery of 40 +
10% quantified via the ICP-MS Al signal. The
element recoveries with 43 + 10% (Th), 46 =
6% (Hf), 14 £ 2% (Tb), and 6 £ 2% (Th) are
very comparable to the previously performed
experiment (CFM Run 10-01).
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Fig. 3: Comparison of colloid (shaded area for Run
10-01 and 10-03) and element recovery of field and
laboratory migration experiments within the CRR
project (red symbols) and the new data obtained
within the CFM project (Run 08-01, 10-01 and 10-

03).

Size distribution analysis by LIBD and SPC
showed for all experiments no size
chromatography effect in the colloid break-
through. This lack of size exclusion pheno-
mena in combination with high colloid recovery
indicates a broad channel (,highway“) as flow
path for the CFM experiments. Overall, the
CRR and CFM project results obtained so far
clearly demonstrate the sensitivity of colloid
transport on flow path geometry/heterogeneity
of the fracture/shear zone giving predictions
based on correlations as e.g. colloid recovery
versus residence time (Fig. 3) a very high
uncertainty, but demonstrate the slow bento-
nite colloid sorption reversibility especially for
the tetravalent elements.
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Extraction of rock mineral associated
organic matter from the Callovo-Oxfor-
dian (COx) formation.

One site under consideration in France for the
disposal of medium and high level, long lived
radioactive waste is in the eastern part of the
Paris Basin (Meuse/Haute Marne, France),
where the National Radioactive Waste
Management Agency (ANDRA) operates an
underground laboratory. The sedimentary host
formation is a 130 m thick, clay-rich Callovo-
Oxfordian deposit ca. 350-550 m below
ground in the selected area. The major fraction
(>95%) of the organic matter (OM) present is
associated with minerals and might be a
source of organic colloids in geochemical
disturbed systems (e.g. alkaline plume). In
order to better understand the importance of
OM on the chemistry of this formation, a
protocol has been developed allowing
extraction/fractionation of organic compounds
in the rocks. The protocol is based on classical
methods currently used for the isolation of
humic substances from soils and for the
separation of kerogen in ancient sediments
using sequential extraction with solvents and
water at different pH value. This allows to
remove a large part of the minerals and to
suspend almost all (>90%) of the OM (asso-
ciated with residual recalcitrant minerals) in
water. The OM can then be analysed via spec-
troscopic methods, such as mass spectrometry
(MS), Fourier transform infrared spectroscopy
(FTIR), or C (1s) near-edge X-ray absorption
fine structure (NEXAFS) spectroscopy. The
molecular composition of the solvent-soluble,
directly-extractable part shows the OM to be
thermally immature. The solvent-soluble frac-
tions obtained after acid and alkaline treat-
ments are mostly polar in nature and have a
high degree of aliphaticity. C(1s) NEXAFS
analysis of water soluble organic fractions indi-
cate a progressive increase in aliphaticity and
a decrease in carboxylic/carbonyl groups with
consecutive extraction steps providing evi-
dence for increasing hydrophobicity and a
more kerogen like structure of the later extracts

[8].

Synthesis and characteri ation of hy-
brid clay-based material (HCM) mont-
morillonite- melanoidin via Maillard
reaction as a potential clay organic
matter model.

The study of the interactions among metals,
minerals, and humic substances is essential in
understanding the migration of inorganic pollu-
tants in the geosphere. A considerable amount
of organic matter in the environment is
associated with clay minerals. To understand



the role of organic matter in the environment
and its association with clay minerals, a hybrid
clay-based material (HCM), montmorillonite
(STx-1) — melanoidin, was prepared from I-
tyrosine and I-glutamic acid by the Maillard
reaction. The HCM was characterized by ele-
mental analysis, nuclear magnetic resonance,
x-ray photoelectron spectroscopy (XPS), scan-
ning transmission x-ray microscopy (STXM),
and thermal analysis. The presence of organic
materials on the surface was confirmed by
XPS and STXM. The STXM results showed
the presence of organic spots on the surface of
the  STx-1 montmorillonite  and  the
characterization of the functional groups
present in those spots. Thermal analysis con-
firmed the existence of organic materials in the
montmorillonite interlayer, indicating the forma-
tion of a composite of melanoidin and
montmorillonite. The melanoidin appeared to
be located partially between the layers of
montmorillonite and partially at the surface,
forming a structure that reminds on the geome-
try of a cork sealing a champagne bottle [9].

Influence of the preparation procedure
to the metal-humic acid (HA) complexes
formation.

To understand the actinide (An) - humic/fulvic
acids (HA/FA) interaction mechanisms the
metal-HA/FA complexes have to be formed
and further analyzed.

The present study focuses on the interaction of
the Th(lV) ions at trace concentrations ([Th(IV)]
=107 M) with HA (purified HA, extracted from
Gorleben ground water Gohy-573, [HA] = 0.75
mg-L"; [NaCIO,] = 10 M; pH = 9.5) by using
the Flow Field-Flow Fractionation coupled to
ICP-MS [4]. Under those conditions, the nomi-
nal loading of the HA carboxylate groups with
metal ions (An(IV)) is < 10 %. Th(IV)-HA com-
plexes are prepared by three different proce-
dures: MODE 1: titration of the acidic Th(IV)
solution with HA solution (pH = 9.5); MODE 2:
spiking Th(IV) directly to a HA solution (pH =
9.5) and MODE 3: mixing of all components at
pH = 3 and increasing the pH to 9.5 by slow
NaOH addition. According to Neck et al. [10],
this means that the Th(lV) solubility curve is
crossed over three different ways (Figure 4).
AsFIFFF-ICP-MS studies demonstrate the
appearance of different colloid types depend-
ing on the preparation mode (Figure 5).
Following the preparation MODE 1 leads to the
formation of large Th-oxide/hydroxide colloids
or Th-HA agglomerates (size ~ 100 nm).
Following the preparation MODE 2 leads to the
formation of relatively small HA-coated Th-
(oxy)hydroxide colloids or Th-HA agglomerates
(size ~ 12 nm).

-45 -

T Solubil
-3 initial state&\ i'-mmwes
% Th solution preparation
-4 —@— MODE 1
—_ \ @ MODE 2
S ,_ | —@MODE3
= ' / \ final state
=T | \ 1
g1 \
8]  Titration \\
-9
10 EP
0 1 2 3 4 5 6 7 8 9 10 M
+,
-log [H]

Fig. 4: Th(IV) solubility curves, from [10] and sum-
mary of the different preparation modes.

Following the preparation MODE 3 leads to the
initial formation of the Th(IV)-HA complexes
(size ~3 nm) while a metal induced HA
agglomeration develops with time (not shown
here) consequently, even at low metal
concentrations. At a first glance, results can be
explained according to the experimental proto-
col used showing its influence on the final
resulting product. Nevertheless, according to
thermodynamic data, whatever the mode of
preparation, identical complexes have to form
with time. This point has to be checked and
calls for further and deeper investigations.
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Fig. 5: Gohy-HA-573 UV-fractogram and Th-ICP-
MS-fractogram obtained after injection of a HA-
Th(1V) solution prepared according to the Mode 1, 2
or3.
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6.4 Numerical simulation studies
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Introduction

In contrast to porous media, fluid flow through
fractured rocks is bound to discrete roughly
shaped planes, which act as main flow paths.
As a consequence this issue has been
extensively studied in the past by several
authors [1-4]. Both experimental and
theoretical approaches have been applied to
shed light on the processes governing flow and
transport in single fractures as well as fracture
networks. In most cases, fractures were
treated with the parallel plate model or the
streaming tube approach, where real natural
fracture geometries are replaced by simplified
and abstracted geometries. These
simplifications have been made because of a
more easily mathematical description resulting

in a lesser computational effort. Besides,
random fractures have been generated
virtually by means of statistical and
mathematical methods [5]. The governing

equations describing fluid flow are the Navier-
Stokes equations which represent a nonlinear
system of partial differential equations, only to
be solved numerically in 3D. Modern laboratory
techniques, like e.g. computer tomography can
serve as a non-destructive tool for
characterization of natural fractures in drill
cores providing geometrical information which
can be used directly in numerical codes to
conduct flow and mass transport simulations
on the measured scale. This more realistic
approach has been applied in our study.

Materials and Methods

The 3D model applied in this study is
generated using the yCT measurements. The
MCT scan resulted in 1691 stacked 2D slices
transformed into a 3D model representation of
the drill core. The obtained uCT dataset was
pre-processed using different computational
tools for data artifact reduction facilitating the
segmentation of the fracture planes. Care was
taken to accurately capture the fracture
geometry. Subsequently, 3D triangulated
surfaces of the fracture were produced out of
the full resolution segmented raw uCT data.
The final 3D mesh of the fracture consists of ~
10.5 Mio. elements (3156334 nodes).
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Flow and solute transport simulations on basis
of the Navier-Stokes equation and the
advection-diffusion-equation, respectively were
modeled using the finite volume CFD software
FLUENT®. A molecular diffusion coefficient for
HTO of 2.5x10° m?s' was applied. The
molecular diffusion coefficient of 4.2x10™"
m?>s” for the nanoparticles (quantum dots;
QD) was calculated based on their
hydrodynamic diameter (12 nm) using the
Stokes-Einstein equation. Quantum dots were
used in this study as a monodisperse
reference material for the smallest clay colloid
size fraction. Calculations were carried out on
the KIT high performance cluster HP XC3000.

Results and discussion

Figure 1 shows exemplarily a volume
rendering plot of the simulated normalized
velocity magnitude for the core. Generally
speaking, the simulated 3D flow field reflects
the spatial complexity of the overall geometry
of the fracture. The resulting flow field is a
combination of four spatial fracture
characteristics: (a) the wedge-shaped nature of
the fracture, (b) the aperture variability, (c) the
asperities and (d) the irregular right fracture
boundary. The influence of the asperities leads
to channeling of the flow which is obvious e.g.
in the upper third domain of the model where
the fracture is closed to a high extent. Here,
flow velocities strongly increase as a result of
the narrowing of the flow cross sectional area.
In consequence, the highest flow velocities
occur in this region. The fastest flow velocities
(red colors in Figure 1) always occur in the
vicinity of asperities indicating their high impact
on the flow velocity distribution. The very
irregular right fracture boundary causes a
splitting of the flow velocity distribution into low
velocity areas near the right fracture side (blue
colors in Figure 1) in contrast to the middle and
left side part of the fracture where the
apertures are higher and thus higher flow
velocities can be observed (green and yellow
colors in Figure 1).

Migrations experiments using HTO and
engineered nanoparticles (QD) have been
conducted for two different fluxes. Figure 2



shows the experimental breakthrough curves
for both runs in conjunction with the results for
the mass transport simulations. In the following
Run#1 represents the higher velocity
experiment (Reynolds number Re = 0.026) and
Run#2 the lower velocity experiments (Re
0.0058), respectively.

Run#1. In general, both the experimental HTO
and QD BTC show a pronounced tailing
(Figure 2a,b). The shapes of both BTCs differ
from each other in such that QD show a At
between first arrival and peak maximum of 470
s compared to a At of 600 s for HTO indicating
a sharper increase for the QD’s.

Fig. 1: Normalized volume rendering plot of the
flow field as calculated on basis of the uCT data.
Note the complex flow velocity distribution due to
fracture geometry.

The tailing of the HTO BTC can be
approximated fairly well by fitting to a power
law of t*2 This type of power law is often
referred to as matrix diffusion and has been
observed both in field and laboratory
studies.[6] Considering the Re numbers
prevailing, the occurrence of matrix diffusion
seems reasonably to some extent. In contrast
to the HTO BTC, the QD residence time
distribution is much more broadened but also
characterized by a pronounced tailing. As
expected for colloidal transport, the QD peak
maximum arrives faster than the HTO peak
maximum which is a frequent observation in
both field and laboratory experiments [7,8].
The calculated experimental retardation factor
(Ry) for the QD peak is 0.94 based on the
positions of the peak maximum time of HTO
and QD (Table 1). This finding can be
explained by the different chemical properties
and physical transport behavior of the colloids
compared to solutes. In consequence, the QD
BTC tailing cannot be described by the
empirical matrix diffusion power law. This
observation can be expected since the
diffusion coefficient of the QD is almost two
orders of magnitude lower than it is the case
for HTO which is further reflected in the Peclet

number Pe of 607 for the QD and only 10 for
HTO, respectively. This indicates that the QD
are more strongly influenced by advection
whereas HTO exhibits a much higher impact of
molecular diffusion facilitating matrix diffusion.
Matrix diffusion coefficients for colloids range
between 7x107® m?s” for 2nm to 1.5x10"®
m®s™? for 100 nm colloids, respectively [9].
Moreover, the QD are likely to be effectively
hindered to diffuse into a possible porous
fracture wall matrix due to other processes like
e.g. size exclusion effects.

Tab. 1: Comparison of the experimental and
simulated breakthrough curve data.

Run #1 Run #2
Flux (ul-min’™) 66.8 14.2
Re [] 0.026 0.0058
Pe HTO[-] 10 53
Pe QD [-] 607 135
max. velocity 0.0013 0.00029
magnitude [m-s™]
volume averaged 5.67 -10° 1.26 -10°
velocity = magnitude
[m-s”]
Ry (Peak max. exp. 51 129
HTO) [min]
Ry (Peak max. exp. 48 128
QD) [min]
Ry (Peak max. model. 50 161
HTO) [min]
Ry (Peak max. model. 49 159
QD) [min]
Rrexp. [-] 0.94 0.99
Ry model [-] 0.98 0.99

96%
88%

99%
68%

Recovery HTO
Recovery QD
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R, = peak elution time; R = retardation factor (R; = R,[QDJ)/
Ro,[HTO])

Run#2. The HTO BTC is again characterized
by a sharper increase in concentration and
peak maximum compared to the QD BTC. The
QD BTC shows a At between first arrival and
peak maximum of 1740 s compared to a At of
1370 s for HTO indicating this time a sharper
increase for the HTO compared to the QD
BTC. The tailing of the HTO can be
approximated by the empirical matrix diffusion
power law in line with the BTC from Run#1.
The Pe number for HTO in Run#2 is 2
indicating an even stronger impact of
molecular diffusion on the transport behavior.
Consequently, the prevailing flow and transport
conditions even more facilitate a diffusion of
the HTO into a possible core matrix.
Recoveries of HTO are within analytical



uncertainty quantitative both for Run#1 and
Run#2 and decrease for the QD with
decreasing flow velocities from 88% in Run#1
to 68% in Run#2, respectively. This leads to
the conclusion of a more pronounced
interaction of the QD with the fracture surfaces
in terms of sorption or filtration processes with
decreasing flow velocity explaining the
observed difference in the rising edge of the
BTCs. Similar to Run#1, the QD BTC shows
an earlier first arrival time than the HTO peak.
The position of the peak maximum between
the QD and HTO BTCs are almost identical (R¢
QD = 0.99) showing that the mean residence
times approach each other with decreasing
flow velocity.
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Fig. 2: Experimentally derived BTCs (open stars) in
comparison to simulated BTCs (black lines). a)
HTO BTCS for Run#1 b) QD BTCs for Run#1 c)
HTO BTCS for Run#2 and d) QD BTC'’s for Run#2.
Red lines in a) and b) represent the empirical power
law for matrix diffusion (t'3/ 2 ).

