KIT SCIENTIFIC REPORTS 7655

Annual Report 2012

Institute for Nuclear Waste Disposal
Institut fGr Nukleare Entsorgung

H. Geckeis, M. Altmaier, P. Kaden (eds.)

T *5ihing






H. Geckeis, M. Altmaier, P. Kaden (eds.)

Annual Report 2012

Institute for Nuclear Waste Disposal
Institut fir Nukleare Entsorgung

Cover illustration

left: Detail of a spent nuclear fuel pellet showing radial cracks and the adjacent Zircaloy cladding.
middle: Quantum chemical calculation of the incorporation of selenite into the calcite (104) surface.
right: SEM image of Y(OH), nanoparticles precipitated on a calcite cleavage surface.



Karlsruhe Institute of Technology

KIT SCIENTIFIC REPORTS 7655



Annual Report 2012

Institute for Nuclear Waste Disposal
Institut fir Nukleare Entsorgung

by
H. Geckeis, M. Altmaier, P. Kaden (eds.)

ST oihing



Report-Nr. KIT-SR 7655

The Institute for Nuclear Waste Disposal, INE, (Institut fir Nukleare Entsorgung) belongs to the
KIT Energy Center. The KIT Energy Center with its 1100 employees is one of the largest energy
research centers in Europe. It bundels the energy research activities of the KIT, the merger of
the former Forschungszentrum Karlsruhe and Universitat Karlsruhe and reknown cooperation
partners. By this, it crosses the lines between disciplines and combines fundamental and
applied research in all relevant energies for industry, household, service and mobility.

The involved institutes and research groups conduct the research work on their own authority.
The joining of subjects, the interdisciplinary collaboration of scientists, and the common use
of high-end devices and installations, develops a new quality of research and teaching. The
KIT Energy Center develops solutions in energy technology from a single source and acts as
a highly valuable consultancy institution for politics, business, and society in all questions of
energy. (http://www.energy.kit.edu/)

Impressum
gg(l Scientific
Publishing
Karlsruher Institut fur Technologie (KIT)
KIT Scientific Publishing

StraBe am Forum 2
D-76131 Karlsruhe

KIT Scientific Publishing is a registered trademark of Karlsruhe
Institute of Technology. Reprint using the book cover is not allowed.

www.ksp.kit.edu

This document — excluding the cover — is licensed under the

BY SA Creative Commons Attribution-Share Alike 3.0 DE License
(CC BY-SA 3.0 DE): http://creativecommons.org/licenses/by-sa/3.0/de/

@@@@ The cover page is licensed under the Creative Commons
CEICETE  Attribution-No Derivatives 3.0 DE License (CC BY-ND 3.0 DE):

http:/lcreativecommons.org/licenses/by-nd/3.0/de/

Print on Demand 2013
ISSN 1869-9669



Table of contents

1 Introduction to the Institute for Nuclear Waste Disposal (INE) .......ccccceveevenenccciennnnns 1
2 [ 174 a1 T4 0 1 £ PRRPRS 5
3 Education and Training .....ccccccciiiiiieiiiiiiiiiiiiieiieiieneiesnesnessessenssssesssnsssessenssssessensssssns 7
4 National and international cooperation, conferences and workshops .....c...cccceeuueeenee 9
5 Fundamental Studies: Process understanding on a molecular scale.........ccc.ccceeeauueens 15
5.1 Chemistry and thermodynamics of actinides in aqueous solution..........ccccecveeeiiiiveecccieeeene 15
5.2 Sorption 0N MINEral SUMACES ......ccccuiiii ittt e e et e e et e e e eeate e e e ebaeaeeans 22
5.3 Retention of radionuclides by secondary phase formation..........cccccuveeeiiiiicciiiieee e, 31
6 Applied studies: Radionuclide retention in the multi-barrier system ....................... 37
6.1 Examination of highly radioactive waste forms.........ccccceiviiiiiiiin e, 37
6.2  Non-heat producing waste forms and barrier materials........cccccoceeevciiieecciee e 42
6.3  Colloid impact on radionuclide (RN) migration ..........cccceeeeiieeeeiiie e 47
6.4  Simulation of thermo hydro mechanic (THM) processes in the near-field of a
HLW disposal in rOCK Salt.........uviiiiiiiiiieee ettt e e e s e e ee e 52
6.5 Hydro-chemical MOAEIING ......coui i e e e arra e e e e 54



7 Separation of long-lived minor actinides..........ccccceiiiiireiiiiiiiciiiinincnicnieneenneenennen, 61

8 Vitrification of High-Level Radioactive Liquid Waste ..........cccceevevneiiiiiiiinnnennnniiisnnnns 67
8.1 VP PrOJE i ——————————— 67
8.2  Structural investigations on the impact of increasing MoOs; loadings in borosilicate

glasses for the immobilization of Mo-rich nuclear wWastes .........cccccveeevciiieeecciie e, 73

9 Development of actinide speciation methods........ccccccceiiiiiirinrnneiiiiiiiiiinnnnennininnn, 77

9.1 R&D projects conducted at the INE-Beamline for Actinide Research at ANKA and at

L =T g o B 3o TU T ol RSP 77

9.2 (I =T g o T=Tot d o 1 ole] o )V 20 PPUPP PSPPIt 84
9.3  New instruments for surface analysiS........coccueiiiiiiie e et 88
9.4  NMR spectroscopy — first results from EURACT-NMR projects.......cccccceeeeeeveicvieeeeeeeeeenvnnnen, 92
9.5  Computational CheMISTIY ..couiiee e e e e e e sbe e e e s raee e e eanes 96
10 Radiochemical and Elementary Analysis .......cccuuueiiiiiiniiininnnnnsiiiiinnnnneenms. 103
11  Radiation Protection Research..........ccooeviiiiiiiiiiiiiisiiiisinssssssnsnsnnsssssssssssssssssssnnns 109

1 2 ¥ o [Tor- } 4 oY T 115



1 Introduction to the Institute for Nuclear Waste Disposal (INE)

The Institute for Nuclear Waste Disposal, INE,
(Institut fur Nukleare Entsorgung) at the Karls-
ruhe Institute of Technology KIT performs
R&D focusing on

(i) long term safety research for nuclear
waste disposal,

immobilization of high level radioactive
waste (HLW),

separation of minor actinides from HLW,
and

radiation protection.

(ii)
(iif)
(iv)

All R&D activities of KIT-INE are integrated in-
to the program Nuclear Safety Research with-
in the KIT Energy Center. INE contributes to
German provident research for the safety of
nuclear waste disposal, which is the responsi-
bility of the Federal Government.