Transport modeling (Run#1 & Run#2).
Regarding the first arrival of the modeled
BTCs, the QD BTCs for both flow velocities
show an earlier arrival times compared to the
HTO BTCs in line with the experimental
findings. Furthermore, the position of the QD
peak maximum is also shifted to earlier times
compared to the HTO BTC. Again, this
observation fits to the experimental findings.
The overall modeled BTC positions are shifted
to later times for the lower flow velocity
(Run#2) compared to the experimental BTCs,
whereas for Run#1 the positions are almost
comparable. Though, the Rf value of 0.98 for
the simulated QD peak is slightly higher than
the experimental QD Rf (0.94) in Run#1,
whereas the QD Rf value of 0.99 is equal to
the experimental QD Rf value (0.99).
Concerning HTO, the modeled BTC (Run#1)
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describes the peak maximum position quite
good though over-predicts the maximum
normalized concentration. The modeled HTO
BTC of Run#2 can reproduce the experimental
maximum concentration very well and also the
overall peak shape of the BTC fits satisfactorily
to the experimental BTC though shifted to
much later times. In contrast, the simulated QD
BTC of Run#1 describes the normalized
concentration of the experimental BTC very
good, but is shifted to later times as stated
above. The modeled QD BTC of Run#2 shows
in addition to the time shift also a higher peak
maximum and the agreement to the
experimental BTC in terms of predicted
maximum concentrations and overall peak
shape is rather poor. Here, the model exhibits
a much sharper peak shape than the
experimental QD BTC. The deviation in Run#2
can be explained with the observed decrease
in QD recovery (Table 1), which would dampen
the peak maximum and influence through
retardation the shape of the BTC tailing.

Overall, as in the case for the experimental
BTCs, the simulated residence time
distributions show pronounced tailings. Since
the model does not include matrix diffusion the
tailing cannot be fitted to a power law of t*2.
Generally speaking, the observed heavy
tailings in the simulated breakthrough curves
can be clearly attributed solely to dispersion

due to the fracture geometry.

Conclusions

Our study clearly shows the mobility of the
hydrophilic QD in a natural single fracture
under natural Grimsel groundwater conditions.
Concerning the core migration experiments, a
decrease in QD recovery is observed with
decreasing flow velocity indicating a possible
sorption to the fracture wall or filtration effects.
Experimental HTO BTCs show pronounced
tailings which may be attributed to a
combination of fracture heterogeneity and
matrix diffusion. Simulated HTO and QD
breakthrough curves exhibit heavy tailing
reflecting the influence of fracture
heterogeneity on flow velocity distributions and
on mass transport. Generally speaking, the
observed heavy tailings in the simulated
breakthrough curves can be clearly attributed
solely to dispersion due to the fracture
geometry and confirms the proposal made by
Kosakowski (2004) [10] that tailing of the
colloids is mainly caused by the structure of
the flow field and that for colloid/nanoparticle
transport matrix diffusion is of minor
importance.



Despite the higher computational and technical
effort in creating a 3D model on basis of uCT
data, the results provide a step forward
towards a more fundamental understanding of
the processes governing fluid flow and mass
transport in real single fractures. Furthermore,
this approach facilitates the interpretation and
analysis of migration experiments which most
often represent black box type experiments.

3D Simulation for long-term
behaviour of a real underground
structure in rock salt.

A. Pudewills

Introduction

In recent decades, a large and detailed
experimental and theoretical knowledge base
for the geomechanical behavior of rock salt
has been compiled by several groups. On this
basis, a number of elaborated and advanced
constitutive models and procedures for the
determination of characteristic salt type-
specific parameter values and for the handling
of numerical simulations have been developed
[11, 12]. Between August 2007 and July 2010,
the German Federal Ministry of Education and
Research has funded a joint project within its
research program “Improvement of tools for
the safety assessment of underground
repositories” [13]. The five project partners
performed 3-D benchmark model calculations
of a real underground structure in rock salt in
the Angersdorf mine near Halle in Germany.
The aim of the projects was to check the ability
of the models to describe correctly the relevant
deformation phenomena in rock salt under
various influences, (i.e. transient and steady-
state creep, the evolution of dilatancy and
damage, short-term failure and long-term
creep failure, post-failure behavior and residual
strength) and to increase confidence in the
results of numerical simulations and enhance
the acceptance of the results. In addition, the
work show needs for the further development
and improvement of the models.

Model description

At the Institut fir Nukleare Entsorgung (INE)
the Finite Element Code ADINA is used to
study the mechanical behaviour of rock salt
under repository conditions [15]. A new
viscoplastic constitutive model for rock salt that
can describe the volumetric strain (dilatancy)
and the damage of the rock has been
proposed and implemented in this code. The
material parameters for the numerical
modelling have been evaluated on the
available laboratory experiments [16]. The
Angersdorf mine consists of a regular pattern
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of large rooms and pillars at a depth of about
530 m. Therefore, a 3-D vertical section with a
half of a room and a half of the salt pillar was
chosen as a representative calculation model
(Fig. 3). The total dimension of the model in
direction of x/y/z was 745 m/20 m/800 m.

Shaft Halle

Modelled mine
section

Fig. 3: Angersdorf mine consists of a regular pattern
of rooms and pillars at a depth of about 530 m [14]
and the chosen mine section for model calculation.

The selected Angersdorf mine section was
modelled with the ADNA code [15] and in Fig.
4 is shown.

B9 Anhydrite A3
Bl $alt-Clay, T4
B Rock Salt, Na3
B8 Overburden

Fig. 4: FE-model of the Angersdorf mine section
that was indicated in red in Fig. 1. The rock layers
and main room are inclined by 9° to the north.
Bottom: Detail of the model with the underground
openings.

Calculation results



In the first step of the benchmark calculations,
the initial state of stress taking into account the
creep behaviour of the rock salt (NA3) and the
clay (T3) has been determined. After
excavation of the main room and different drifts
the calculations have been continued over 120
years. Fig. 5 shows contour plots of the EDZ
(i.e. the porosity of rock salt and the effective
creep strain) in the near field of a connecting

gallery.

Voo
YOLUME
FRACTION

Fig 5: Volumetric strain (porosity) around the
connecting drift between room VIl and room IX and
effective creep strain at time point t = 50 years.

In Fig. 6 the simulation results inside the
modelled pillar were compared with the in-situ
data of the minimal principal stress. The
simulation results 50 years after excavation
(i.e. the actual situation) agree with in situ
measurements.
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Fig. 6: Simulation results of all project partners.

were evaluated at t = 50 a and compare with the
minimum principal stress measured in situ in the
pillar with frac tests in a horizontal borehole.

Further calculation results provide a prediction
of the geomechanical phenomena expected in
rock salt as a barrier.

4= AH - simulation

== KIT - simulation

IUB - simulation

TUC - simulation
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Conclusions

The benchmark calculations and comparisons
of the results in the frame of the project have
yielded the following results:

« The predictive capabilities of the constitutive
model for rock salt developed originally for
crushed salt have been increased to
describe the dilatancy deformations. The
model is able to describe the main behaviour
of the rock salt such as transient creep,
dilatancy and material damage.

In addition, the work displayed possibilities
for the further development and improvement
of the constitutive models.
The 3-D modelling of the complex section of
the Angersdorf mine was also a crucial test
of the numerical tools used by project
partners
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7.

Separation of long-lived minor actinides

B. Beele, A. Bremer, A. Geist, U. Miillich, D. Magnusson, P.J. Panak, C. Ruff

Background

Plutonium and the minor actinides (neptunium,
americium, and curium) are the major
contributors to the long term radiotoxicity of
used nuclear fuels. Alternatively to their direct
final disposal in a deep geological repository,
actinides could be separated from spent
nuclear fuels and be recycled in advanced
nuclear reactors the Partitioning &
Transmutation strategy [e.g. [1]). Partitioning
involves chemical separation processes based
on pyrometallurgy or hydrometallurgy.

Work at INE regards hydrometallurgical (i.e.,
based on chemical liquid-liquid extraction)
actinide separation, with a focus on the
separation of trivalent americium and curium
from the chemically similar lanthanides.

/7\ )

_ NN
\ N= N
RN S R R4§\7 N N :?*R
SN N N N
RN SRR R
Fig. 1: BTP and BTBP.

This separation is possible using N-donor
extracting agents such as alkylated bis-
triazinyl-pyridines (BTP, Fig. 1 left) [2, 3] and
alkylated bis-triazinyl-bipyridines (BTBP, Fig. 1
right) [4]. Nevertheless, these extracting
agents require further optimisation towards a
possible industrial application.

To support this development, we continue
fundamental studies aimed at understanding
selectivity and performance of such
compounds. One of these studies is presented
below.

We have also synthesised and tested a novel
hydrophilic BTP suitable for what is called the
innovative SANEX (i-SANEX) process. Liquid-
liquid distribution data required for process
development and complexation and speciation
data were collected.

Complexation of Cm(lll) and Eu(lll) with
Cs-hemi-BTP

Introduction

Cs-hemi-BTP  (6-(5,6-dipentyl-1,2,4-triazin-3-
yh)-2,2°-bipyridine, Fig. 2) was developed and
tested as a SANEX extracting agent in the
European PARTNEW project [5]. Although this
molecule did not qualify as a SANEX candidate
[6] we use it within our fundamental studies of
N-donor extracting agents.
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Fig. 2: C5-hemi-BTP.

Results and discussion

Metal nitrates

The complexation of Cm(lll) and Eu(lll) (used
as metal nitrates) with Cs-hemi-BTP in
H,0:2-PrOH is investigated by time-resolved
laser fluorescence spectroscopy (TRLFS).

Unfortunately, the kinetics of complex
formation is extremely slow.
0,010 T T T T T
—— [Cm(solv.)’”
| —— [Cm-(hemi-BTP)]" i
0008F (o (hemi-BTP)  509.9pm 6073 "M
[Cm-(hemi-BTP)J** M

0,006

0,004F

Norm. Intensity

0,002F

0,000
590 600

Wavelength [nm]

Fig. 3: Fluorescence spectra of the [Cm(Cs-hemi-
BTP)J*" complexes (x = 1,2,3).

With Cm(lll) three different species are found
(Fig. 3); the 1:1, 1:2 and 1:3 complexes with
emission bands at 599.9 nm, 607.3 nm, and
612.8 nm, respectively.

100
= [Cm(solv.)?t
e [Cm(hemi-BTP)]*

80+ 3+
4 [Cm(hemi-BTP),]

Ratio [%]

) )
300 400

260
Time [h]

T T
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Fig. 4: Species distribution of the [Cm(Cs-hemi-
BTP) ]3+ complexes (x = 1,2) as a function of time.

Fig. 4 shows the experimentally determined
concentrations of [Cm(solv)]3+, the 1:1, and 1:2
complexes as a function of time; equilibrium is
attained only after approx. 400 h for [Cm] =



2x10™" mol/L and [Cs-hemi-BTP] =
1.3x10™* mol/L. Fitting of the experimental data
yields rate constants of k; = 1.5x102 s™" and k»
= 7x107% s™" for the formation of the 1:1 and
1:2 complexes, respectively.

The equilibrium species distributions for
various ligand concentrations are determined
by peak deconvolution of the emission spectra.
The following stepwise stability constants have
been derived: logKy; = 4.4, logK;, = 3.5, and
logKo; = 3.3, yielding a logBy; = 11.2 for the
formation of the 1:3 complex. The stability
constant of [Cm(C5-hemi-BTP)3]3+ is three
orders of magnitude lower than logBy; = 14.4
for [Cm(n-Pr-BTP)s]* [7].

Metal 2-bromocarboxylates

Cs-hemi-BTP does not extract An(lll) nitrates;
a lipophilic anion such as a 2-bromocarboxylic
acid is required. We characterise the Cm(lll)
complexes formed in the presence of both Cs-
hemi-BTP and 2-bromocarboxylic acid by
TRLFS.
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Fig. 5: Fluorescence spectra of Cm(lll) with

increasing concentrations  of  Cs-hemi-BTP
([2-bromohexanoic acid] = 0.1 mol/L).

Fig. 5 shows normalised Cm(lll) fluorescence
spectra at a constant 2-bromohexanoic acid
concentration of 0.1 mol/L and increasing Cs-
hemi-BTP concentrations. At lower ligand
concentrations a 1:1 Cm-2-bromohexanoate
species forms with an emission maximum at
596.4 nm. With increasing Cs-hemi-BTP
concentration the emission band shifts to
609.6 nm, indicating the formation of a ternary
Cm/2-bromohexanoate/Cs-hemi-BTP-complex.

The complex stoichiometry is identified by the
peak position of the ternary species in
comparison to the reference spectra (Fig. 3),
slope analysis and the utilisation of deuterated
solvents: Cm(lll) is coordinated by two Cs-
hemi-BTP, one 2-bromhexanoate, and 2 water
molecules.

A complex prepared by extracting Cm(lll) from
an aqueous phase into a solution of C5-hemi-
BTP + 0.5 mol/L 2-bromodecanoic acid in tert.-
butyl benzene shows an identical fluorescence
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spectrum. Thus, the extracted complex is
[Cm(Cs-hemi-BTP),(2-Brcarboxylate)(H,0),]*".
Charge balance is maintained by two
additional 2-bromocarboxylates not present in
the first coordination sphere.

FSANEX process
Introduction

Following the separation of uranium and
plutonium (and possibly neptunium) in the
PUREX process, DIAMEX and SANEX
processes would be required for separating
americium and curium: the latter could be co-
extracted with the lanthanides from the PUREX
raffinate in the DIAMEX process, followed by
separating them from the lanthanides in the
SANEX process [1].

Each of these processes in their most basic
design consists of an extraction/scrub section
and a back extraction section plus a solvent
regeneration section. Combining the DIAMEX
and SANEX processes into a single process
would make for an important simplification —
the innovative SANEX process (i-SANEX). The
French i-SANEX process [8] is based on a
DIAMEX-like extraction/scrub section
(generating an organic phase loaded with
actinides(lll) and lanthanides) and selective
back extraction of actinides(lll) from the loaded
organic phase using DTPA [9]. The use of
DTPA has two drawbacks:

1. DTPA does not work in acidic solutions; a
buffer must be added to maintain pH at
approx. 3.

2. To keep the lanthanides in the organic
phase under such conditions, a nitrate salt
must be added to the selective back
extraction solution. Another option is
adding a second extracting agent to keep
lanthanides in the organic phase at low
acidity.

This however generates additional secondary
wastes.

o)
3
X, -N
N
0 0)

Fig. 6: SO3-Ph-BTP.

Recent fundamental studies show that BTP
remains selective in aqueous phase [7]. This
means that a hydrophilised BTP should be
useful as selective actinide(lll) complexing
agent for i-SANEX process development.

We have synthesised a hydrophilic BTP,
2,6-bis(5,6-di(sulphophenyl)-1,2,4-triazin-3-yl)-
pyridine (SO;-Ph-BTP, Fig. 6 [10]). SO3-Ph-
BTP has excellent solubility in water or HNOj3;



no less than 0.5 mol/L is soluble in 0.5 mol/L
HNO;.

Liquid-liquid extraction tests

SO;-Ph-BTP was tested for its ability of
selectively masking actinides(lll) in nitric acid
solutions (thus also allowing for their selective
back extraction). Tests were performed
extracting Am(lll) and Eu(lll) from HNO; into a
solution of TODGA [11] + 5% 1-octanol in
kerosene (TODGA co-extracts actinides(lIl)
and lanthanides from nitric acid).

Influence of HNO3 concentration

While TODGA co-extracts Am(lll) and Eu(lll),
addition of 10 mmol/L SOs-Ph-BTP to the
aqueous phase suppresses the extraction of
Am(lll) while it has little influence on the
extraction of Eu(lll), see Fig. 7. For 0.1 mol/L <
[HNO3] <0.6 mOl/L, DAm(III) <1 and DEu(III) > 1
(meaning Am(lll) largely remains in the
aqueous phase whereas Eu(lll) is extracted
into the organic phase). The separation factor
SFeumaman = DeuanyDamany s in the range of
250-1000, as Compared to SFEu(/II)/Am(I//) =7
without SO3;-Ph-BTP (being the selectivity of
TODGA).
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Fig. 7: Effect of SO3-Ph-BTP on the extraction of
Am(lll) and Eu(lll) into TODGA. Organic phase,
0.2 mol/L TODGA + 5 % vol. 1-octanol in kerosene.
Aqueous phase, 2’ Am(lll) + "?Eu(lll) in HNOs, with

(filled symbols, solid lines) or without (open
symbols, dashed lines) 10 mmol/L SOs-Ph-BTP.

In a more realistic experiment, Am(lll) + Eu(lll)
were extracted from a spiked PUREX raffinate
surrogate into (0.2 mol/lL TODGA + 5 % vol.
1-octanol in kerosene). The loaded phase was
back extracted into

a) HZO, reSUlting in DAm(III) = 23, DEU(III) = 180,
SF, Eu(llly/Am(il) = 7.5

b) 10 mmol/L SO;3-Ph-BTP in H,0O, resulting in
Damany = 0.059; Deyany = 49; SFeuqmamany = 830,
demonstrating selective back-extraction of
Am(lll) from a loaded organic phase.
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Influence of SOs-Ph-BTP concentration
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Fig. 8: Extraction of Am(lll) and Eu(lll) into TODGA,
influence of [SOs3-Ph-BTP]. Organic phase,
0.2 mol/L TODGA + 5 % vol. 1-octanol in kerosene.
Aqueous phase, *'Am(lll) + "?Eu(lll) (1 kBq/mL
each) + SO3-Ph-BTP in 0.50 mol/L HNO3.

Fig. 8 shows the extraction of Am(lll) and
Eu(lll) from 0.5mol/L HNOj; with varied
concentrations of SO3-Ph-BTP into a solution
of (0.2 mol/L TODGA + 5 % vol. 1-octanol in
kerosene). The horizontal dashed lines
represent distribution ratios (Dg,uy = 950,
Damay = 120) in the absence of SO3-Ph-BTP.
Adding increasing concentrations of SO;-Ph-
BTP increasingly suppresses the extraction of
Am(IIl); the extraction of Eu(lll) is less affected.

The separation factor SFgyuyammy has a value
of 900 for e.g. 20 mmol/L SO;-Ph-BTP; with

increasing SO3;-Ph-BTP  concentration it
approaches a value of approx. 1200.
Back extraction kinetics
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Fig. 9: Am(lll) and Eu(lll) back extraction kinetics
with  SO3-Ph-BTP. Organic phase, 0.2 mol/L
TODGA + 5% vol. 1-octanol in kerosene, loaded
with *"Am(ill) + "2Eu(lll) (1 kBg/mL each) from
3 mol/L HNO3. Aqueous phase, 20 mmol/L SOs-Ph-
BTP in 0.29 mol/L HNO3.

To test back extraction kinetics, Am(lIl) and
Eu(lll) were extracted from 3 mol/L HNO; into



an organic phase consisting of (0.2 mol/L
TODGA + 5% vol. 1-octanol in kerosene).
Then the loaded solvent was contacted with a
solution of SO;-Ph-BTP in 0.29 mol/L HNOs.
The influence of contacting time on Am(lll) and
Eu(lll) distribution ratios is shown in Fig. 9.
Although the mechanical shaking device used
for this experiment is not very efficient
(oscillating at approx. 5 Hz), equilibrium was
attained within 10 min.  Within only 3 min
distribution ratios were close to equilibrium.
This indicates that the selective An(lll) back
extraction with SO3-Ph-BTP is not impeded by
slow kinetics.

Separation of An(lll) from Ln(Ill)

TODGA is known to extract Am(Ill) and Cm(lll)
from HNO; with distribution ratios similar to
those of the lighter lanthanides [11]. The effect
of adding 20 mmol/L SO;-Ph-BTP to the
aqueous phase is shown in Fig. 10 (although
all Ln(lll) except Pm(lll) were measured, only
data up to Dy(lll) are shown as the heavier
Ln(lll) are not present in irradiated nuclear
fuel). The extraction of Am(lll) and Cm(lll) is
strongly suppressed. The extraction of the
lightest lanthanides is virtually unchanged; the
extraction of heavier lanthanides is
increasingly suppressed but not to an extent as
to interfere with An(lll) extraction.

104 ¢ —
5 A
10% E — =
: gm n//*://g/f‘: ]
102 L PSRN 5 S
- //9,;5,;/ = :
] C 9/;;’/ g v
S 10 3 . 3
S E v
RIS 3
107 ¢ 3
102 E
10° L —
10°1 10°

[HNO,],_ ., [moliL]

Fig. 10: Effect of SO3-Ph-BTP on the extraction of
An(lll) and Ln(lll) into TODGA. Organic phase,
0.2 mol/L TODGA + 5 % vol. 1-octanol in kerosene.
Aqueous phase, 20 mmol/l SOs;-Ph-BTP +
2 amaiy + **cm(lll) (1 kBg/mL each) + (Y(ll) +
Ln(lll), 20 mg/L each) in HNO:s.

Clearly, an efficient separation of Am(lIl) and
Cm(lll) from all lanthanides is viable, the
lowest selectivity (Cm(lIl) over La(lll)) having a
separation factor of approx. 50.
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TRLFS complexation studies

Solutions of Cm(lll) in water or HNO3; were
titrated with increasing concentrations of SO3-
Ph-BTP and fluorescence spectra were
recorded.

Complexation in H,O

Cm(NO,), in H,0
[cm(in],=0.1 uM
[ag-BTP] = 0-500 uM

[Cm(H,0),(aq-BTP)I”*
602.4 nm

[cm(H,0),1"
593.8nm

[Cm(H,0),(aq-BTP)I*

Nom. Fluorescence Intensity

T
610
Emission Wavelength [nm]

T
600

Fig. 11: Titration of Cm(lll) with SOs-Ph-BTP in
H>0. Fluorescence spectra as a function of SO3-Ph-
BTP concentration. Initially 2-1 0™" mol/L Cm(ll); 0-
500 umol/L SO3-Ph-BTP in H>O (pH = 2.7).

When Cm(lll) is titrated with SO3;-Ph-BTP in
H,O (pH = 2.7), three new complex species
with emission maxima at 602.4 nm, 609.9 nm,
and 615.7 nm form the Cm(lll) aquo complex
(see Fig. 11). Slope analysis identifies them as
1:1, 1:2, and 1:3 Cm(lll)-BTP complexes. As is
the case with other Cm(lll)-BTP complexes,
lifetimes cannot be linked quantitatively to
hydration numbers with the Kimura equation,
due to quenching by the coordinating BTP
molecules [7].
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s Znm
0.8+ "

067 ——[Cm(H,0),]"
——[Cm(H,0)(aq-BTP)] **

——[Cm(H,0),(aq-BTP),]"

Ratio

04—+

—— [Cm(aq-BTP),]""
024
¢ ‘.
0,0
1E-8 1E-7 1E-6 1E-5 1E-4 1E-3
log [ag-BTP]

Fig. 12: Species distribution derived from
fluorescence  spectra  (Fig. 11). Symbols,

experimental data. Lines, calculated with logBs =
6.4, logB2 = 10.7; logBs = 15.2.

A speciation plot is shown in Fig. 12. Clearly,
at [SOs;-Ph-BTP] > 1 mmol/L, only the 1:3
complex is present. The following stability
constants are calculated, logB; = 6.4; logB, =
10.7; logBs = 15.2. The logB; value is slightly
larger than logB; = 14.4 for the [Cm(n-Pr-
BTP)s]** complex in methanol/water [7].



Complexation in HNO3

When Cm(lll) is titrated with SO3-Ph-BTP in
(0.2 mol/L, 0.5mol/L, 0.7 mol/L, 1.0 mol/L)
HNO;, formation of the 1:1 and 1:2 complexes
is suppressed. The 1:3 complex directly forms
from a mixture of the aquo species (593.8 nm)
and the nitrato species (596.8 nm). This is
shown in Fig. 13 for 0.5 mol/L HNO;, and is
further supported from the results of slope
analysis, see Fig. 14 and Tab. 1.

CM(NO,), in 05 M HNO,
[Cm(iIl],= 0.2uM
[ag-BTP] = 0 - 283 uM

[Cm(H,0)(NO)F*
596.8 nm

[Cm(H0)J*" .
b 593.8 nm [Cm(aq-BTP),]

615.7 nm

Norm. Fluorescence Intensity

660 6;0

Wavelength [nm]
Fig. 13: Titration of Cm(lll) with SOs-Ph-BTP in
HNOgs. Fluorescence spectra as a function of SO3-

Ph-BTP concentration. Initially 2-1 0" mol/L Ccm(ll);
0-283 pmol/L SO3-Ph-BTP in 0.5 mol/L HNO3.

Stability constants logB; for the 1:3 complex
are summarised in Tab. 1. It is interesting to
notice that both the slopes and the stability
constants decrease with increasing HNO;
concentration. However, it must be considered
that stability constants were calculated with
concentrations, not with activities. A
meaningful discussion of these results is thus
not yet possible. The required calculations are
currently being performed.

580 63

Tab. 1: Results from slope analysis and stability
constants logBs for the complexation of Cm(lll) with
SO3-Ph-BTP in HNOs. The stability constant in H,O
(pH = 2.7) is shown for comparison.

[HNOs] | 0.2 0.5 0.7 1.0 (pH =

(mollL) 2.7)

slope | 2.9 29 2.8 2.7

logp; 13.7 133 129 126 | 152
Conclusions

SO;-Ph-BTP was successfully tested as a
hydrophilic complexing agent for actinides(lll).
This compound is highly efficient for the
selective back etraction of An(lll) from e.g. a
loaded TODGA phase. HNO; can be used as
salting out agent for the lanthanides in the
selective back extraction section; no additional
salts or buffering agents are required. The
available data indicate that a flowsheet for a
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selective An(lll) back extraction process would
not require many stages.

1| cm(NOy), in 0.5M HNO,
1,0 4 [Crr(lll)]:z o2 A
~ g EaBPI=0-283,m M
T 084 p
T~ ] slope =2.9 P
Q 0,6 1
T 1 .l
F 047 ]/'
£ o021 o=
Ea ]
'D:_@ 0.0+ P |
0 02 //
g 0,4 4 //./
£ o
S 06 p
ko) ] e
o 0.8 ./,/
T T T T
4.6 44 4,2
log [ag-BTP]

Fig. 14: Double logarithmic plot of the concentration
ratio ([Cm(BTP)s]>" / Cm**4).
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8.1 VEK Project

Introduction

Fourteen years after its establishment the
mission of the VEK project has been fulfilled by
end of 2010. The VEK project has been
founded to immobilize approx. 60 m* of high-
level liquid waste (HLLW) with a total
radioactive inventory of 7.7E+17 Bq in the new
VEK vitrification plant erected from 1999 to
2004 and equipped with INE’s vitrification
technology. Immobilization of the waste
solution stored at the site of the former
German WAK pilot reprocessing facility has
been the prerequisite to further
decommissioning and dismantling of the WAK
facilities which have been underway since the
mid-nineties. Within a minimum operation
period of only 9 months from September 2009
until June 2010 the highly noble metals
containing HLLW was successfully processed
and the HLLW storage tanks of WAK were
finally emptied. Subsequent to hot vitrification
of the HLLW solution an extensive rinsing of
the storage tanks and VEK plant components
was performed. The resulting rinsing liquids
were also vitrified. As a general outcome of the
VEK operation it can be stated, that the
vitrification technology designed by INE proved
to be reliable and mature.

Vitrification of stored HLLW

Vitrification of genuine HLLW was started on
September 16", 2009 and terminated on June
21*,2010. The HLLW had been transferred by
37 batches of about 1.5 m® each from the two
storage tanks alternating into one of the two
HLLW receipt tanks of VEK. The HLLW
processing phase was terminated by emptying
the melter completely and subsequent
immediate refilling with start glass to keep the
melter in idling conditions in preparation of
following processing of liquids arising from
rinsing of HLLW storage tanks and process
components. The production data resulting
from HLLW processing are given in the first
data column of Table 1. Finally 55,5 m® of
HLLW solution were immobilized in 48,9 metric
tons of waste glass. The waste glass was
poured by 478 batches into 123 canisters
including one resulting from melter emptying at
the end of the HLLW campaign. In total more
than 400 kg of noble metals (in terms of
elements) were vitrified.
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Rinsing operation

Table 1 also contains major production data
obtained from the vitrification of waste
solutions generated during the plant rinsing
program. This program was completed by
November 24", 2010 and followed by
immediate shutdown of the waste glass melter.
During a production period of 55 days 22 m® of
rinsing solutions were processed in 13 batches
to nearly 7 metric tons of waste glass poured
into another 17 glass canisters. About 10 m?® of
the solution (8 batches) originating from HLLW
storage tank rinsing were directly vitrified
whereas another 5 batches were mixtures of
different origin (rinsing liquids, scrub solution
from dust scrubber, evaporator concentrate,
HLLW simulate). To adhere to the guaranteed
canister specification, chemicals (Na, Fe, La,
Ni, Mn as nitrate solutions) were partly added
to the rinsing solution mix prior to vitrification.
The production data of the rinsing operation is

also given in Table 1, which additionally
contains an overview of the complete
production data of the VEK operation

compared to the design data. The comparison
shows an increase of canisterized glass due to
the additional rinsing program which was not
included in the planning basis.

Plant availability

The comparison of the total production time of
the VEK with the planned maximum operation
time of 18 months (9 months net time for
HLLW processing at the design HLLW
throughput of 9 I/h at 100 % time availability)
reveals a remarkably high availability of the
complete vitrification process. During the
processing of the HLLW solution as well as
during the rinsing operation a time availability
of about 97% was achieved (see table 1).
Major operation troubles associated with an
interruption of HLLW feeding were mainly due
to:

- Exchange of the melter offgas pipe due to
severe deposits — interruption of feeding for 22
hours

- Installation of an air bubbler to remobilize
assumed noble metal built-up and exchange of
the glass inventory - interruption of feeding for
35 hours

- Glass exchange with addition of solids
deposits removed from the offgas pipe —
interruption of feeding for 81 hours



Tab. 1: Main production data of VEK operation in comparison with planned values

Parameter :[T-c‘l,l\;c::)zr:at:ia;z r?r::iil;c:::r:taitt; Total production data | Planning basis
Operation time 9 months 1.8 months 10.8 months 18 months
HLLW volume/ 55.5m 22 m (including 775m 60 m
rinsing solution HLLW HLLW simulate) HLLW
Glass product 48.8 t 6,8t 55.6t 50t
Glass pourings 478 65 543 500
Number of canisters

(400 kg) 123 17 140 125
Plant availability 97% 99 % 98 % 50%%

*) Calculation based on net operation time at design throughput of 9 I/h of HLLW

Apart from theses major interruptions during
HLLW processing there were only a few minor
problems that did not essentially reduce the
productivity of the plant.

Melter operation and glass pouring

As already demonstrated during the cold test
phase, the VEK melter proved to be a reliable
component also under hot operation
conditions. The design throughput of about 10
I’h was maintained with high precision during
processing of HLLW and also of rinsing liquids.
The sophisticated melter feed and process
control ensured the maintenance of specified
melting conditions required from safety as well
as from glass quality assurance point of view.
The accurate glass filling into the canisters
during more than 540 glass pourings confirmed
the reliability of the bottom drain system. The
bottom drain system is one of the key features
of the melter to ensure the processability of
highly  noble  metals-containing HLLW
solutions.

Noble metals behavior

A major concern of processing the HLLW from
WAK was due to the high concentration of
noble metals Ru, Rh, and Pd. In total, 408 kg
noble metals (in terms of oxides) passed
through the melter during vitrification operation.
The melting process is greatly influenced by
the behavior of the noble metals which are
insoluble in the glass melt [1]. As the noble
metals cannot be bound in the borosilicate
glass matrix and tend to accumulate and form
electrically conductive layers at the bottom of
the melter. The discharge behavior is affected
adversely by the high viscosities of those
sediments. Accumulating noble metals may
impact the operation of the directly heated
melter by distortion of the electrical field. The
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design of the VEK melter with funnel-shaped
walls at an angle of > 50° at the bottom largely
prevents such sedimentations (see Fig. 1). The
electric operation data (voltage, current, and
power input) of the main electrodes are plotted
in Fig. 2 versus operation time.