Following the decision taken by Germany to
phase out the use of nuclear energy, the safe
disposal of long-lived nuclear waste remains
as a key topic of highest priority. Projections
based on scheduled operation times for nu-
clear power plants (Amendment to German
Atomic Energy Act, August 2011) in Germany,
indicate that about a total of 17,770 tons of
spent nuclear fuel will be generated. About
6,670 tons have been shipped to France and
the UK until 2005 for reprocessing, to recover
plutonium and uranium. Consequently, two
types of high level, heat producing radioactive
waste have to be disposed of safely: spent fuel
and vitrified high level waste from repro-
cessing (HLW glass). The disposal of low- and
intermediate level waste present in much
larger quantities likewise needs to be ad-
dressed.

Over the last decades, a consensus within the
international scientific/technical community
was established, clearly emphasizing that
storage in deep geological formations is the
safest way to dispose of high level, heat pro-
ducing radioactive waste. Disposal concepts
with strong inherent passive safety features
ensure the effective protection of the popula-
tion and the biosphere against radiation expo-

sure over very long periods of time. The isola-
tion and immobilization of nuclear waste in a
repository is ensured by the appropriate com-
bination of redundant barriers (multi-barrier
system).

Long term safety research for nuclear waste
disposal at KIT-INE establishes geochemical
expertise and models to be used in the dis-
posal Safety Case, focusing primarily on the
detailed scientific description of aquatic radi-
onuclide chemistry in the geochemical envi-
ronment of a repository. Work concentrates
on the disposal of spent fuel and HLW-glass in
the relevant potential host rock formations
currently considered: rock salt, clays and crys-
talline rock formations. Actinides and long-
lived fission products play a central role, as
they dominate HLW radiotoxicity over long
periods of time. Long-live anionic fission prod-
ucts are likewise investigated as significant
long-term contributors to the maximum radia-
tion dose projected for relevant scenarios.

Relevant long term scenarios for nuclear re-
positories in deep geological formations 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
constructed repository after closure. Possible
groundwater intrusion into emplacement cav-
erns is assumed to cause waste form corrosion
and eventually radionuclide release. Radionu-
clide mobility is then determined by the vari-
ous geochemical reactions in complex aquatic
systems: i.e. dissolution of the nuclear waste
form (HLW glass, spent fuel), radiolysis phe-
nomena, redox reactions, complexation with
inorganic and organic ligands, colloid for-
mation, surface reactions at mineral surfaces,
precipitation of solid phases and solid solu-
tions.

Prediction and quantification of all these pro-
cesses require fundamental thermodynamic
data and comprehensive process understand-
ing at the molecular scale. Radionuclide con-
centrations in relevant aqueous systems typi-



cally lie in the nano-molar range, which is ex-
ceedingly small in relation to main groundwa-
ter components. Quantification of chemical
reactions occurring in these systems require
the application and development of advanced
sophisticated methods and experimental ap-
proaches, to provide insight into the chemical
speciation of radionuclides at trace concentra-
tions. Innovative laser and X-ray spectroscopic
techniques are continuously developed and
applied to this end. A specialized working
group performing state-of-the-art theoretical
quantum chemical calculations for actinide
chemistry support both interpretation of ex-
perimental results and optimized experiment
design.

The long-term safety of a nuclear waste repos-
itory must be demonstrated by application of
modelling tools on real natural systems over
geological time scales. Geochemical models
and thermodynamic databases are developed
at INE as basis for the description of radionu-
clide geochemical behaviour in complex natu-
ral aquatic systems. The prediction of radio-
nuclide migration in the geosphere neces-
sitates coupled modeling of geochemistry and
transport. Transferability and applicability of
model predictions are examined by designing
dedicated laboratory experiments, field stud-
ies in underground laboratories and by study-
ing natural analog systems. This strategy al-
lows to identify and analyze key uncertainties
and continuously optimize the developed
models.

Within the R&D topic immobilization of high
level radioactive 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 Re-
processing Plant (WAK; located at KIT Campus
North) has been developed by INE. INE was
involved in functional testing of process sys-
tems, as well as in the performance of the cold
test operation and played a leading role in the
highly successful hot operation of the VEK
plant. The vitrification technology developed
at INE is highly competitive on an internation-
al level. This is evidenced by the strong inter-
est of countries like China or the Russian Fed-
eration in establishing technology transfer.

The Partitioning & Transmutation (P&T) strat-
egy is pursued and developed in many inter-
national research programs. INE research ac-
tivities in P&T are focused on the partitioning
step, i.e. separation of minor actinides from
HLW. The R&D aims to develop efficient sepa-
ration processes for minor actinide for subse-
guent transmutation into short-lived or stable
fission products. INE develops highly selective
extracting agents and performs experiments
to derive kinetic and thermodynamic data to
assess and optimize extraction reactions. R&D
spans experimental, analytical and theoretical
work, dedicated to understanding extraction
ligand selectivity on a molecular scale.

The R&D topic radiation protection at INE fo-
cuses on the assessment of radiation expo-
sures of man by estimating doses either from
external radiation fields or from incorporation
of radionuclides. The strategy driving this
work is to provide techniques and models for
an individualized dosimetry, which goes be-
yond the current approach of applying refer-
ence models in dose assessments. Both the
specific anatomical and physiological features
of the exposed individual and the specific ef-
fective radiation fields are considered in the
frame of an individualized dosimetry. Work is
performed in close cooperation with the KIT
safety management KSM.