After about 7 months of smooth operation, a
significant decrease in voltage and power
occurred, that was attributed to the onset of
noble metal deposition. Compensation of the
power loss by increased current did not stop
this trend. A later detailed analysis of electrical
potential data revealed a nonsymmetrical
accumulation near the bottom electrode. As
countermeasure to recover the previous
operability, an air bubbler was installed with
the outlet close to the assumed noble metals

Melter
feed
2 /

+ Bubbling
air

Bottom
drain

Fig. 1: Scheme of the noble metals compatible VEK
melter design including arrangement of air bubbler
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Fig. 2: Electrical operation data of the VEK glass melter

built-up in order to remobilize the sediments.
Additionally a complete exchange of the glass
inventory was performed. Both measures
together were successful as they caused the
operation parameters of the melter to return to
normal values. The operation could then be
continued without further noble metals induced
incidents.

Melter emissions and off-gas treatment

In the course of the HLLW processing the
melter emissions increasingly caused material
deposits along the wall of the melter off-gas
pipe. The properties of these deposits proved
to be of a hard nature. As a result the
periodical cleaning with pressurized air
blasters was not effective enough to prevent
long-term plugging of the off-gas pipe. The
somewhat sintered material reflects a
comparably high off-gas temperature due to
non-optimized cold cap conditions in the
melter.

Higher temperature conditions in the melter
plenum also entail an increased volatility of
elements like cesium and technetium. From
balance calculations the Cs retention of the
melter did not confirm the results known from
the operation of the PAMELA plant and of
inactive operation of the prototype test facility
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at INE. However, the emitted cesium was
effectively retained in the off-gas treatment
system, as there was no indication of
increased radioactivity at the monitoring point
at the stack.

Product specification

All of the 140 canisters produced by VEK have
met the specified composition and quality
parameters. For the canisters produced during
HLLW processing, the waste glass loading was
aimed at a target of 16.0 wt.%. After the initial
phase of the rinsing operation the target waste
glass loading was reduced to 15.0 wt.% to
keep the quality parameters in the tolerated
range. Figure 3 shows the values calculated
from mass balance and used for product
control. For canister declaration these values
were corrected by taking into account the
material loss of the stored HLLW caused by
evaporation. The data range of the quality
parameters for all canisters are compiled in
Table 2 and compared with the guaranteed
values.

Intermediate Storage of glass canisters

Five CASTOR casks have been available for
the interim storage of the canisters. Directly
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Fig. 3: Waste glass loading achieved during HLLW processing and rinsing operation phases

Tab. 2: Specified canister data compared with
guaranteed values

Parameter Guaranteed| Average Data range
value value g

Waste oxide loading,

wt.% <19 16.2 12.2-16.7

Total mass, kg <550 496 466.1 - 497.9

Activity Sr-90/Y-90, Bq <4.5E15 1.98 E15 5.32E13-51E15

Activity Cs-137/Ba- | 5 1£15 | 335E15 | 6.46 E13-4.02E15

137, Bq

a activity, Bq <8.6 E13 4.54 E13 7A7E11-6.42E13

Bly activity, Bq <9.6 E15 6.89 E15 119 E14 - 8.67 E15

Mass U, g <7200 3700 92 - 4730

Mass PU, kg <210 128 3-162

Dose rate

Bly (surface), Gy/h <440 183 2-225

Bly (distance 1m) _

Gy <35 14 02-18

Decay heat, W <734 455 10 W - 548

after the production of a canister,

contamination and dose rate measurements
are performed to verify the radiological and
inventory data, and the canister data are then
transmitted to PKS (Produktkontrollstelle
Jilich) for review. After each 28 canisters have
been produced, all canister data are passed on
to the supervisory authority of the state of
Mecklenburg-West Pomerania responsible for
interim storage. This ensures timely clearance
for loading. By end of 2010 four CASTOR
casks have been loaded according to
schedule. No operation interruptions due to
delayed review or cask preparation have
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occurred. Transportation of all CASTOR casks
has been envisaged for early 2011.

Chemical analysis of HLLW solutions

The nuclear operation of VEK was
accompanied by chemical process analysis
under the guidelines of the VEK analysis
handbook [2]. Sampling and sample
preparation (i.e., filtration and dilution) is
accomplished by WAK-VEK hot laboratory and
sample transport is organized by WAK-HDB.
At KIT-INE all samples were repacked due to
elevated superficial contamination of sample
tubes and further diluted. Samples from the

receipt tank (HLLW), wet off-gas and
secondary liquid waste treatment (i.e., dust
scrubber, jet scrubber, condenser, NOXx

absorber and concentrate tank) are analyzed
regularly. Multi-element and isotope analysis
are performed by box-adapted inductively
coupled plasma optical emission spectrometry
(ICP-OES, Perkin Elmer Optima 4300) and
mass spectrometry (ICP-MS, Perkin Elmer
Elan 6100). Special measuring procedures
were developed for all methods. As a matter of
course quality control of chemical analysis
including accurate documentation are assured.

Figure 4 demonstrates the chemical
composition of receipt tank samples during the
nuclear operation which can be sequenced as
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follows: (1) nuclear test operation in
September 2009, (2) nuclear operation
(vitrification of HLLW) from September 2009
until June 2010 and (3) rinsing operation
(vitrification of scrubbing solutions) from June
2010 until November 2010.

Samples from the receipt tanks (HLLW) are
analyzed weekly and, as expected, provide a
constant elemental composition  during
operation. A slight increase of the Tc-99 is
observed during the process both in receipt
tank and wet off-gas samples (not shown). Tc
is among the volatile elements and is
effectively retained (thereby enriched) by the
off-gas treatment and recycled during the
process.

In the course of the plant operation a solid
condensed on the walls of the melters’ off-gas
pipe (see above). These pipe sections had to
be exchanged once to maintain further
operation. From the vertical and horizontal part
of these pipe sections two highly active
samples (each around 100 mg and 1 Sv/h
dose rate) were taken, digested at JRC-ITU
(Institute for Transuranium Elements) and
analyzed at INE and ITU. Both labs found an
elemental pattern correlating to HLLW with an
enrichment of volatile elements, i.e. Cs and Tc.

During the rinsing operation the Vvitrification
plant including the two storage tanks is
extensively decontaminated by flushing with
nitric acid. Scrubbing solutions from different
plant components (optionally concentrated by
evaporation) were finally merged in the receipt
tanks and Vvitrified. Before that, simulant
solutions containing Na, La, Fe, Mn and Ni
must be added in order to assure constant

sample No.
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Fig. 4: Elemental analysis of receipt tank samples during nuclear VEK operation

process parameters and glass product quality
(see Figure 4).

Tab. 3: Sample statistics of VEK operation

3/2009 4/2009 1/2010 2/2010 3/2010 4/2010| E
receipt tank (HAWC)| 4 14 13 12 13 8 64
dust scrubber 4 8 5 11 3 5 36
ljet scrubber 7 13 3 3 3 3 32
condenser 3] 10 4 3 3 3 29
NOx absorber 7 11 3 3 3 3 30
concentrate tank 2 [ 10 10 8 1 37
solid 4 2 6
lother samples 1 3 1 3 8
glas frit 7 7
3 31 E5 38 54 38 23 249
In summary, around 250 highly radioactive
samples were analyzed during nuclear
operation of VEK (Table 3). Elaborated
analytical procedures, application of

management tools and good co-operation
between the involved laboratories were the
precondition for effective analytical work
always staying on the tight time schedule of
the vitrification process.

8.2 VPC Project

The VPC project has been founded to
construct a HLLW vitrification plant in the
Sichuan province of China on the basis of the
technology developed by KIT-INE. Official start
of the project had been December 1%, 2009. In
2010 the main part of the project was
dedicated to elaboration of the basic design of
the vitrification plant and the intermediate
storage building to be used for waste glass
canisters. The first edition of basic design
documentation (BDD) had been delivered in
September 2010. A second revised BDD
edition was delivered in December 2010.



The scope of the basic design carried out by
INE covered the core process (HLLW
reception, HLLW and glass frit feeding, glass
melting, electric power supply for melter
including melter instrumentation and control
and wet off-gas treatment system). Essential
contributions comprehended the creation of a
preliminary layout of the process building (PB),
the arrangement of the melter and the other
process components (feeding vessel, dust
scrubber, condenser) in the melter cell V2 (3D
design). Further contributions delivered were
the elaboration of the process block diagram,
the piping and instrumentation (P&l) flow
sheets and the associated instrumentation and
sampling (I&S) flow sheets along with the
associated component drawing and lists.

Another part of planning dealt with the creation
of the BDD of the glass melter and its
subcomponents including the mean frequency
heating system of the bottom drain system.

The BD activities were supplemented by an
experimental program performed to design the
airlift systems that will be applied in the VPC
plant including the transfer of waste solution
and the circulation of scrub solution in the dust
scrubber. The results were used for
dimensioning of the pipes, determination of the
air flow rates, the submerge conditions and the
geometrical arrangement.

8.3 Structural investigations of
elements with low solubility in
simulated HLW borosilicate glass

Introduction

Immobilization of high level radioactive liquid
waste (HLW) by vitrification is a well estab-
lished process that has been studied
extensively over the last 50 years. Borosilicate
glass is the preferred first generation waste
form, due to extensive knowledge of its
properties and manufacture. Its selection as
preferred waste form is based on its flexibility
for waste loading and its tolerance towards
variations in waste stream composition,
coupled with good glass-forming ability and
acceptable thermal, mechanical, and chemical
stability. However, the presence of certain
critical elements in radioactive waste, like
molybdenum or sulfur, can be particularly
problematic due to their low solubility in boro-
silicate glass compositions that are currently
used for immobilization of HLW [3,4].
Combined with other elements, molybdenum
and sulfur tend to form complex ‘yellow
phases’, which can incorporate significant
amounts of radioactive isotopes. Furthermore,
these phases may crystallize during melt glass
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cooling, thereby negatively affecting waste
durability. One strategy to avoid such phase
separation processes is to minimize waste
loading, which has the detrimental effect of
leading to an intolerable volume of waste
glass. It is therefore important to develop glass
compositions with an enhanced capacity of
accommodating critical elements in its matrix.
To this end, understanding the molecular
mechanisms  controlling such element's
incorporation into the glass matrix is essential.

In this work fundamental structural
investigations have been performed on two
types of borosilicate glass compositions having
varying Mo content: a simple low component
system, as well as a complex multi-component
glass composition simulating vitrified nuclear
waste. Spectroscopic methods have been
applied to obtain information of glass structure,
in particular X-ray absorption near edge
structure (XANES) and Magic Angle Spinning
Nuclear Magnetic Resonance (MAS NMR)
spectroscopy.

Experimental
Glass preparation:

Two glass systems were synthesized: A five
component system (SiO,-B,03-Na,O-Eu,0s-
SO;) representing a simple, model nuclear
waste glass and a complex simulated ‘VPC’
nuclear waste glass system. The glasses were
prepared from mixtures of stoichiometric
amounts of SiO,, B,O3;, Na,CO; and various
additional components, depending on the glass
composition. All samples were first decarbo-
nized for 1 h at 800°C in air in Pt crucibles and
then molten for 2 h at 1150, 1200 or 1250°C.
Subsequently the glass melts were quenched
as cylinders on a stainless steel plate without
annealing.

MAS-NMR:

#Si MAS NMR spectra were recorded at
79.50 MHz on a Bruker Avance Il 400
spectrometer and ''B MAS NMR spectra at
272.73 MHz on a Bruker Avance lll 850 spec-
trometer. Powdered samples were spun at
15 kHz in a 4 mm MAS probe. Chemical shifts
were determined relative to tetramethylsilane
for °Si (5(**Si) = 0) and liquid HsBO; for "'B
(5(*'B) = 0).

XANES spectroscopy:

Mo K-edge XANES spectra were recorded at
the INE-Beamline at ANKA. Pressed sample
pellets of 13 mm diameter were prepared for
measurements using a mixture of powder



samples diluted with microcrystalline cellulose.
Energy calibration was performed by defining
the first inflection point in the XANES of a
Mo(0) foil measured in transmission mode
simultaneously as 20.0 keV. All sample
XANES spectra were measured in fluores-
cense mode.

Results and discussion

MAS NMR studies:

An example of a *Si MAS NMR spectrum
recorded for the five component model waste
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Fig. 5: ?°Si MAS NMR spectrum (black), fit (narrow
black line) and Gaussian deconvolution (colored
lines) of one of the simple model nuclear waste
glasses studied. The individual peaks indicate the
relative proportions of three different 2Sj environ-
ments, which indicate the degree of polymerization

of the Si network.

20 40 60

glass is shown in Figure 5. The ?Si MAS
spectrum was fit with the DMFIT program [5],
deconvoluting it into three Gaussian functions
centered at -83.0, -89.6 and -97.1 ppm with
relative proportions of 41.5, 35.6 and 22.9 %,
attributed to Q,, Q3 and Q4 units, respectively.
The designation of Q, units with n = 0 - 4
corresponds conventionally to tetrahedral
[SiO4] units with n bridging oxygen atoms.
Individual peak intensities indicate the relative
proportions of three different #Si unit
environments, i.e. the degree of network
polymerization in the glass, with Q; indicating
chain polymerization, Q3 two dimensional
sheets and Q; the amount of [SiO,] units
building a three dimensional framework in the
Si network. ?°Si MAS NMR spectra were
obtained for various simplified nuclear waste
glasses containing different amounts of sulfate.
The spectra show that the incorporation of
sulfate ions has an effect on the network
polymerization; with increasing sulfate concen-
tration, the proportions of the lower
polymerized Si species, Q, as well as Qs
increase. This effect has also been reported on
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a comparable system [6]. Further
investigations on the influence of the
incorporation of other critical components on
the Si network of complex model nuclear waste
glasses are currently underway.

In Figure 6, an example of a "B MAS NMR
spectrum recorded for an inactlve VPC’
nuclear waste glass is shown. ''B signals
corresponding to BOj; ([S]B) and BOy; ([4]B)
species are centered around 12.5 and -2.5
ppm, respectively.

The use of a high magnetic field (20 T) allows

“IB(28,2Si)

[EIB(non-ring)

BIB(ring) i ol
I HAM l [4B(1B,3Si)
“|: | i :)‘J/
N1 il \N
' W mewww.\w

20 10 -10 -20 -30

0
5 [ppm]
Fig. 6: "'B MAS NMR spectrum (black), fit (narrow
black line) and Gaussian deconvolution (colored
lines) of one of the inactive ‘VPC’ nuclear waste
glasses showmg the relative proportions of the
different ''B environments.

good resolution between the trigonal planar
BOs, and the symmetric tetrahedral BOg»
species, because the line shape of the BOg3,
signal is not affected by second order
quadrupolar interactions, which are scaled
inversely to the magnetic field strength. This is
prerequisite for quantifying the different "B
environments through deconvolution of indivi-
dual signal components. Several ''B MAS
NMR spectra of inactive ‘VPC’ nuclear waste
glasses with varying MoO; contents were
obtained. The spectra indicate onIy a limited
dependence of the different "B species
distribution in the boron network on the
incorporation of MoOs.

Mo K-edge XAFS studies:

The Mo K-edge XANES spectra of inactive
‘VPC’ nuclear waste glasses containing
different MoO; concentrations are shown in
Figure 7. The shape of XANES spectral
features (indicated by an arrow in Fig. 3)
systematically changes as a function of the
MoO; concentration. This suggests a
systematic change in occupancies of Mo outer
electronic states with changing glass loadings.
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Fig. 7: Mo K-edge XANES spectra of inactive ‘VPC’
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Work is underway to correlate the observed
spectral trends with Mo outer orbital states and
associated local structural changes by
performing calculations with suitable codes,
e.g., based on the multiple scattering theory
(FEFF9, FDMNES) and comparing these to
EXAFS results.

Outlook

Synthesis and spectroscopic characterization
of further nuclear waste glass compositions are
planned, including modifications of glass
compositions aimed at enhancing incorporation
of critical elements. Additional sample
characterization will be performed with the aid
of various spectroscopic methods including
Raman spectroscopy, XRD and SEM/EDX.
Further NMR spectroscopic investi%ations will
be performed such as ''B-MQMAS, “Na-, ’Si-
and Mo MAS NMR spectroscopy. Moreover,
Mo K-edge high resolution (HR) XANES, as
well as p-XAFS studies will be applied to gain
insight into Mo atomic and electronic
environment, as a function of differing glass
composition.
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9. Development of actinide speciation methods

INE continued in 2010 to make notable improvements in and developments of instrumentation and
techniques available for actinide speciation. The INE-Beamline at ANKA, in addition to supporting in-
house activities and hosting groups from all over Europe, was able to make improvements to the
electronics and control systems, commission a new high temperature and pressure liquid sample cell
and obtain first, modest results using the Johann spectrometer for high resolution X-ray emission
spectroscopy. Laser spectroscopy developments included for the first time application of vibrational
side band spectroscopy to study bonding and coordination in partitioning complexes. A new Sector
field-ICP-MS at INE is a highly sensitive isotope specific instrument and has been combined with
capillary electrophoresis for application to Np speciation at trace (potentially ultra-trace) concentration
levels. In continuing TEM investigations of Np sorption onto green rust, INE scientists were successful
for the first time to record Np-O, 5 and Fe-M, 3 electron energy loss spectra (EELS) at various sample
locations and thereby identify a negative correlation between these two elements in the sample.
Actinide EELS are rare and INE will be filling the paucity in the future. The newest addition to INE
speciation portfolio is a 400 MHz NMR spectrometer, which was acquired in collaboration with
Professor Breher at KIT Campus South in the framework of a BMBF funded partitioning project. In
2010 this instrument was commissioned and the first results for a radioactive sample, a plutonium
solution complex, are presented in Chapter 9.5. This instrument will attract use by groups from all over
Europe within the future EU FP7 project EURACT-NMR. Computational chemistry continued in 2010
to support experimental activities in a positive symbiosis. A new activity is aimed at using a special
force-field molecular dynamic approach to characterize the coordination environment of actinide ions
in aqueous solution.

9.1 R&D projects conducted at the INE-Beamline for Actinide
Research at ANKA and at external SR sources
K. Dardenne, M. A. Denecke, R. Gétz, W. Hauser, J. Rothe, A. Skerencak, T. Vitova

Introduction In addition to conducting research projects at
ANKA, INE scientists perform various experi-
ments at external SR sources, which offer

five years of official operation in October 2010, unique capabilities not - or not yet - available at
: oo . ! KIT.

marking successful application of this dedica-

ted instrumentation for X-ray spectroscopic INE-Beamline user operation in 2010

characterization of actinide samples and other

radioactive materials [1]. R&D work at the

bealmline f(t)CLéS.eS o? '\t/r?'riolLll\lSE' asp_ec?s ?f Beamline. As in the previous years the share
nuc g;r \tl;:as © 'St%f)si Wl f|n S m.'SS"I)n 0 available for INE in-house research amounts to
provide the SCIentilic basis lor assessing fong- ~50% of all available shifts (85 days). INE

term safety of a final high level waste reposito- projects at the beamline cover a broad range

ry(.jThe IL\IE-E:,faTine_ i? accessible ftor ttTme actir; of topics related to safe disposal of high level
nide and radiochemistry community throug radioactive waste (HAW) and the reduction of

the A’\LIJKA prlo;iosal thStle;n [%] atnd ”}e.tl.ﬂ,:.m' HAW radiotoxicity. Many of these studies are
pean Union Integrated Inirastructure initiative presented in more detail elsewhere in this

ACTINET-I3 [3]. The modular beamline design annual report or the ANKA 2009/2010 User
enables sufficient flexibility to adapt sample Report [4]. In-house projects in 2010 include
environments and detection systems to many studies of the polymerization processes in
specific scientific questions and in 2010 the Pu(V) chloride solutions, sorption of Ga ions

portfolio available at the beamline has been ] . o
increased. Well established bulk techniques ﬁgﬁ /—;Iam/](ijt;ox;dneds, rz?igl:]eo;Hs N;)tasbr?ﬁ;;?itcl)%n z}

like XAFS spectroscopy in transmission and tetravalent protactinium in aqueous solution,

fluorescence mode have been meanwhile : ; :
. Se(IV/VI1) sorption onto calcite single crystals
augmented by ~advanced methods like and incorporation into calcite secondary

(confocal) XAFS/XRF detection with a micro- phases, investigation of selenide binding to

focused beam or a combination of (micro-) . . ; N . :
. . . iron sulfides, investigation of selenite reduction
XAFS and (micro-)XRD. Additional instru- by sulfide species, Am(lll) co-precipitation with

me_nta_tion fHoI;XTEi%h ener?y resolutti10n )é—ray and adsorption onto clay minerals, lanthanide
emission ( ) spectroscopy has been incorporation into natural and synthetic clay

developed and initial results already obtained. minerals, sulfur speciation in Gorleben humic

-66 -

The INE-Beamline for actinide research at the
KIT synchrotron source ANKA celebrated its

In 2010 a total of 35 internal and external
projects were granted beamtime at the INE-



acids, Pu complexation by partitioning model
ligands, Np precipitate formation at high
salinity, u-XRF/XAS/XRD speciation of uranyl
phases in corroded cement samples,
characterization of Mo in simulated HAW
glass, uranyl sorption onto Fe,O3; nanoparticles
and redox speciation of Np(V), Pu(V) and
Tc(VIl) sorbed onto Opalinus clay and Callovo
Oxfordian fracture filing material. In the
context of the latter project Tc K-XAFS was
measured for the first time at the INE-
Beamline.

General user research projects provided with
beamtime through the ANKA review committee
(ARC) or through direct cooperation with INE
were conducted by 15 groups in 2010,
covering nearly 40% of the total available
operation time. This includes two projects
under the contractual cooperation with Bonn
University. Researchers from the following
institutions conducted experiments at the INE-
Beamline in 2010:

e Uppsala University, Physics and Astronomy
Dept., Sweden — start of an ACTINE-I3 long-
term project

e JRC-Institute for Transuranium Elements,
EU

e Institut fir Kernchemie, Universitdt Mainz,
Germany

e Natural History Museum, Department of

Mineralogy and Petrology, Prague, Czech
Republic
o Institute

fr Anorganische Chemie,

£ Veion_1: IME Beamiine

Universitat Erlangen, Germany

o KIT-Institut fir Nanotechnologie, Karlsruhe,
Germany

¢ KIT Campus Sud, Institut fur Mineralogie und
Geochemie, Karlsruhe, Germany

e ETH Zirich, Institut fir Umweltwissen-
schaften, Switzerland

e Lomonosov Moscow State  University,
Chemistry  Department, Radiochemistry
Division, Russia

¢ HZD-Rossendorf, Institut fir Radiochemie,
Dresden, Germany

¢ Universitat Bonn, Physikalisches Institut (PI-
Bonn)

e Fachhochschule Niederrhein,
Okotrophologie

Fachbereich

For the first time the setup enabling p-
XRF/XAS detection with a 30 uym spot size (cf.
2009 annual report) was externally requested
in ANKA Call 16 (10/2010-03/2011) for the
speciation of uranium bound to organic matter
in a medieval mining dump at Jachymov
(Joachimsthal), Czech Repubilic.

As in the previous years, a significant
percentage of in-house and ARC beamtime
was used by PhD students to perform
experiments in the framework of their theses (a
total of 12 projects corresponding to ~30% of
the available shifts). The long-term contractual
cooperation between INE and PI-Bonn officially
ran out at the end of December 2010. This
cooperation - not solely dedicated to scientific

wpss | (ogosamn| | Log &%
INE Beamline Control
Liiftungsaniage an shae Radioakiniti I

FPBI20_1 Vikusen Fablel Vs

raw asE | e 1 a | | Adminine

uuuuuuu 10:67:55 18.80.3011

;;;;;; T paraasetn_n 20100

Fig. 1: GUI of the new PVSS at the INE-Beamline.
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investigations by PhD and diploma students,
but also to instrumental development at the
beamline - will be continued on the basis of a
mutual agreement.

INE-Beamline upgrades in 2010

Continuous maintenance and instrumental
improvements are required to guarantee
steady user operation in accordance with the
ANKA beamtime calendar - and to reduce the
time span necessary to switch between
experimental setups. The major part of the
experimental development in 2010 was
dedicated to the installation of a new beamline
control system (‘personnel and vacuum safety
system’, PVSS), adhering to recently
modernized ANKA standards. Commissioning
of the new PVSS was completed in January
2011.

Upgrades of the beamline control system

The replacement of the initial PVSS (‘RST-
System’) by a SPS (Siemens-S7) based
system became necessary due to the phasing
out of the VME computer based predecessor,
which is no longer supported by the ANKA/ISS
IT-group. Along with the PVSS installation the
beamline LAN and most of the experimental
hutch wiring were renewed or reorganized —
including the setup of a new 19” rack for motor
and detector controllers. Critical devices are
now addressed via GPIB-Ethernet
communication, which guarantees a more
stable command transmission compared to the
previous serial connection. Most obvious for
beamline users is the new graphical interface
(GUI, cf. Fig. 1) running as a beamline-
individual client of the central ANKA safety
server on the Linux data acquisition PC.

High-T sample cell

Fig. 2a: High-T XAFS cell with secondary
containment.
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The high temperature (high-T) sample cell
developed at INE for laser spectroscopic
actinide speciation studies in aqueous solution
(e.g., for the determination of pK, values) at
elevated temperature up to 200°C was
adapted for XAFS measurements in X-ray
fluorescence detection mode. This required
modifying the windows and mounting the cell in
a safe secondary containment. The quartz
windows at the cell entrance and pointing
towards the fluorescence detector have been
replaced by Kapton-passivated beryllium
windows. The cell body can now be mounted
into a plexiglass encasement with Kapton
covered openings for the X-ray beam path
(Fig. 2a). Initial tests ([243-Am(lI)] = 1mM in |
= 0.5M NaNO3/HNO3) at 200°C, corresponding
to a pressure of ~20 bar, exhibit stable
conditions for at least 10 h, which is sufficient
to collect high quality Am L3-XAFS data (Fig.
2b). The RT EXAFS spectrum recorded with
the high-T setup reproduces previously
published results; the marginal temperature
dependence of the EXAFS data at 200°C
simply reflects thermal disorder. Future studies
will focus on investigations of the speciation of
Am with stronger binding ligands such as S0.*
using the high-T cell.

2.0

Am L3-XANES

1.5+

1.0+

0.5+

Absorption [norm.]

room temperature
200 C

18600

0.0+
18450

18550
energy [eV]

Fig. 2b: Am L3-XANES of Am(lll)aq nitrate
complex at RT and 200°C.

18500 18650

High-resolution X-ray emission (HRXE)
spectroscopy

The first measurement of U Ma emission of a
thin UO, layer as a function of the excitation
energy across the U M5 edge with the INE
HRXES spectrometer (cf. previous annual
reports) is plotted in Fig. 3. Narrowing of the U
M5 partial fluorescence yield X-ray absorption
near edge (PFY-XANES) maximum (white line,
WL) (Fig. 3b) is obtained by integrating the
emission over a decreasing number of CCD
detector pixels on either side of the Ma



emission line maximum. The signal-to-noise
ratio of this spectrum will be improved during

2011 by integrating a pneumatic in-vacuo fast
shutter/filter inserter required to enable defined
irradiation intervals of the CCD camera. The
An M5 edge WL describes 3d—5f-like electron
transitions and thereby directly probes the
number and energy distribution of An 5f
valence electrons. The WL narrowing indicates
reduced core-hole life-time spectral
broadening, which has significant application
potential for detection of minority An valence
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XANES spectroscopy, performed for the first
time at the INE-Beamline. Initial Pu M5-XANES
spectra of as-prepared films and films exposed
to water for 24 h show no significant
differences (Fig. 4).

HRXES investigations were also carried out at
external synchrotron sources. A high energy
resolution  XANES  spectroscopy  study
performed at beamline id26, ESRF, on U*
(UOy), U™ ([UOPyel[KI:Py2]), and U™
(UO2(NO3)2(H20)s) materials demonstrates the

b)

3.545 3.550

Excitation energy (eV)

3.540

Fig. 3: a) U Ma emission of UO, measured across the U M5 edge. b) U M5 edge UO, PFY-XANES spectra

with varying energy resolution.
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Fig. 4: Conventional fluorescence mode Pu M5-XANES of a 65 nm PuQ; film and this film exposed to

deionized water.

species in oxidation state mixtures.

This improved 5f electron characterization is
especially useful for Pu speciation. In 2011, the
spectrometer will be employed for the
speciation of Pu with higher than +IV oxidation
state (PuO,.,) in a PuO; film with a thickness
of 65-100 nm exposed to deionized water.
These investigations are supported by
ACTINE-I3 as long term collaboration between
JRC-ITU, KIT-INE and Uppsala University,
Sweden. The project started in 2010 with
conventional fluorescence mode Pu MS5-
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potential of the HRXES experimental technique
at the An L3 edge for qualitative and quan-
titative actinide speciation investigations. A
pre-edge feature with quadrupolar nature in a
U L3 edge PFY-XANES spectrum was
observed, which can be potentially applied for
characterization of 5f orbital participation in U-
O bonding. We explained the origin of this
feature by performing calculations with the
finite difference method near-edge structure
(FDMNES) code based on the multiple
scattering theory and the finite difference



method [5]. The experimental and calculated
spectra are shown in Fig. 5.
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Fig. 5: The U L3-PFY-XANES spectra of a) UO;
(U*),  b) [UOPys][KI:Pys;] (U”), and c¢)
UO3(NO3)2(H20)6 (U6+) compared to theoretical
FDMNES calculations with (theory_ quadrupole)
and without (theory) 2ps,— 5f electronic transitions.

Outlook for 2011

The following instrumentation upgrades at the
INE-Beamline will be accomplished in 2011:

¢ Installation of a pneumatic in-vacuo fast
shutter/filter inserter required to enable
defined irradiation intervals for XRD (image
plate) and HRXES (CCD) detection, which is
presently impossible with beamline radiation
protection shutter or gate valves;

¢ Design and construction of a new inert gas
sample cell with improved geometry for
measurements of liquid and solid samples in
transmission and fluorescence detection
mode. Additionally, the glove box in INE’s
controlled labs for EXAFS preparation will be
equipped with a hand press for preparation
of pellets for experiments and a device to
seal wrapped samples.

Besides ongoing work at the INE-Beamline,
efforts in 2011 will concentrate on two large
projects, which will ultimately open complete
new perspectives for synchrotron-based
actinide research at KIT-INE/ANKA, i.e., the
start of the Helmholtz Young Investigator
Group ‘Advanced synchrotron-based
systematic investigations of actinide and
lanthanide systems to understand and predict
their reactivity’ awarded to T. Vitova in July
2011 and the design of the new CAT-ACT
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wiggler beamline for catalysis and actinide
research at ANKA. This new beamline will
deliver more flux and offer a broader range of
X-ray beam energies for investigations. It is
intended to become operational in 2013.
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9.2 Laser Spectroscopy

S. Blichner, A. Chai, A. Geist, R. G6tz, W. Hauser, P. Hoess, P. Lindqvist, T. Schéfer, M. Steppert and

C. Walther

Vibrational Side Band Spectroscopy for
probing nitrate complexation of
Eu™(BTBP), in octanol

BTBP [6,6’-Bis-(5,6-dialkyl-1,2,4-triazin-3-yl)-
2,2’-bipyridine] selectively extract Am(lll) and
Cm(lll) from nitric acidic solutions with good
selectivity over Ln(lll) (see §7). The extraction
properties are well understood and the
structure of the complexes was investigated
extensively in the past The (typically eight- or
nine-coordinate) Eu® ion coordinates with one
or two BTBP ligands in tetradentate fashion. In
the case of the one-to-one complex, solvent
molecules (octanol in the present case) or
anions (nitrate or perchlorate) coordinate
directly to the metal center. The situation is
different, however, in the case of the one-to-
two complex, Eu"(BTBP), Previous studies
applying conventional time-resolved laser-
fluorescence spectroscopy (TRLFS) showed
no evidence of perchlorate ions in the first
coordination sphere of this 1:2 complex in
octanol, but with nitrate the picture is not
conclusive. To elucidate whether or not these
anions coordinate to the metal center in the 1:1
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Fig. 1: Top: The [Eu(BTBP)g(N03)]2+ ion in the
crystal structure of [Eu(BTBP);(NO3)][Eu(NO3)s] (H
atoms are omitted). Bottom: Pr/nCIpIe of VSB. Part
of the energy from the excited Eu®* ion is transferred
to vibrational excitation of the nitrate molecule
allowing Raman-spectroscopy-like evaluation of the
spectra.
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and 1:2 complexes we apply vibrational
sideband spectroscopy (VSBS), a method able
to probe directly the energy transfer from Eu®*
to V|brat|onal modes of the coordinating anion.
Eu® is excited by photons of a pulsed tunable
Iaser and subsequent fluorescence of the Dy
— 'F, (J =0, 1, 2) is observed. In addition to
these pure electronlc transitions, vibrational
excitation of the nitrate |on is possible by
energy transfer from the Eu® ion, leading to
Stokes lines at lower energy in analogy to
Raman spectroscopy (Fig.1 dashed and dotted
lines). Contrary to Raman or IR spectroscopy,
where all Raman and IR-active modes of the
solvated complex and the bulk solvent add to
the spectrum, VSBS monitor only vibrational
modes in the close proximity of the fluorescent
metal ion. Moreover, in cases where different
Eu" coordination environments occur, the laser
wavelength may be tuned to excite selectively
only one site at a time [1]. Each of which may
exhibit a notably different fluorescence
spectrum with accompanied VSBs; coordina-
tion of water or alcohol molecules significantly
decrease the fluorescence lifetime.