INE laboratories are equipped with all neces-
sary infrastructures to perform radionu-
clide/actinide research, including hot cells, al-
pha glove boxes, inert gas alpha glove boxes
and radionuclide laboratories. State-of-the-art
analytical instruments and methods are ap-
plied for analysis and speciation of radionu-
clides and radioactive materials. Advanced
spectroscopic tools exist for the sensitive de-
tection and analysis of radionuclides. Trace el-
ement and isotope analysis is made by in-
strumental analytical techniques such as X-ray
fluorescence spectroscopy (XRF), atomic ab-
sorption spectroscopy (AAS), ICP-atomic emis-
sion spectroscopy (ICP-AES) and ICP-mass
spectrometry (Quadrupole-ICP-MS and high
resolution ICP-MS). Methods available for sur-
face sensitive analysis and characterization of
solid samples include X-ray diffraction (XRD),
atomic force microscopy (AFM) and laser-



ablation coupled with ICP-MS. A modern X-ray
photoelectron spectrometer (XPS) and an en-
vironmental scanning electron microscope
(ESEM) are installed. INE has direct access to a
TEM instrument on the KIT Campus North site
(Institute of Applied Materials, I1AM). Laser
spectroscopic techniques are developed and
applied for sensitive actinide and fission prod-
uct speciation such as time-resolved laser flu-
orescence spectroscopy (TRLFS), laser photo
acoustic spectroscopy (LPAS), laser-induced
breakdown detection (LIBD) and Raman spec-
troscopy. A tuneable optical parametric oscil-
lator (OPO) laser system with TRLFS-detection
is used for high resolution spectroscopy at lig-
uid helium temperature. Structural insight into
actinide species is obtained by extended X-ray
absorption fine structure (EXAFS) spectrosco-
py at the INE-Beamline at the Karlsruhe syn-
chrotron source ANKA. The INE-Beamline, in
the direct vicinity of INE hot laboratories and
in combination with the other analytic meth-
ods, represents a world-wide unique experi-
mental and analytic infrastructure, which both
profits from and contributes to INE’s leading
expertise in the field of actinide chemistry and
spectroscopy. Quantum chemical calculations

are performed on INE’s computing cluster
which is equipped with 17 nodes and 76 pro-
cessors. A 400 MHz NMR spectrometer
adapted to measuring radioactive liquid sam-
ples adds to the analytical and speciation port-
folio of INE. Additional facilities at INE include
a non-radioactive vitrification test facility
(PVA) used to investigate and to simulate vitri-
fication processes for hot plants. The INE CAD
workstations enable construction and plan-
ning of hardware components, process layout
and flow sheets. The institute workshop is
equipped with modern machine tools to man-
ufacture components for specific experi-
mental and analytical devices in hot laborato-
ries.

In 2012 the Institute for Nuclear Waste Dis-
posal had 115 employees working in the sev-
en departments, which reflect the R & D and
organizational tasks of the institute (Fig. 1): (i)
safety of nuclear waste disposal, (ii) geochem-
istry, (iii) radiochemistry, (iv) actinide specia-
tion, (v) vitrification of high level waste, (vi)
radiation protection research and (vii) scien-
tific/ technical coordination and analytical
chemistry.
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Fig. 1: Organisational chart of the Institute for Nuclear Waste Disposal (INE).



2 Highlights

The research and development activities
(R&D) performed at INE are summarized in
this report aiming to provide a representative
overview of the scientific progress generated
in 2012. Studies of particular interest and rel-
evance are highlighted in the following, also
exemplifying the experimental and conceptual
approach adopted by INE.

INE researchers were involved in a project
funded by the German Federal Ministry for
the Environment (BMU) to perform a Prelimi-
nary Safety Assessment for Gorleben
(Vorlaufige Sicherheitsanaylse Gorleben, VSG).
INE derived radionuclide source terms for spe-
cific waste forms and evolution scenarios. In
2012, work has focused upon several different
waste forms with negligible heat generation
(Chapter 6.2). Based upon analysis of the ex-
pected geochemical conditions, solubility lim-
its were determined for relevant radionu-
clides. Following a generic scientific approach
and using present state-of-art science, meth-
odology and data, a robust approach to de-
termine radionuclide source terms was estab-
lished which is also applicable to other
potential repository sites and geochemical
conditions. INE has further analyzed and sys-
tematized specific features, events and pro-
cesses (FEPs), thus contributing to the FEP
catalog derived within VSG. The Preliminary
Safety Assessment for Gorleben has highlight-
ed the need for coupling fundamental scien-
tific research and application oriented studies
for the step-wise development of a future nu-
clear waste disposal safety case.

In order to improve understanding of basic ac-
tinide chemistry and solubility phenomena,
studies on actinide-borate interactions were
performed (Chapter 5.1). The studies were
based upon systematic solubility experiments
in combination with complementary analytical
techniques available at INE (TRLFS, NMR, XRD,
XPS). Experimental evidence shows that acti-
nide(lll)-borate complexation reactions are ra-
ther weak and do not significantly enhance
An(lll) solubility. Moreover, solubility studies
show a pronounced solubility decrease under

certain experimental conditions related to a
transformation of the solid  An(lll)-
oxyhydroxide phase into a less soluble An(lll)-
borate phase. This mechanism constitutes a
potential new actinide retention process not
considered before. The comprehensive studies
are partly performed in cooperation with
HZDR and the Los Alamos National Laborato-
ries, Carlsbad Office (USA).

Detailed investigation of radionuclide reten-
tion processes on mineral surfaces has been a
continued focus of INE research activities and
the international scientific community. As a
large variety of minerals, surfaces and radio-
nuclides have been investigated in dilute
groundwater conditions both from an applied
and fundamental perspective, no systematic
studies have been performed at high ionic
strength systems. In order to establish ade-
quate process understanding, comprehensive
investigations to assess trivalent actinide and
lanthanide sorption on clay minerals under
saline conditions were conducted (Chapter
5.2). Experiments were performed under sys-
tematic variation of ionic strength, also ex-
tending to near saturated NaCl, MgCl, and
CaCl;, solutions. Using batch sorption experi-
ments and TRLFS spectroscopy it is clearly
demonstrated that clay minerals represent
strong retardation barriers for trivalent metal
ions even under highly saline conditions.
Quantitative models valid from dilute solu-
tions to salt brine systems are assessed based
upon the thermodynamic Pitzer model.

The retention of anionic Se(lV) species by
structural incorporation in mineral phases and
solid solution formation has been investigated
(Chapter 5.3). Significant progress has been
made by establishing a thermodynamic en-
trapment model for the quantitative descrip-
tion of selenium(IV) coprecipitation with cal-
cite. The development of advanced chemical
understanding and the subsequent thermody-
namic analysis are based upon detailed exper-
imental evidence and supported by density
functional theory (DFT) calculations (Chap-
ter 9.5). Selenite incorporation into the calcite



surface represents an intermediate reaction
step in the incorporation process which is sub-
sequently proceeding by adding consecutive
crystal layers during solid solution growth.

Among the many important R&D projects
conducted at the INE-Beamline for Actinide
Research at ANKA, the studies using High-
temperature XAFS (Chapter 9.1) are of partic-
ular interest in view of fundamental research
activities at INE focusing on radionuclide
chemistry at elevated temperature conditions.
Combining TRLFS and High-Temperature
EXAFS using a custom build high temperature
cell, the complexation of Cm(lll) and Am(lll)
with chloride in aqueous solution at 25 to
200°C was investigated (Chapter5.1). The
tendency of An(lll) towards chloride complex-
ation is found to increase with increasing
temperature, indicating that An(lll)-chloride
complexation may play an important role at
elevated temperature conditions especially at
high chloride concentrations. A thermody-
namic description based upon the SIT model
consistent with the NEA-TDB approach has
been derived, yielding fundamental thermo-
dynamic constants like complex formation
constants, AH° and A,S°,..

INE’s work program focusing on the separa-
tion of long-lived minor actinides and lantha-
nides by liquid-liquid extraction has been
successfully continued (Chapter 7). The stud-
ies are well integrated into European research
projects and cover both fundamental scientific
questions related to liquid-liquid extraction
processes and several more specific process
related aspects. The complexation of Cm(lll)
and Eu(lll) with TODGA derivatives was inves-
tigated using liquid-liquid extraction and
TRLFS techniques. Modified diglycolamide ex-
tracting agents were assessed, showing that
the extraction efficiency for Am(lll) and Eu(lll)
is TODGA > Me-TODGA > Me,-TODGA.

Time resolved laser fluorescence spectroscopy
(TRLFS) is a powerful spectroscopic tool for
studying the coordination chemistry of f-ions
(Cm(Ill) and Eu(lll)) with aq-BTP molecules
(Chapter9.2). In order to extract reliable
quantitative information from fluorescence
spectroscopy, establish the respective species

concentrations and derive reliable thermody-
namic data, relative fluorescence intensity fac-
tors were derived. It is essential to account for
the strong sensitization of the Cm(lll) and
Eu(lll) luminescence due to distinct antenna
effects of the extended aromatic ligand sys-
tem. This work is of high relevance for spec-
troscopic studies of the coordination chemis-
try of f-ions with BTP type molecules.

The studies related to separation chemistry at
INE were also supported by 'H, **C and *'P
NMR experiments. Am(lll) and Pu(lV) com-
plexes with BTBP derivates were analyzed,
employing 1D and 2D NMR techniques (Chap-
ter 9.4). The active NMR instrument installed
in the INE controlled area is part of the “Karls-
ruhe Actinide NMR Centre of Excellence” and
successfully integrated in the EURATOM FP7
funded EURACT-NMR transnational access
project.

For the vitrification of High Level Waste,
chemical mechanisms controlling the immobi-
lization of particular waste components in the
glass matrix were investigated. Structural in-
vestigations on the impact of increasing
MoO; loadings in borosilicate glasses for the
immobilization of Mo-rich nuclear wastes
were performed at INE (Chapter 8.2). High
resolution X-ray absorption near edge struc-
ture (HR-XANES) and magic angle spinning nu-
clear magnetic resonance (MAS NMR) tech-
niques were applied to characterize glass
network structure and molybdenum local
atomic environment, respectively. Under-
standing the factors favoring or disfavoring
the formation of soluble crystalline Mo(VI)
phases in borosilicate glasses allows develop-
ment of glass compositions capable of incor-
porating high Mo loadings.

The R&D performed at INE by young PhD and
Post-Doc researchers at the highest interna-
tional level is reflected by a total of 12 prices
awarded to young INE researcher in 2012.
The prizes include PhD awards from renowned
scientific bodies, i.e. the Nuclear Chemistry
Division of the German Chemical Society, as
well as specific prices for outstanding oral or
poster presentations at leading national and
international conferences.



3 Education and Training

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

Prof. Dr. Horst Geckeis, director of INE, holds
a professorship for radiochemistry at KIT
Campus South, Department of Chemistry and
Biosciences. He teaches fundamental and ap-
plied radiochemistry for chemistry students in
bachelor, master and diploma courses. A radi-
ochemistry module consisting of basic and ad-
vanced lectures on nuclear chemistry topics
and laboratory courses has been set up for di-
ploma and master students in Karlsruhe.

Prof. Dr. Petra Panak, heading a working
group on actinide speciation at INE, holds a
professorship of radiochemistry at the Univer-
sity of Heidelberg. A basic course in radio-
chemistry is offered for bachelor and/or mas-
ter students. An advanced course comprised
of chemistry of f-elements and medical appli-
cations of radionuclides is also offered. The
advanced radiochemistry lectures are supple-
mented by scientific internships at the INE ra-
dioactive laboratories.

Nearly 35 students from Karlsruhe and Hei-
delberg participated in two 3-week radio-
chemistry laboratory courses in 2012 held at
KIT-CN in the FTU radiochemistry and hot la-
boratories at INE. Some students are intensify-
ing their knowledge in nuclear/radiochemistry
topics during scientific internships at INE. Ob-
viously 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 quantify-
ing 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 Schifer at the Freie Universitat
Berlin, Institute of Geological Sciences,
Department of Earth Sciences, focused in 2012
on a master degree course on laboratory and
field methods in hydrogeology, including per-
formance and analysis of tracer tests using
conservative, weakly sorbing tracers and col-
loids, pumping tests and determination of hy-
draulic parameters (Applied Hydrogeology lll).

Dr. Thorsten Stumpf gave lectures at the KIT
Campus South, Department Chemistry and Bi-
osciences, in the field of chemistry of
f-elements and inorganic chemistry. The sem-
inar portion of the inorganic course was as-
sisted by Dr. Tonya Vitova.

Dr. Bastian Breustedt gave a lecture on bioki-
netics of radionuclides and physiology and
anatomy for engineers at KIT Campus South,
Department Electrical Engineering and Infor-
mation Technology.

Dr. Frank Becker gave lectures at the Baden-
Wuerttemberg Cooperative State University
(DHBW). The lectures comprised principles of
statistics and measurements, atomic physics
and nuclear physics.

Others:

- Frank Heberling, Johannnes
Lutzenkirchen (INE), Phreeqc-Kurs, KIT,
March 5-9, 2012

- Volker Metz, Thorsten Schiafer (INE) &
Philipp Blum (KIT-AGW). Nukleare
Tiefenlagerung, KIT, April 3-4, 2012

- Bernd Schimmelpfennig, Robert Polly,
Peter Kaden (INE), Michael Patzscke
(University of Helsinki),

ACTINET-I3: The ThUL School in
Actinide Chemistry, KIT, April 26-30,
2012



- Johannes Liitzenkirchen (INE),
FIMIN — Workshop Modelling of surface
reactions of ferric (hydr)oxides,
Bayreuth, October 8-12, 2012

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

PhD-students

In 2012 21 students worked at INE on their
doctoral dissertations; seven of them were
awarded their doctorate. Topics of the theses
are:

- Simulation of the partial body dose dur-
ing handling scenarios in inhomogene-
ous, time variant beta-/photon radia-
tion fields

- Investigation of solubility and redox
chemistry of Neptunium and Plutonium

- Complexation of partitioning relevant
N-donor ligands — water soluble BTP lig-
ands for the i-SANEX process

- Influence of pore clogging on the diffu-
sion properties of porous media during
geochemical perturbations: experi-
ments and modeling

- Development of anthropomorphic
models for in vivo measurements in ra-
diation protection.