In a solution of Eu(NO3); in 1-octanol ([Eu]=10
M) two bands at 604.5 and 605.8 nm in the
region between the 5D0 — F12 transitions of
the Eu** are recognized (Fig. 2). We assign
these bands, with Stoke shifts at 704 and
740 cm™" relative to the 7F0 ground state, to the
vs and vs vibrations of bidentate coordinated
nitrate ions, respectively. This is in agreement
with previous reported values of vibronic side
bands of vs and v; modes of Eu(lll) compounds
with bidentate coordinated nitrate ions [2-4].

Titrations of Eu(NOj); octanol solutions
([Eu]=10'4 M) are performed with three different
BTBP ligands, denoted t-Bu-C2-BTBP, C5-
BTBP, and CyMe,-BTBP. In the case of t-Bu-
C2- and C5-BTBP a bathochromic shift of the
zero phonon °Do—'F, transition is observed
with increasing ligand concentration, pointing
to higher complexation strength. Likewise, the
sidebands shift their position by the same
values (for C5-BTBP, see Fig. 2, top). This
shows that the vibronic sideband of the v;
transition originates from nitrate ions of
Eu(BTBP),(NO;), complexes (x =1-2, y =1-3).
For the C5-BTBP ligand the fluorescence
intensity of the vibronic sideband follows a
monoexponential decay function with t=
900 ps. The VSB spectra of the complexes of
all three ligands (L) at concentrations of



[L=1.3x10"M, [Eu]=10"M) are compared in
Fig. 2 (bottom). Noticeably, with increasing
ligand concentration the intensity of the v; side
band at about 607.0 nm (740 cm'1) decreases,
accompanied by the evolution of a much
weaker band at 605.3 nm (685 cm‘1) correlated
with vibronic transitions of the BTBP ligand.
This indicates the replacement of one or more
nitrate ions by a BTBP ligand to form a one-to-
two complex. With a large excess of BTBP the
vs sideband at Av= 740 cm’ disappears,
leaving a weaker band at 606.4 nm (720 cm™).

[EuNO, ]=1-10""M

' — [C5-BTBP]=5-10"M
—— [C5-BTBP]=1-10"M
——— [C5-BTBP]=2:10"*M
——— [C5-BTBP]=1.3-10"°M

606.96

Intensity [a.u.]
IS

wavelength [nm]

C5 1eq 685cm™
—— C5 13eq L
——C2 13eq
—— CyMe 13eq

720em™  745cm’
NO mono  NO,bi

/

1k

fluorescence intensity [a.u.]

wavelength [nm]

Fig. 2: Top: Vibronic sideband region of the nitrate
vibration transitions of Eu(NOs)s during the titration
with C5-BTBP ligand. Bottom: Vibronic sideband
region for the different tested ligands for C5-BTBP
with 1 and 13 equivalent and t-Bu-C2-BTBP and
CyMe4-BTBP after baseline correction. Note that the
corresponding wavenumbers describe the shift by
cm’ from the respective zero 7phonon line (ZPL; in
this case the respective °Dy— "Fo transition)

Because of steric reasons [5,6], this weaker
sideband is likely due to a v, vibration of a
monodentately bound nitrate ion in a nine-
coordinate complex, [Eu(BTBP),NOs**. The
shift from 740 to 720 cm™ in vibrational
frequency is consistent with a change from a
bidentate to a monodentate mode of the nitrate
ion, as well as a change of its symmetry from
C,, to Ds, This frequency shift is indeed
observed for 1:2 complexes with C2- and C5-
BTBP ligands but not for that with the bulkier
and sterically more demanding CyMe,-BTBP
ligand. In the latter, apart from the weak
vibronic sidebands of the ligand itself, no other
sidebands are observed that would point to
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nitrate coordination. The absence of a nitrate
ion in the first coordination sphere of CyMe,-
BTBP complexes is in agreement with a recent
TRLFS study [7]. Nitrate anions may, however,
interact with the solvated complex at a greater
distance by forming an outer-sphere complex;
however, due to the strong (r'6) bond distance
dependence of the energy transfer, vibrational
modes of nitrate ions (or any other molecules)
not directly bound to the metal center are too
weak to be detected as VSBs.

The present interpretation is corroborated by
ESI TOF MS measurements that indicate a
hydrophobic character of Eu(C5BTBP)2(NO3)2+
complexes due to the shielding of the nitrate
ion by the BTBP molecules. Conventional
TRLFS-lifetime measurements add further
evidence: 1:2 complexes of C5- and t-Bu-C2-
BTBP show significantly longer lifetimes in the
nitrate system than in the perchlorate system
indicating displacement of 1-octanol molecules
(which act as florescence quenchers) by nitrate
ions (non-quenching), while in the perchlorate
system no such replacement seems to take
place. On the other hand, due to the bulkiness
of the CyMe,-BTBP ligand, solvent molecules
and anions are unlikely to directly coordinate to
[Eu(CyMe4—BTBP)2]3+ complexes in solution.

Colloid breakthrough quantification in
the CFM experiment Run 10-03 at
Grimsel Test Site using different laser-
induced breakdown detection methods

There are two methods of the laser-induced
breakdown detection (LIBD) developed in the
INE for the quantification of colloids in aquatic
systems. The 2d-optical detection LIBD with
constant laser pulse energy (~1.3mJ) can be
applied online with a typical measurement
duration of 1-10min. It can be used in a robust,
mobile system in field experiments with a
pressurized flow-through detection cell (60
bar). With this method an average diameter
between 20 and 1000nm and the concentration
of the colloids are determined.

With the s-curve detection LIBD the breakdown
events are recorded with a photoacoustic
detector. With this method the laser pulse
energy is varied from 0 to 5 mJ. For adequate
accuracy the typical measurement duration is
0.5 to 1.5h. So most measurements are
performed offline. This method is applied with
a precise instrument in laboratory experiments.
Compared to the method above particle
concentrations are determined for eight particle
size fractions in the range 15 to 1000nm.

The colloid formation and migration experiment
(CFM) Run 10-03 has been performed in the



CRR-Tunnel of the Grimsel Test Site. A
cocktail (volume 2L) of FEBEX bentonite
colloids with a concentration of 105 mg/L, the
homologues Eu, Tb, Hf, Th, and Grimsel
groundwater was injected via borehole CFM
06.002 into a fracture zone with a flow path
which was directed to the tunnel. From there
the cocktail migrated along the fracture zone to
the surface of the tunnel (“Pinkel”). At this point
the groundwater was extracted by means of a
surface packer with a flow rate of 10 mL/min.

After the start of the experiment 63
groundwater samples have been taken as a
function of time. They were transported to the
INE for analysis with ICP-MS, the 2d-optical
detection LIBD, and the s-curve detection
LIBD. The results are presented in Fig.3.
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Fig. 3: LIBD and ICP-MS detected breakthrough of
bentonite colloid cocktail during the colloid migration
experiment Run 10-03. Top: Average particle
diameter determined with the 2d-optical detection
LIBD. Bottom: Colloid concentrations including size
fractions from the s-curve detection LIBD with Al
(monitoring element for bentonite colloids).

The breakthrough of the bentonite colloids
starts after 20L eluted volume. The ICP-MS
determined Al concentration (monitoring
element for bentonite colloids) shows a
maximum at ~80L eluted volume. Up to 100L
elution volume the colloid concentrations of the
2d-optical detection LIBD as well as the s-
curve detection LIBD correspond well with the
Al. With both LIBD methods the same average
particle diameter of ~180nm (main size
fraction) in the breakthrough are detected.

Furthermore, it is significant that all data show
almost the same scattering pattern of the
concentration. A comparison of this data with
data from online pressure and turbidity
measurements in the eluted groundwater
demonstrates that the scattering exactly
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corresponds with the period of the tides. In this
experiment minor changes of the groundwater
pressure (flow) cause a significant variation of
the colloid concentration.

For elution volumes >100L the Al
concentration decreases whereas both LIBD
detected colloid concentrations are significantly
higher. This big difference results in a recovery
for the Al of ~40% (FEBEX bentonite colloids),
which is consistent with the recovery of the
homologues Hf, Th. The recovery calculated
for the colloid concentrations detected with
both LIBD methods is >100%. This means that
additional colloids may have been created by
artefacts (e.g. sampling) or by mobilization in
the fracture zone. This will be verified by
additional investigations.
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Speciation is a key property which has a strong
influence on the mobility of actinide species in
aqueous systems. It also plays an important
role in the sorption behaviour of elements on
mineral surfaces, which is an essential aspect
when it comes to questions about the retention
potential for actinides in the far field (i.e. the
surrounding rocks) of a potential nuclear waste
repository. Here, mass spectrometry is applied
for speciation in aqueous solution.

Investigation of Zr (IV) polymerisation
by electroyspray mass- spectrometry
using isotopically pure *°Zr

Zirconium plays an important role in nuclear
technology, e.g. it serves as cladding material
of uranium fuel rods, and in addition, Zr(IV) is a
frequently used analogue for solubility
investigations of tetravalent Pu(lV). One
remarkable chemical similarity is the strong
tendency of both metals to hydrolyse and form
polynuclear species. In the case of Zr(lV)
particularly the tetramer, Zr4(OH)88+,
denominated (4,8) in the following, is well
known [1]. For a correct prediction of Zr(IV)
solubility the formation and stability of these
polymers need to be known. Previous studies
by LIBD, EXAFS and ESI TOF were carried
out at rather high concentration. The large
number of stable isotopes of Zr requires
minimum concentrations of [Zr]=1.5x10"M in
the case of ESI, since the time-of-flight signal
distributes in a binomial fashion over a large
number of peaks (see [2]). In the present work
monoisotopoic *°ZrCl, was prepared at the
University of Kyoto allowing to measure at
concentrations as low as [Zr(IV)]= 10”°M.

7rCl, powder was dissolved in 0.1M HCI and
samples of [Zr]=10"M — 10°M were prepared
by appropriate dilution with HCI and deionized
water. [H'] was measured by use of glass
combination electrodes (ROSS type) calibrated
against HCI reference  solutions. Zr
concentration was determined by ICP MS. All
samples were allowed to equilibrate for at least
24h before measurement by ESI TOF.
Samples were stored in closed PE Eppendorf
vials (no air exchange, but no inert gas either)
without taking any further precautions. After 12
months the measurements were repeated. The
measured species distribution (symbols) is
compared to predictions (lines) using formation
constants of [1] (Fig. 7). In order to describe
the present findings, a dimer (2,2) is
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introduced, the equilibrium constant for the
tetramer (4,8) is taken from [3] and transition of
(4,8) to (4,10) mimics the observed continuous
hydrolysis of the polymers.

We refrain, however, from adding formation
constants for the larger polymers and this
includes the pentamer proposed in [2] since
their long term stability is still controversially
discussed. The NEA constants serve as
operative basis for modeling solubility
phenomena.

The [Zr]=10'3M samples show a pronounced
ageing effect. While large polymers form in the
as prepared solutions even at low pH, mainly
monomers and small species survive after 12
months ageing. For the higher pH samples this
effect is less pronounced.

—_—

Ll aaaaalasaasaasalasaaasdualionaaaaaal bl

0.0 0.5 1.0 1.5 2.0 2.5
~log[H*]
2 7
‘ ] ZrOW*
Tetramer Decamer 1 ZeOW
F fF—y 1 zeoW™
| ZrOH,
_ 3 —Dimer ! N
SN N
= Manomer—" y 3
2 - Tof
is N ' 1+ ZeOH"
- .
-
-~ D: \
[ * r OH
7 | & ZrOH
1vyear 19 2
00 05 0 15 20 25
~loalH*]

Fig. 1: Species distribution in solutions of [Zr]=10'3M
as measured by ESI TOF MS. Top: Fresh solution.
Bottom: After 12 months ageing

The large scattering of the ESI data points for
the as prepared samples is most likely due to
slightly different conditions during preparation
and/or different time spans between
preparation and measurement (between 1h
and several days). The species we found
deviate rather strongly from what the
equilibrium constants of [1] suggest. For the



aged solutions, however, the data show a
better agreement and a systematic trend. The
relative amount of monomeric species
decreases and, except for the most acidic
sample, agrees rather well with the sum of
monomers predicted by the model. Dimeric
species, not considered by NEA, are clearly
stable for at least 12 months. Trimers (in red)
are in agreement below pH 1 but strongly
overestimated at higher pH. This is due to the
fact that in the NEA database the (3,9) is the
polymer with the lowest charge (z=3+) and
consequently dominates at higher pH.
Tetramers are more abundant than expected
from the formation constant [3]. The same
phenomena was reported already in [2]. At pH
> 1.0 large polymers are stable and dominate
the species distribution: Nonamer, decamer,
undecamer, and dodecamer, in agreement
with measurements by T. Sasaki at Kyoto.
Comparing the results with those obtained in
[2] it is clearly that Zr(IV) solutions do not
equilibrate fast. A tendency for dissolution of
larger polymers at low pH is observed and
destabilization of tetramers and pentamers in
favor of nonamers and larger ones takes place
at higher pH.

Samples prepared at [Zr] =10"*M evolve simi-
larly as do the higher concentrated solutions.
The data scatter of the as prepared solutions is
less pronounced, probably due to the fact that
the samples were produced by dilution of the
samples at [Zr]=10'3M being pre equilibrated
for some days. Smaller polymers form and the
total relative number of polymers is reduced as
compared to the samples at [Zr]=10'3M. How-
ever, also here the measured species distribu-
tion deviates from NEA equilibrium data.

In the case of the 10°M samples a solubility
decrease was observed for the aged samples.
At pH 2 only 30% of the [Zr],: passed a 10kD
filter after 12 months ageing. Though the sys-
tems are undersaturated with respect to freshly
formed Zr hydroxide, ageing leads to a more
condensed, partly crystalline, modification as
observed previously by Neck, Altmaier, and
Muller [4] with considerably lower solubility.
This explains the formation of (large) polymers
upon ageing. EXAFS measurements revealed
no detectable Zr-Zr backscattering in the unfil-
tered samples suggesting the well known
effect of destructive interference in the presen-
ce of many geometrically different species.

Redox speciation of Np in aqueous
solution determined by Capillary
Electrophoresis Sector Field ICP-MS
(CE-SF-ICP-MS)

Capillary Electrophoresis (CE) as a species
selective tool has been applied in combination
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with a new Sector field-ICP-MS (Element XR,
Thermo Fisher Scientific, Bremen), which is a
highly sensitive isotope specific detection
system, to study the redox behaviour of Np in
the aqueous phase of sorption experiments.
The ability of modern SF-ICP-MS to detect
actinides down to the sub-ppq level (~107°
mol/l in conventional setup) with almost zero
background has been successfully used to
study the speciation of actinides even at
concentrations as low as 107 mol/l [5] when
using SF-ICP-MS together with capillary
electrophoresis.

The CE measurements presented here were
performed using a Beckmann P/ACE™ MDQ
instrument (Fullerton, USA) equipped with a 73
cm long uncoated fused silica capillary (50 um
ID). It was linked to SF-ICP-MS with a Mira
Mist CE system (Burgener Research Inc.), an
especially designed nebulizer and mini spray
chamber for hyphenation of CE instruments to
ICP-MS. The nebulizer works under low
sample uptake rates typically below 10 pl/min.
Extensive optimization of the CE
measurements in the run-up of the Np redox
species determinations have yielded an
optimal uptake rate of 8 pul/min of the makeup

_ Fo g :
Fig. 2: Set-up of capillary, nebulizer, and spray

chamber (Mira Mist CE system) used for the CE-SF-
ICP-MS measurements.

solution (2 % HNO; with 10 % Ethanol) which
is delivered by a syringe pump. The whole
capillary-nebulizer-spray chamber set-up which
generates a dry sample aerosol with excellent
sensitivities is shown in Figure 2.

All separations were carried out with sample
solutions from redox speciation experiments of
neptunium in water suspensions of crushed
Opalinus Clay (OPA) and Callovo-Oxfordian
argillite (COx) rocks with a solid to liquid ratio
of 50 at constant ionic strength (0.1 M NaCl),
and with contact times of 7 months. The initial
concentration of Np(V) in solution before
sorption started, varied between 1.0x10” and
1.0x10° M. For the measurement filtrate (10
kD) supernatant solutions from clay
suspension are taken in 2 mL glass vials under
inert atmosphere then transported to the ICP-
MS laboratory. However, the measurement



has been performed under air atmosphere and
oxidation of Np species cannot be excluded.
Separations are completed within 15-18 min.
Sample injections are hydrodynamically carried
out at 0.8 psi during 5 s. Separations are
performed at 20 kV at a constant pressure of
0.2 psi (to avoid clogging of the capillary) using
a 0.1 M acetic acid buffer solution which was
routinely replaced after several runs to avoid
any contamination or electrolytic dissociation of
the background electrolyte. A comprehensive
washing procedure at the end of each run
comprising several rinse steps (with 1 M HCL,
1 M NaOH, MilliQ and buffer solution) ensured
low memories and backgrounds during the
course of the measurements. An extended
washing procedure was also performed at the
end of each day.

To understand the separation of neptunium
oxidation states by CE-SF-ICP-MS, especially
under air conditions, several mixtures of Np(V)
and Np(IV) (~3x107 M Np in 0.01 M HCIO,)
are tested. The solutions were prepared by
diluting Np solution with higher Np
concentrations and with Np(V)/(IV) composition
well characterized by UV-Vis spectroscopy.
Figure 3 shows an electropherogram of a
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Fig. 3: Electropherogram of Np oxidation states.
Separation by CE-ICP-MS (1 M MeCOOH and 20
kV), [Np]= 3x10°" M, 0.01 M HCIO..

solution with Np(IV) only, which is partly
oxidized by air, but gives two well separated
peaks for tetravalent and pentavalent Np. It
emphasizes that the impact of air must not be
neglected by using the current sample injection
system of the CE.

In the supernatant filtrate solutions from the
OPA and COx suspensions of the sorption
experiments only Np(V) species could finally
be confirmed. The shorter migration time (500
s) of Np(V) in OPA/COx measurements
compared to the peak of Np(V) in Figure 4 is
due to the higher voltage of 30 kV. The higher
voltage was used for the clay solutions to get
narrower peaks and higher intensities. CE-ICP-
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MS measurements at 30 kV have finally
produced peak intensities of ~1.2 x 10° cps
resulting in a calculated detection limit (DL) of
~5x 10" mol/l.

The method so far demonstrates that Np redox
species can be successfully separated and
detected with very low backgrounds (i.e. 0.3
cps corresponding nearly to the dark noise of
the detector) under optimal conditions. The
detection limits can possibly be lowered once
again by changing the rinse protocols for the
capillary and to alter the tube system
conveying the aerosol from the spray chamber
to the SF-ICP-MS. The observation that no
Np(lV) was detected in the supernatant
solutions obtained from the sorption
experiments, however, has to be interpreted
with caution taking into account that the
sample solution might have been oxidized
during transport from the inert gas box to the
ICP-MS or during injection of the sample and
the passage through the capillary. Further
technical improvements are necessary
including a modified sample injection system
by using Ar instead of air to avoid oxidation of
the species. Impact of air and hence oxidation
becomes particularly critical at low analyte
concentrations.
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Fig. 4: Electropherogram of Np speciation in filtrate
COx clay rock, [Np] = 2x10° M, 0.1 M NaCl, S/L =
20, kinetic = 7 months, sample= filtrate supernatant
solution, separation with 1 M MeCOOH at 30 kV.
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9.4 XPS and TEM study of neptunyl - green rust interaction
D. Bach, D. Schild, E. Soballa, B.C. Christiansen*

*Nano-Science Center, Department of Chemistry, University of Copenhagen, Universitetsparkern, DK-2100 Copenhagen @

Introduction

Nuclear waste will be disposed within steel
canisters in deep underground repositories.
Green rust (GR), a Fe(ll)/Fe(lll) layered double
hydroxide mineral consisting of positively
charged octahedral sheets of Fe(ll,ll)(OH),
and interlayers of H,O and n-valent anions,
may form as a product of steel corrosion after
potential access of groundwater to the reposi-
tory. Green rust may attenuate the migration of
redox-sensitive radionuclides, e.g., Se(VI),
Tc(VII), U\VI), and Pu(V,VI), by reduction to
the tetravalent state exhibiting low solubility.

%7Np is a minor component (0.05 %) of spent
nuclear fuel but has a long half-life, T4, = 2.14
x10°% years, and its concentration increases
during the first 5000 years by a-decay of
2'Am, T4, = 432.7 years. Np is expected to be
leached from spent nuclear fuel as mobile
neptunyl species, NpO,", due to oxidizing con-
ditions in the near-field caused by radiolysis.

In this study, GR of sodium sulfate form,
NaFe(II)6Fe(III)3(OH)18(SO4)212H20 (thln hex-
agonal platelets), is reacted with an aqueous
solution of neptunyl ions and analyzed by
transmission electron microscopy (TEM) and
XPS. The aim of the analyses is to achieve
insight into the redox-reaction and potential
immobilization mechanism.

Reaction of neptunyl with green rust

Green rust suspension is synthesized accord-
ing to [1] and is contacted with neptunyl ions in
aqueous solution to result in a molar ratio
[NpJ/IGR] of 1:2.7 with 1.55 mM/L Np in total.
After 10 minutes reaction, the Np concentration
in the supernatant (pH ~8, pe ~-6.7) is less
than 1.7x10® M/L (LSC detection limit) indi-
cating Np-GR formation.

XPS investigations

Np-GR samples are prepared and subse-
quently transferred into the x-ray photoelectron
spectrometer, PHI model 5600ci, under per-
manent anoxic conditions.

In case of Np, the Np 4f main lines exhibit a
similar chemical shift for both Np(V) and
Np(IV). Due to low Np concentration, elemental
lines other than 4f have no feasible intensities.
However, satellites of the 4f main lines may be
used for estimation of Np valency. The Np 4f
spectrum of Np-GR shows a satellite at 6.5 eV
higher binding energy than the 4f main lines,
assigned to Np(lV) (Fig.1). The observed
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Fig. 1: XPS narrow scans of Np 4f elemental lines
(stack plot): NpO;" reacted with green rust com-
pared to NpO,(OH) reference.

satellite - 4f main line spacing is close to
values observed for the pure An(lV)-oxides
NpO, (6.8eV), UO, (6.9eV), and PuO,
(6.9 eV). For comparison, neptunyl-hydroxide
exhibits a less intense satellite at a spacing of
8.6 eV, similar to the 8.4 eV value observed for
U(V) in the mineral ianthinite [2].

TEM investigations

TEM investigations are performed on Np-GR
by means of a 200 keV FEI Tecnai G F20
X-Twin microscope, located at IAM-WBM-FML
(KIT Campus North). The instrument allows
high-resolution TEM (HRTEM) and scanning
TEM (STEM) and is equipped with various
detectors enabling, e.g., high-angle annular
dark-field (HAADF) imaging, energy-dispersive
x-ray (EDX) spectroscopy, and electron
energy-loss spectroscopy (EELS).

The first aim of the TEM analyses is the
determination of the exact location where Np is
immobilized on the GR particles. A few nm-
wide bright rim is observed at the edge of
Np-GR platelets by means of STEM-HAADF
(Fig. 2), indicating the presence of an element
with high atomic number. EDX investigations
clearly demonstrate the presence of Np at the
rim of GR platelets, whereas Np can not be
detected inside the platelets [3]. Hence, the
localization of Np at the edge of GR platelets
suggests that NpO," does not enter the GR
interlayers.

XPS analyses show that the interaction
between NpO," and GR results in the reduc-
tion of Np(V) to Np(IV). The second aim of the
TEM analyses is therefore to gather more
information concerning the Np(IV)-containing
phase formed. This phase could be, for
instance, Np dioxide but the possibility of it
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Fig. 3: EEL spectra taken “inside” a Np-GR platelet
and at its rim.

being a Np-substituted iron oxide mineral
cannot be excluded a priori. EELS spectra
acquired under the same experimental
conditions using an electron probe of around
(1-2) nm in diameter are shown in Fig. 3 for
the inside and for the rim of a Np-GR platelet.
The spectrum acquired inside the platelet is
characterized by strong Fe-M,; edges. At the
rim, Np-O,5 edges appear around 100 eV,
whereas the intensity for the Fe edges almost
completely vanishes. The residual Fe signal at
the rim likely comes from the electron beam
passing through the Np-containing rim and
hitting some underlying or adjacent GR region,
resulting in the weak signal. The EELS results
strongly suggest that Fe is not present at the
rim together with Np in one and the same
phase, i.e. that the rim does not consist of a
Np-substituted iron oxide phase.

HRTEM provides further insight into the Np-
phase at the rim. The observed lattice fringe
patterns indicate that the rim is composed of
crystalline nanoparticles about (2 - 3.5) nm in
size. Fig. 4 shows, for example, two distinct
GR platelets (superposed on an amorphous
background) and their associated rims
comprised of nano-crystallites. The Fast
Fourier Transform (FFT) of the HRTEM image
of any crystalline material exhibits spots,
whose position in reciprocal space is related to
the orientation and spacing of lattice planes in
real space. The position of some spots corre-
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Fig. 5: FFT of an HRTEM image of Np-GR. The
arrow indicates the position of a spot resulting from
the rim.

sponding to the nanocrystallites at the rim is
measured with respect to the center of the FFT
(see Fig. 5). This is performed repeatedly for
FFTs of different images resulting in an aver-
age lattice-plane spacing d of about (3.14 +
0.05) A. This value is in very good agreement
with the d-spacing of 3.1370 A determined
from crystallographic data [4] for the (111)
plane spacing in NpO,. Further investigations
are in progress to confirm this initial result via
electron diffraction, which is a more accurate
technique for phase identification.

These XPS and TEM findings suggest NpO,"
reduction at GR edges and subsequent growth
of NpO, nanoparticles. Charge transfer as a
sub-step of neptunyl reduction appears plausi-
ble, since GR is found to be conductive by
XPS.
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Introduction

We have recently installed, commissioned and
nuclearized a nuclear magnetic resonance
(NMR) instrument in the INE controlled area.
NMR spectroscopy applied to radioactive sam-
ples provides insight into the configuration,
constitution and conformation of organic and
inorganic compounds in solution relevant for
safety assessment of a nuclear repository and
for partitioning strategies. NMR is a versatile
tool for structure elucidation on an atomic scale
that makes use of the nuclear spin properties
of certain nuclei in the molecules under inves-
tigation. NMR is a valuable extension of the
INE portfolio of analytical tools, offering a
broad range of techniques. Transferring mag-
netization along covalent bonds between sca-
lar coupled spins and through space using
dipolar coupling techniques provides access to
topology and three-dimensional structure of
molecules in solution. A key feature of NMR
spectroscopy however is the facile access to
important dynamic information for molecules in
solution by probing magnetic relaxation and
diffusion behavior. The principles of and oppor-
tunities offered by NMR spectroscopy and the
experimental equipment that has been in-
stalled in our control area this year to analyze
radioactive samples in solution are presented
briefly in the following.

Nuclear Magnetic Resonance

NMR spectroscopy in general uses a strong
magnetic field (here 9.4T) to align the spin of
NMR-active nuclei along the magnetic field.
Radio frequency pulses of distinct frequency
(resonance frequency of the nuclei under in-
vestigation) disturb the resulting Gaussian
distribution of nuclear spins by inducing transi-
tions from favored to non-favored spin states.
As the spins in the excited state relax back to
their ground state, emitted energy is observed
as a radiofrequency signal. While spins are in
an excited state, additional sets of radiofre-
quency pulses are utilized to transfer magneti-
zation onto other nuclei separated by chemical
bonds or through space. An exhaustive compi-
lation of available NMR techniques is found
in [1]. Some of these techniques have been
successfully used in initial investigations during
commissioning of our new NMR instrument. As
an example, some of our first results for a tri-
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podal k®N-donor complex with 2*Pu(lll) triflate
are presented.

Experimental

In 2010 we installed a Bruker Avance Il
400 MHz spectrometer for NMR investigations
on radioactive solution samples in the INE
controlled laboratory area. It is equipped with
an inverse and an observe double channel
'H/BB probe (BBl and BBFOP“), both with
z-gradients. Additionally, a DVT-CPMAS probe
for investigation of non-radioactive samples in
solid state is available. The spectrometer fea-
tures a two channel setup with QNP equipment
and is equipped for variable temperature mea-
surements from -150° to 150°C. Safety precau-
tions and protocol exist for measurements of
radioactive samples in solution. A ventilation
hood is installed on top of the spectrometer to
ensure that exiting gas flow is drawn off, there-
by preventing contamination release in any
case of sample tube failure.

Radioactive samples are filled into NMR tubes
in an inert and contamination-free environment
inside of a dedicated glove box and then trans-
ferred out for subsequent NMR measurements.
A set of different sample tubes is available for
measurements under different sample concen-
trations and conditions. For example, the
22py(Ill)-complex  presented below, was
measured in an air-tight J. Young tube to en-
sure oxygen-free sample conditions.

Fig. 1: The new installed NMR spectrometer in the
controlled area and the extractor hood on top of the i
instrument.



First results

We have developed a multidentate k®N-donor
ligand (L), in order to study intrinsically well-
defined 1:1 (ligand:metal) coordination com-
pounds. Metal complexes of these ligands are
used to systematically study the influence of
counter anions on coordination and on liquid-
liquid extraction behavior and to develop me-
thods describing electronic properties and
solution behavior of f-element coordination
compounds. Several complexes of trivalent
4f metal cations of the form
[Ln{PS(N"*NC"Py);}(OTf)s] have been synthe-
sized and fully characterized using various
methods (XRD, TRLFS and XAS) and several

advanced NMR  techniques, including
'H, F HOESY, PGSE, low temperature
“FNMR, 'H,”NHMQC, "™LaNMR and

'H, ¥Y gHMQC. We could show that, in the
case of small metal cations (Y and Lu), a high-
er degree of dissociation and solvent separa-
tion in solution is predominant than for cations
with larger ionic radii.