- Incorporation of elements with low sol-
ubility in alkaline borosilicate glasses for
the immobilization of high-radioactive
liguid waste

- Comparative NMR-Studies of extraction
agents for the separation of trivalent
actinides

- Interaction of human serum transferrin
with actinides and lanthanides

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

Sorption of trivalent actinides on iron
oxides

Technetium mobility in natural systems,
influence of ferrous iron speciation
Technetium redox processes and Tc(IV)
solubility studies in dilute to highly sa-
line systems

Redox-speciation of repository relevant
and redox-sensitive elements in aque-
ous solutions by capillary electrophore-
sis coupled to ICP-MS

Release and speciation of actinides by
the fabrication and dissolution of Mo-
and Zr-based nuclear fuel oxides

Study of repository relevant carbon
compounds and their influence on the
14C- respectively actinide immobilization
Investigation of the solubility and com-
plexation of trivalent actinides: hydroly-
sis and complexation with organic lig-
ands

Influence of anions on the lantha-
nide/actinide interaction with mineral
surfaces

Characterization of actinide species in
systems relevant for safety assessment
of a nuclear waste repository by high-
resolution X-ray emission/absorption
spectroscopy

Characterization of bonding differences
by high-resolution X-ray emission and
inelastic X-ray scattering techniques
Description of radionuclide sorption at
high ionic strength

Effect of supersaturation index and pre-
cipitation kinetics on the incorporation
of trivalent actinides/lanthanides in sul-
fate/carbonate minerals and CSH phas-
es

The effects of Porosity Clogging on
Transport Properties of Porous Materi-
als under Geochemical Perturbation
Study on the complexation behaviour of
actinides by ESI-MS



4 National and international cooperation, conferences and workshops

INE R&D involves numerous national and in-
ternational cooperations and projects. These
are described in the following.

National

INE is involved in various bi- and multilateral
cooperations with national research centers,
universities and industrial partners on differ-
ent topics. The projects are partly supported
by the German Federal Ministry for Economics
and Technology (BMWi), the Federal Ministry
for Education and Research (BMBF), the Fed-
eral Ministry for the Environment, Nature
Conservation and Nuclear Safety (BMU), the
German Research Foundation (DFG) and the
Helmholtz Association (HGF).

Primary goal within the collaborative project
VESPA with partners GRS, HZDR-IRE and FZJ-
IEF is to reduce the conservatism in the as-
sumptions currently made in performance as-
sessment calculations concerning the radionu-
clides *C, °Se, ™ and %Tc. There is
reasonable evidence that sorption values for
radionuclides on organics, clay surfaces, lay-
ered double hydroxides or steel corrosion
products are significantly higher than current-
ly used in modeling approaches. This could, in
“what if” scenarios, lead to significantly lower
radionuclide release rates than currently pre-
dicted. The project VESPA focuses on the re-
duction of these uncertainties.

Within the THEREDA project, INE generates a
centrally managed and administered database
of evaluated thermodynamic parameters in
cooperation with the Gesellschaft flir Anlagen-
und Reaktorsicherheit (GRS) mbH, Braun-
schweig, Helmholtzzentrum Dresden-Rossen-
dorf, Institut fir Ressourcendkologie (HZDR-
IRE), Technische Universitat Bergakademie
Freiberg, Institut fir 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 data-
base is to be developed to a national (refer-
ence) standard and will be the basis for per-

formance assessment calculations for a na-
tional nuclear waste repository.

The HATT project focus is 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 ac-
tinides with humic substances, kerogen-like
compounds and small organic molecules are
examined. Besides INE, the members of this
collaborative project are GRS, HZDR-IRE,
University of Mainz, University of Potsdam,
University of Munich and University of Saar-
land.

The bilateral GRS-INE project KOLLORADO-2
started mid-2009 as successor of the
KOLLORADO project, focusing on the erosion
stability of compacted bentonite barriers as a
function of the contact water chemistry/hy-
draulics and the formation of near-field
colloids/nanoparticles as potential carriers for
actinides/radionuclides. Both a detailed exper-
imental 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 pro-
cess understanding in reactive transport mod-
eling codes comprise the project activities.

In the BMBF/DFG funded joint research pro-
ject RECAWA with partners from KIT (Institute
of Reinforced Concrete Structure and Building
Materials; KIT-IfMB, Institute of Mineralogy
and Geochemistry; KIT-IMG), the University of
Frankfurt (Institute of Geoscience, UniFaM-
IfG) and industrial partners (Rheinkalk Akdolit,
Lafarge Cement and Schafer Kalk), basic un-
derstanding of processes with regard to the
reactivity and dynamics of calcite mineral sur-
faces during crystal growth in aquatic systems
are being developed. INE focuses on the im-
mobilization of environmentally relevant ani-



onic trace elements (e.g., Se) on calcite sur-
faces using an integrated approach on the ba-
sis of batch sorption and co-precipitation ex-
periments with molecular calculations and
spectro-microscopic information.

The BMBF project funded in the framework of
the funding concept ,Basic research Energy
2020+" entitled "Grundlegende Unter-
suchungen zur Entwicklung und Optimierung
von Prozessen zur Abtrennung langlebiger
Radionuklide (Partitioning)” continued in
2012. This is a cooperative project between
KIT (both Campus North and South), For-
schungszentrum Jilich and the Universities of
Erlangen and Heidelberg and aims at under-
standing the differing reactivity between 4f
and 5f elements with the ultimate goal of us-
ing this information to optimize their separa-
tion in partitioning.

The general aim of the BMWi Joint Project on
the Comparison of Constitutive Models Il is
to check the ability of numerical models to de-
scribe correctly relevant deformation phe-
nomena in rock salt under various influences,
and thus increase confidence in numerical
simulations and thereby enhance acceptance
of results. Another aim is to identify possibili-
ties for further model development and im-
provement.