As plutonium shares similar magnetic proper-
ties as its lanthanide counterpart samarium
(both with a relatively small magnetic moment
of e~ 0.85 up) [2], it is an ideally suited acti-
nide for NMR investigations. The
[2*?Pu{PS(N"NC"Py)3}(OTf)s] complex is iso-
structural as the Ln complexes, as confirmed
by Pu L3 EXAFS, UV/\Vis, P and S K edge
NEXAFS. This complex showed chemical
shifts in “diamagnetic regions” in its 'H,*'P and
F NMR spectra. To prove the constitution of
the ligand in the complex, 2D correlations of
proton resonances to the ¥C and "N spins
were performed. Protons are observed via a
'H, ®C gHSQC to be correlated to carbon
atoms, to which they are directly attached.
Multi-bond correlations of protons to their
neighboring "°C and N spins were identified
by 'H, *C gHMBC and 'H, N gHMBC, re-
spectively. Only minor broadening of the re-
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Fiéq. 2: The tripodal k°N-donor complex with
22py(Ill)-trifiate. Right: NMR sample in an air-tight
J. Young-tube prior to the nuclearisation of the NMR
instrumentation.
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Fig. 3: 'H, "*C HSQC (small) and 'H, *C HMBC
(big correlation spectrum) probing the constitution of
the ligand in the complex by correltating proton with
carbon resonances over one and multiple covalent

bonds, respectively.
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sonances, compared to data of the free ligand
in solution, is observed. To identify the binding
of triflate counterions in the complex, 'H- and
YF PGSE [3] measurements were performed.
Together with 'H, 'F HOESY and 'F low
temperature data, we aim to describe the dy-
namic behavior and characterize the positions
of the three anions in the complex. In initial
studies of the radiolytic behavior of this com-
plex in solution, we could show Vvia
'H, *'P gHMQC that the ligand framework is
preserved.

By comparative studies of Pu complexes with
analogous samarium compounds, we hope to
discriminate via NMR spectroscopy factors
contributing to the selectivity of existing ex-
tracting agents for actinide cations over lan-
thanide cations such as:

e the nature of bonding between ligand and
cation,

e ion pairing, aggregation and dynamic be-
havior in solution,

o steric effects.

Areas of applications

After installation, commissioning and nucleari-
zation of the instrumentation, our new NMR
has been used to give valuable insight into
different fields of INE research program. In
addition to actinide-lanthanide separation re-
lated studies, first results from investigations of
colloids relevant to colloid-mediated contami-
nant transport and studies of glasses used for
the vitrification of HAW were obtained. The
NMR instrument is also already established as
a key tool in routine analyses for the organic
synthesis supporting INE’s growing efforts in



the design of new extracting and complexing
agents.

Actinide Center of Excellence Transna-
tional Access

Substantial investment in advanced nuclear
magnetic resonance facilities has been made
in Karlsruhe to establish the “Actinide NMR
Centre of Excellence”. The two instruments at
INE and JRC-ITU (both Bruker Avance |lI
400 MHz) are operated in nuclear licensed
facilities and commissioned for work on ra-
dioactive samples. The FP7 funded EURACT-
NMR project (starting date: Feb. 2011) aims at
providing access to these newly nuclearized
modern instruments and associated laboratory
infrastructure for European nuclear scientists.
User access is provided through application,
which will be judged for scientific excellence
and merit by an expert scientific advisory
committee.

NMR in general has made several very high
profile contributions to actinide science over
the last five years. The EURACT-NMR project
will certainly help European scientists continue
such studies of nuclear materials, including
exotic actinide superconductors, oxide nuclear
fuels, waste forms and complexes related to
separation chemistry.
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9.6 Computational Chemistry
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Introduction

Methods of computational chemistry developed
to powerful tool assisting and complementing
experimental studies in modern science. Joint
theoretical studies and experimental investiga-
tions provided significant improved knowledge
and detailed understanding of the system un-
der consideration due to synergetic effects.

Computational chemistry had been introduced
and established at INE as a predicting and
supporting tool in various different research
areas, such as chemical and physical proper-
ties of mineral surfaces, extraction chemistry,
oxo-hydroxo systems from small size in solu-
tion to nano particles or actinides in solution.

The theoretical description of actinides by
means of quantum mechanics faces several
severe challenges. In many cases we have to
deal with open shell systems and multiconfigu-
rational wave functions. When applying
Density Functional Theory we assess the
accuracy of the results with high quality ab
initio calculations. The results are in turn
compared with experimental data. Based on a
good agreement we are able to provide
important additional information, such as
structural parameters or reaction energies,
which are experimentally not accessible.

Computational chemistry at INE offers a wide
spectrum of methods from ab initio and Density
Functional Theory (DFT) methods based on
quantum mechanics to classical Monte Carlo
(MC) simulations and Molecular Dynamics
(MD) based on classical mechanics.

The corundum (001) surface studied with
MC simulations

MC simulations were applied to study the
structure of water close to the surface [1]. We
included 147 surface aluminol groups and
1800 water molecules in our simulation model.

The results are in excellent agreement with
recent in situ high resolution specular X-ray
reflectivity measurements [2] (see Fig.1). This
warrants the high quality of the calculations.

MC simulations extend the information about
the structure of water close to the surface and
provide a number of important additional
information which is otherwise not available by
experiment:

(1) We were able to distinguish different water
species according to their number of
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hydrogen bonds and the corresponding
bonding partner at different distances from
the surface (see Fig. 2).

(2) We determined the preferred orientation of
different water species at different
distances from the corundum (001)
surface.

0,150 - —— MC simulations

In situ high resolution specular
X-ray reflectivity measurements [2]
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Fig. 1: Oxygen density of the water molecules
above the corundum (001) surface as a function of
the distance z from the surface determined with MC
simulations. The surface is located at z=0.
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Fig. 2: Density of different water species above the
corundum (001) surface as a function of the
distance z from the surface as determined by the
MC simulations. The surface is located at z=0.

With these results we verify that the water sig-
nal in the SF spectra of the mineral water inter-
face around the point of zero charge comes
mainly from a single layer of surface-bonded
water species. The assignment of the bands at
3460 and 3700 cm™ in the SF spectra to sur-
face aluminol groups could be confirmed [3].

This project is a collaboration with J. Janecek
(Institute of Physical and Applied Chemistry,
Brno University of Technology, Czech



Republic) and R. R. Netz (Physik Department,
Technische Universitat Minchen, Germany).

The corundum (001) surface studied with
plane wave Density Functional Theory
using periodic boundary conditions

We targeted this system with plane-wave DFT
as implemented in VASP. This allowed us to
obtain more theoretical information about the
solvated corundum surface. DFT had the
drawback that only smaller systems can be
studied, but offered the advantage that the
water molecules were not rigid and provided
direct information about the structure of the
water molecules close to the surface.

Fig. 3: Unit cell used to study the solvated
corundum (001) surface in contact with water used
in the plane wave DFT calculations.

The DFT model (see Fig. 3) contains only 26
water molecules. This is an extension of all
available DFT studies on this topic until now.
The model itself constituted a minimal model
for the corundum (001) surface in the presence
of bulk water. With this model we studied
directly the influence of water on the aluminol
groups of the surface and obtained very
valuable information concerning the interaction
of water with the corundum (001) surface. A
crucial point is the interplay of the interaction of
surface bond water with steep and flat aluminol
groups. This explains the existence of one
layer of surface bond water with distinct
different properties compared to bulk water.

With both methods MC simulations and DFT
calculations, we provide important information
about the preferential orientation of the water
molecules and the water species present in
different layers above the surface. Hence our
data complemented and augmented
experimental information [2].
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Sorption of trivalent metal ions at the
corundum (110) surface studied with
Density Functional Theory using the cluster
model

Rabung et al. [4] studied the sorption of triva-
lent actinides at various corundum surfaces.
We already carried out a theoretical study of
sorption of these metal ions at the corundum
(001) surface and found tri-dendate inner
sphere complexes with six water molecules
remaining in the first coordination shell of the
metal ion.

At the (110) surface single-, double-, and triple-
coordinated aluminol species coexisted at the
surface. First we studied the properties of the
plane surface. Our theoretical estimates for the
deprotonation properties of the cluster are well
in agreement with predictions by means of the
one pK model. We found that deprotonation of
triple-coordinated aluminol groups is more
likely than deprotonation of aluminol groups
with other coordinations.

The vibrational frequencies of these species
were calculated and the measured Sum
Frequency spectra were simulated with great
success. Four peaks could be identified and
assigned in both spectra.
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Fig. 4: Simulation of the Sum Frequency spectra at
the corundum (110)/water interface in excellent
agreement with experimental data.

Fig. 5: Tetra-dendate inner-sphere complex of
trivalent f-elements at the corundum (110) surface.



Fig. 6: Zoomed details of Fig. 5 showing the tetra-
dendate inner-sphere complex of trivalent f-
elements at the corundum (110) surface. The metal
ion is bonded to one deprotonated triple coordinated
aluminol group and to two single- and one double-
coordinated aluminol species.

In a next step we extended our study of the
sorption of trivalent f-elements at the (110)
surface. At this surface we found tetra-dendate
inner-sphere complexes at this surface with
five water molecules remaining in the first
coordination shell. This is in agreement with
experimental results [4]. Thus we are able to
confirm the trends observed in the experiment-
tal studies with our calculations and provide
detailed knowledge about the sorption site at
the surface. The most favorable sorption site
has one triple-coordinated aluminol species
deprotonated underneath the inner-sphere
complex and two single- and one double-
coordinated aluminol species (see Fig. 6).

Development of force fields for actinide
ions and complexes in aqueous solution

With the help of quantum-chemical methods
we were able to calculate binding energies and
vibrational frequencies of complexes of about
30 water molecules around a given central ion
in acceptable CPU-time. This was helpful when
determining the coordination numbers or
thermodynamically properties in the gas
phase. For a proper description of the solvation
effects about 1000 water molecules are
needed to reach bulk behavior [5]. An
alternative way of computing such big
structures was provided by molecular
dynamics. Therefore we started to employ the
force-field TCPEp developed by Masella and
Cuniasse [6]. The results will also deliver
starting points for quantum-chemical
calculations. As an example, Fig. 7 shows a
Cm(lll) ion surrounded by 1000 water
molecules and three chloride anions as
counter-ions.

With such a structure MD in the NVT or NPT
ensemble was started and carried out on the
nanosecond scale. Recording the trajectory of
the central Cm(lll) cation lead to a statistical
coordination number. Exploring potentials of
mean force at different temperatures gave rise
to thermodynamical properties. The aim of
these calculations in addition to finding coordi-
nation numbers or predict and verify thermo-
dynamical data for solvated actinides was to
achieve i.e. dipole-moments, structure analy-
sis, transition mechanisms, exchange rates. To
achieve a high accuracy, the parameters of the
force-field were fitted to quantum-mechanical
data obtained using large state-of-the-art basis
sets and electron-correlation approaches like

Fig. 7: Cm(lll) ion embedded in 1000 water
molecules with three chloride counter-ions.

MP2 or CCSD(T). Structures with up to 30 wa-
ters were geometry-optimized on the MP2 level
with the MOLPRO software package, followed
by single-point calculations at the CCSD(T)
level including counterpoise corrections.

Fig. 8: A structure with a Cm(lll) ion, 27 surrounding
water molecules and 3 chloride counter-ions
optimized at the MP2 level



The investigations focus on large-scale
simulations of the Th(IV) [7] and Cm(lll)-
system including the counter-ions chloride,
fluoride and bromide. As a result, the first
hydration shell of Cm(lll) at room temperature
is found at an average distance of 249 pm to
the central cation. The geometric structure of
the first shell can be described by a ratio of
88% 9-fold and 12% 8-fold coordination, in
good agreement with the experimental values
in [8] stating a ratio of 90% to 10%. At a 0.1M
CI" concentration no chloride ion enters the first
hydration shell of the metal ion but the first
shell distance is elongated to 253 pm and
higher coordinated species are stabilized. The
mean Cm-Cl distance is 412 pm for the
second-shell chloride-ions. Further studies of
many-body effects and their parameterization
as well as transferring the developed
techniques to other tri- and tetravalent
actinides in solution and more complex counter
ions will be carried out. This project was
initiated as a collaboration within the ACTINET
network and involves apart from the
computational chemistry group at INE, V.
Vallet, F. Real (former ACTINET-fellow) and
J.P. Flament from Lille and M. Masella from
CEA/Saclay.

Comparison of tri-capped-prismatic struct-
ures of trivalent actinides with iso-
structural lanthanides and quantum che-
mical calculations.

Systematic computational studies were carried
out on molecular [La(H20)e]* [M(H,0)e(CF3-
S0;)%[La(H.0)]*" (M = Ln (La, Nd, Gd, Er,
Lu), An (Ac-Cf)) clusters in order to understand
the trends in the M-O distances across the two
series of isostructural salts [M(H,0)o(CF3S03)5]
(M = Ln, An (U-Cm, Cf) [9]. In the ‘triflate’ salts
the [M(H,0)s]** ions have a nine-fold, tricapped
trigonal prismatic (TTP) coordination geometry,
with six equidistant water oxygen atoms in the
prismatic positions and three in the capping
positions at markedly longer distances. Each of
the nine waters donates two hydrogen bonds
to the neighboring triflate ions. This hydrogen
bond arrangement is the reason for the local
Csn symmetry, the large difference between the
prismatic and capping M-O distances and the
special orientation of the water ligands (Figure
9a). The structure of the [M(H,O)s]** cations
could be well-mimicked by DFT, by including a
second sphere of triflate anions, hydrogen-
bonded to two third spheres of [La(H20)9]3+
(Figure 9b). However, the f-in-core approach,
despite it overestimates the Ln-O bond
lengths, could describe the contraction of the
bonds across the lanthanides series. Also the
corresponding An-O bond lengths are notably
overestimated with the corresponding f-in-core
approach, which, in addition, gives the bonds a
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lanthanide character. Though, with the small-
core approach the An-O bond distances fit
better to the experimental ones (Figure 10a).
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Fig. 9: a) X-ray structure of the [M(H20)g--(CF3SO3
)gjg' entity in [M(H20)9(CF3sSQOs3)s3] at 200 K (thermal
ellipsoids are at 50% probability) and b) the DFT
optimized cluster [La(HQO)QJS+"'[M(H20)g"'(CF3SO3_
)ol%[La(H20)o°" (in the top view the [La(H20)q
entities are omitted for clarity), M = U are depicted.

Using the same methodology as for the triflate
clusters, we compared the An-N bond lengths
in the nine-fold (TTP) coordinated [An(BTP)3]3+
complexes as optimized using DFT with those
derived from EXAFS of the same complexes in
solution [10]. In this case, the f-in-core
approach not only overestimated the An-N
bond lengths, it also failed to mimic the general
trend of the bond distances from Np to Cm, as
it showed a contraction in the bonds while the



EXAFS data showed the bond distances to be
more or less the same. Though with the small-
core the An-N bonds fitted better to the
experimental ones, in particular the overall
trend was well mimicked. Despite this apparent
lack of contraction in the An-N bonds from U to
Cm, this fact may not be taken as an evidence
for a contribution of the 5f electrons to the
actinide-ligand bond. It is nevertheless a sign
that these electrons have an impact on the
bonding. Thus the combined experimental and
theoretical data leads to the tentative
conclusion that there is a trend of decreasing
covalence in the An-N bonds in the
[An(BTP)g]3+ complexes in the series from U to
Cm. An analogous data base of information of
a corresponding series of [Ln(BTP)s]** solution
complexes is needed for comparison in order
to judge if these trends indeed play a role in
the selectivity of BTP for An(lll) over Ln(lll) in
partitioning.
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Fig. 10: Comparison of mean actinide-ligand bond
distances (d) from experiments (single-crystal X-ray
diffraction and EXAFS) and theory (DFT) in the a)
[An(H20)9]3+ ions of crystalline [An(H20)qJ(CF3S03)3
and the clusters [La(Hgo)9f+-~-[An(H20)g~~(CF3803'
)9]6'~~[La(H20)g]3+ and b) in the cation complexes of
[An(BTP)s]>*.
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