In the BMBF-project Radiation and Environ-
ment Il, INE is responsible for the work pack-
age “Efficiency calibration of in-vivo counters
with anthropomorphic models adapted to in-
dividuals”. In this work package, the influence
of different anatomies on the calibration of in-
vivo counters and subsequent dosimetry
measurements are studied and quantified. By
modifying the models, a better agreement be-
tween the geometries of measurement and
calibration shall be reached. Different bio-
metric parameters of the individual are meas-
ured and used in the adaption of the models.

The BMBF funded joint research project
ImmoRad (“Fundamental investigations for
the immobilization of long-lived radionuclides
through interaction with secondary mineral
phases in deep geological nuclear waste
repositories" started in February 2012.
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ImmoRad concentrates on application-based
fundamental research on retention processes
in deep geological environments. Within this
project, structural incorporation/entrapment
or formation of solid solutions of radionu-
clides into host minerals in aquatic environ-
ments is studied. National (KIT-INE, HZDR,
University of Frankfurt) and international
partners (PSI-LES; Switzerland and University
of Oviedo; Spain) collaborate within this
project.

The project “Untersuchungen zum grund-
legenden Verstindnis der selektiven Kom-
plexierung von f-Elementen (f-Kom)“ funded
by the German Federal Ministry of Research
and Education in the field of Basic Energy Re-
search 2020+ aims at establishing a funda-
mental understanding of the separation of
long-lived radionuclides from nuclear waste.
The participating project partners from
KIT-INE, KIT-CS, Universitat Erlangen, Universi-
tat Heidelberg and Forschungszentrum Jilich
are combining their expertise and activities in
synthesis, spectroscopy, technology and theo-
ry, in order to be able to describe and ulti-
mately predict and optimize liquid-liquid ex-
traction processes for actinides at the
molecular scale. The project includes a strong
component of education and training of young
scientists in research topics related to nuclear
waste disposal and promotes their networking
in the European research landscape.

In the framework of the preliminary safety
analysis for Gorleben (vSG) radionuclide
source terms were elaborated for high level
waste glass, spent nuclear fuel, CSD-C wastes
and for a variety of wastes with lower radio-
nuclide inventories. However, some of these
wastes represent significant volumes. The
source terms comprise fuel elements from pi-
lot and research reactors, reactor graphite
wastes, structural materials, tails from urani-
um enrichment as well as cemented waste
forms with negligible heat generation.

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 eluci-
dation of reaction mechanisms, which are re-



sponsible for the migration and/or retardation
of radionuclides. The investigations cover a
broad scale of complexity, from thorough
study of model systems for solid solution for-
mation (calcite, powellite), up to monitoring
the complex interaction of cations and anions
with cementious material under repository
conditions. Experimental work, modern spec-
troscopy and Monte Carlo simulations, as well
as quantum mechanical calculations are per-
formed 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 Institute (PSl) in Switzerland.

The Helmholtz young investigator group
(HYIG) “Advanced synchrotron-based sys-
tematic investigations of actinide (An) and
lanthanide (Ln) systems to understand and
predict their reactivity” started July 2011 and
will systematically investigate in-situ the elec-
tronic and coordination structure of actinides
and chemical homologue lanthanide systems
with novel synchrotron-based high resolution
X-ray emission/inelastic scattering techniques.
The experimental results are supported by
theoretical calculations and simulations with
quantum chemical codes. These investigations
will improve our understanding of actinide/
lanthanide reactivity in repository systems and
waste matrices on a molecular scale and
thereby support the reliability of evaluation of
repository long-term safety. The elucidation of
electronic and coordination structures of, e.g.,
actinide/lanthanide extraction ligand com-
plexes will find application in optimization of
separation technologies of lanthanide cations
from minor actinides (partitioning), while at
the same time provide basic insight into struc-
ture-reactivity relationships of actinide ele-
ments, which is a present scientific frontier.

International

Two international projects focus on the stabil-
ity of the bentonite buffer/backfill in contact
with water conducting features and the influ-
ence of colloids on radionuclide migration in
crystalline host rock: the Colloid Formation
and Migration (CFM) experiment, coordinated
by NAGRA (National Cooperative for the Dis-
posal of Radioactive Waste, Switzerland), and
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the Colloid Project, initiated by SKB (Swedish
Nuclear Fuel and Waste Management Co.,
Sweden). Both projects are currently jointly
working together using the experimental set-
up at the Grimsel Test Site (Switzerland). Addi-
tional partners involved are from Japan (JAEA,
AIST, CRIEPI), South Korea (KAERI), Finland
(POSIVA 0y), Switzerland (NAGRA, PSI-LES),
Spain (CIEMAT) and United States (LANL). INE
plays a decisive role in the laboratory program
of both projects and is also mainly carrying out
the field activities.

EURATOM 7" Framework Program

The Collaborative Project (CP) “Redox Control-
ling Systems” (ReCosy) started in April 2008.
Main objectives of ReCosy are the sound un-
derstanding of redox phenomena controlling
the long-term release/retention of radionu-
clides in nuclear waste disposal and providing
tools to apply the results to performance as-
sessment/safety case. The project is coordi-
nated by INE, with Amphos 21 as the coordi-
nation secretariat and 32 institutions from 13
European countries contributing over the
four-year duration of this CP. The internation-
al interest in ReCosy is large and organizations
from Finland, Japan, Korea, UK and USA have
signed associated group agreements.

An additional CP continued this year, namely
“Cation diffusion in clayrocks” (CatClay),
which began in June 2010. The aim of CatClay
is to improve understanding of the phenome-
na governing migration of radionuclides in
clayrocks as potential host rocks for the deep
geological disposal of nuclear waste. The pro-
ject focuses on the diffusion-driven transport
of cationic species, Sr**, Zn** and Eu*', which
are more or less strongly sorbed on clay min-
eral surfaces. CatClay, coordinated by CEA,
combines model and experimental develop-
ments from the partners ANDRA, BRGM, CEA,
SCK-CEN, PSI-LES, Appelo Hydrochemical Con-
sultant and KIT-INE.

The 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) coordi-
nated by CEA. KIT-INE leads the “hydrometal-
lurgy” domain. The consortium consists of



34 members from Europe, Japan and Austral-
ia. ACSEPT is a continuation of previous FP4,
FP5 and FP6 partitioning projects in which KIT-
INE also participated.

INE continues to be a core member in
ACTINET-I3, the follow-up project to the Euro-
pean "Network of Excellence for Actinide Sci-
ences” (ACTINET-6, with EC FP6 and ended in
2008). ACTINET-I3 is an Integrated Infrastruc-
ture Initiative and commenced in January
2010. In contrast to the former ACTINET, the
present consortium has only eight members.
These are the leading European actinide la-
boratories: CEA, JRC-ITU and KIT-INE, as well
as HZDR, PSI, CNRS, KTH and UNIMAN. The ob-
jectives of ACTINET-I3 are: (i) to establish and
strengthen a network of actinide facilities
across the EU and to foster their joint devel-
opment in terms of capacity and performance;
(ii) to support and manage jointly a program
of access to appropriate infrastructures for
training and associated research projects mak-
ing use of the proposed facilities; (iii) to con-
duct on a limited scale a set of Joint Research
Activities (JRA) involving consortium member
organizations, with an objective to improve
the performance of infrastructures by devel-
oping new relevant instrumentations and/or
data of common interest; (iv) to provide open
access to the actinide laboratories and the in-
tegrated beamlines for outside scientists to
perform experimental work within well-
defined joint research projects. Further, these
activities are complemented by a virtual infra-
structure, the Theoretical User Lab, providing
support in theoretical and computational
chemistry and modeling, with a focus on the
complementarities between theory and exper-
iment.

The EURACT-NMR project is a new 32 month
coordination and support action starting Feb-
ruary 2011 and is established to provide
transnational access to the Karlsruhe Actinide
NMR Centre of Excellence with state-of-the-
art nuclear magnetic resonance facilities at
the KIT-INE and JRC Institute for Transuranium
Elements (ITU). These institutes have two
400 MHz NMR spectrometers, which have
been adapted to allow advanced nuclear
magnetic resonance experiments on radioac-
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tive solid and liquid materials. The aim of
EURACT-NMR is to open up unique and newly
available actinide nuclear magnetic resonance
facilities to nuclear researchers across Europe
and EC associated countries. Additionally it
will help to nuture nuclear magnetic reso-
nance expertise and awareness amongst the
European nuclear research community, in or-
der to develop new experimental validation
methods for complex models of the behavior
in nuclear materials and processes.

Activities of the collaborative project SKIN
(Slow processes in close-to-equilibrium condi-
tions for radionuclides in water/solid systems
of relevance to nuclear waste management)
began upon its establishment in February
2011. Solid/liquid chemical equilibrium hy-
potheses (sorption, solubility, solid-solution
formation) are key concepts in the assessment
of nuclear waste safety. The project intends to
assess the effect of surface properties on ap-
parent solubility, as well as the kinetics of in-
corporation of radionuclides in the structure
of a solid phase, and the associated reaction
mechanisms for various solids in a systematic
manner, using isotope exchange under close-
to-equilibrium conditions.

The collaborative project CROCK (crystalline
rock retention processes) aims at improving
the safety case for crystalline rock far-field as
a radionuclide migration barrier. Uncertainty
and associated conservatism are the key prob-
lems in including radionuclide retention for
improving safety prognoses. The overall
CROCK objective is to develop a methodology
for decreasing the uncertainty in the long-
term prediction of the radionuclide migration
in the crystalline rock far-field. Key aspects of
radionuclide retention in this case are regard-
ed, i.e. chemical processes and enhanced resi-
dence time in stagnant flow-system regions
(matrix diffusion). The project started on Jan-
uary 1, 2011 and will last 30 months.

The BOOSTER project (BiO-dOSimetric Tools
for triagE to Responders) addresses the re-
quirement of effective management of an in-
cident involving exposure of large numbers of
people to radioactive material. BOOSTER is a
capability project designed to research and



develop new bio-dosimetric tools, in order to
quickly evaluate the level of potential casual-
ties, determine by appropriate sensors their
consequences, allow an efficient triage of ex-
posed people, integrate a useful and usable
toolbox, train civil protection operators and
define commercial exploitation potentialities.

Within the EURATOM 7 FP, INE coordinates
the Collaborative Project “Fast / Instant Re-
lease of Safety Relevant Radionuclides from
Spent Nuclear Fuel (CP FIRST-Nuclides)”. The
CP was started in January 2012. Quantification
and understanding of the release mechanisms
of gaseous and readily soluble radionuclides
from high burn-up UO, fuel is investigated ex-
perimentally. Furthermore, models will be de-
veloped to predict the time-dependent mobi-
lization of the different radionuclides on the
fuel rod/fuel element scale as function of the
time period between disposal and canister
failure.

ASGARD (Advanced fuelS for Generation IV
reActors: Reprocessing and Dissolution;
1/2012-12/2015) is a EURATOM FP7 Large
Scale Integrated Project focusing on ad-
vanced/novel nuclear fuels fabrication and
their respective reprocessing issues. ASGARD
seeks integration between reactor, fuel and
recycling communities, which today is lacking.
In some cases this results in discrepancies be-
tween the reactor design on one hand, and
the technological feasibility of fabricating, dis-
solving and reprocessing the selected fuel on
the other hand. ASGARD is an integrated ef-
fort of 16 institutions from 9 European coun-
tries. It is coordinated by Chalmers Technical
University.

Recent safety assessments of nuclear waste
repositories in crystalline formations have
shown that the formation and stability of col-
loids may have a direct impact on the overall
performance of the repository. The main aim
of the 7™ framework collaborative project
BELBaR is to increase the mechanistic under-
standing of the processes that control benton-
ite erosion, clay colloid stability, and ability to
transport radionuclides. The final outcome is
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to assess how colloids and related phenomena
can be considered in the long-term safety
case. Recommendations should be made on
the quantitative and qualitative approaches
that a safety case could pursue to adequately
address this potentially very significant issue.
BELBaR coordinated by SKB consists of a con-
sortium of 14 partners from Sweden, Finland,
Spain, Czech Republic, Great Britain, Russia
and Germany with KIT-INE leading WP3 on
“Colloid radionuclide & host rock interaction”.

Conferences and workshops INE has orga-
nized a series of workshops and conferences
or has contributed significantly to the organi-
zation:

ReCosy 4™ and final annual project
workshop, January 23-26, 2012 in
Karlsruhe, Germany

Fast/Instant Release of Safety Relevant
Radionuclides from Spent Nuclear Fuel
(FIRST-Nuclides) - Kick-off meeting,
February 8-10, 2012 in Barcelona, Spain

Fourth Annual ACSEPT Meeting, March
20-23, 2012 in Karlsruhe, Germany

Goldschmidt 2012 Conference, June
24-29, 2012 in Montréal, Canada, "In-
terfacial geochemistry: From nano-
scale processes to meso-scale results"

Goldschmidt 2012 Conference, June,
24-29, 2012 in Montréal, Canada, Ses-
sion 8c: “Structural incorporation of
heavy metals/radionuclides into min-
eral phases in aqueous environment”

EUROSOIL 2012 Conference, July 2-6,
2012 in Bari, Italy, Special session "Syn-
chrotron radiation in soil science: ap-
plications and method development"

Fast/Instant Release of Safety Relevant
Radionuclides from Spent Nuclear Fuel
(FIRST-Nuclides) - 1** Annual Workshop,
October 8-11, 2012 in Budapest,
Hungary






5 Fundamental Studies: Process understanding on a molecular scale

The following section describes recent scientific advances in the field of fundamental radionuclide
chemistry in aqueous solution relevant to nuclear waste disposal. A detailed understanding and relia-
ble quantitative prediction of aqueous chemistry is relevant to assess the potential migration of acti-
nides and long-lived fission products in the near- and far-field of a nuclear repository in deep geologi-
cal formations. The investigated aqueous systems cover from dilute solutions to highly saline salt
brine systems and establish essential site-independent data and process understanding.

Research activities at KIT-INE include the experimental investigation and systematic evaluation of ra-
dionuclide solubility and speciation, development of reliable chemical models and subsequent de-
termination of consistent thermodynamic data. The studies reported in this section also include the
contributions from highly successful research activities at KIT-INE investigating the interaction of ra-
dionuclides with mineral/water interfaces and the formation of radionuclide containing solid solution
phases. Both topics are targeting the identification of radionuclide retention/retardation mecha-
nisms on a molecular level and their robust thermodynamic quantification. The fundamental studies
on aqueous radionuclide chemistry are strongly linked to the applied studies described in Chapter 6
on natural systems relevant for safety assessment.

5.1 Chemistry and thermodynamics of actinides in agueous solution

M. Altmaier, N. L. Banik, M. Béttle, K. Dardenne, D. Fellhauer, D. R. Fréhlich, X. Gaona, M. Herm,
K. Hinz, T. Kobayashi®, P. Lindqvist-Reis, R. Marsac, P.J. Panak, J. Rothe, A. Skerencak-Frech,

E. Yalcintas

In co-operation with:

C. Apostolidis®, Th. Fanghdnel”:, S. KalmykoV®, V. Petrov®, M. Skripkin®, O. Walter”

? Research Reactor Institute, Kyoto University, Osaka, Japan; "JRC—ITU, European Commission, Karlsruhe, Germany; © Heidelberg University,
Heidelberg, Germany; ¥ Moscow State University, Moscow, Russia; ¢ St. Petersburg University, St. Petersburg, Russia

Introduction comprehensive thermodynamic description of

actinide solubility and speciation. The direct
Fundamental research on the aquatic chemis- access to advanced spectroscopic techniques
try and thermodynamics of actinides and fis- available at KIT-INE (TRLFS, XAFS, LIBD,
sion products is a challenging but rewarding Raman, etc.) importantly contributes to the
research field with close links to the safe dis- correct definition of chemical models, key
posal of nuclear waste. Solubility and com- milestone in the development of accurate
plexation studies provide the basis for the thermodynamic and activity models. In the fi-
thermodynamic description of actinide sys- nal step of this bottom-up approach, complete
tems, and further represent a key input for and consistent sets of thermodynamic data
the estimation of the source term in perfor- are published in peer reviewed journals and
mance assessment studies (PA) of repositories contributed to thermodynamic databases, e.g.
for radioactive waste disposal. Redox process- THEREDA or NEA-TDB. Reflecting the exper-
es, effect of high ionic strength and influence tise and commitment of KIT-INE in this field,
of elevated temperatures on the chemistry of the “Recent advances in aqueous actinide
actinide and fission products were targeted in chemistry and thermodynamics” were sum-
2012 as main research activities within this marized by M. Altmaier and co-workers for
field at KIT-INE. the special issue of Chemical Reviews dedicat-

ed to Nuclear Chemistry [1].

The topics above were tackled with experi-
mentally oriented investigations aiming at a
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Fig. 1: Experimental data for the reduction of Tc(VIl) at
[TcO, lo= 10" M in 5.0 M NaCl. Open symbols indicating
reduction to Tc(IV); solid symbols corresponding to sam-
ples with no reduction of Tc(VIl). Dashed line indicates
the Tc(VI)/Tc(IV) borderline calculated according with
the NEA-TDB [4].

Redox chemistry and solubility of Tc in
NaCl and MgCl, solutions

Technetium—99 is a B—emitting fission product
highly relevant in the safety case for nuclear
waste disposal due to its high yield in radioac-
tive waste, long half-life (t,,~211.000 a) and
redox sensitivity. An appropriate knowledge of
the Tc(VII/IV) redox chemistry and Tc(IV) solu-
bility in concentrated NaCl and MgCl, solu-
tions is required in the context of nuclear
waste disposal in rock-salt formations. This
study continues the successful work on Tc re-
dox chemistry in dilute systems initiated at
KIT-INE in 2010 [2].

Redox experiments with Tc(VIl) and
[Tclo = 10° M were conducted in dilute to con-
centrated NaCl (0.5M-5.0M) and MgCl,
(0.25 M — 4.5 M) solutions, in the presence of
different reducing chemicals (Na,S,04, SnCl,,
hydroquinone (HQ), Fe(ll)-Fe(lll) and Fe pow-
der). The reduction of Tc(VIl) to Tc(IV) was fol-
lowed by the decrease of Tc concentration in
solution, and further confirmed by solvent ex-
traction with TPPC in chloroform [3].
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In the case of solubility experiments, ~200 mg
of Tc(VIl) were electrochemically reduced to
Tc(lV) in 1.0M HCIl, and precipitated as
TcO,-xH,0 at pH ~12 in 5 mM Na,S,0,. The re-
sulting solid was divided in two series of inde-
pendent batch experiments (~5 mg Tc(IV) per
sample) with NaCl 0.5M and 50M and
4 < pH,<14. Reducing conditions were main-
tained with Na,S,0, or SnCl,. Tc concentra-
tion, pH. and E, were monitored with time.

The reduction of Tc(VIl) to Tc(IV) observed ex-
perimentally was in good agreement with
thermodynamic predictions, represented by
the borderline calculated according with the
NEA-TDB [4] for the chemical reaction TcO, +
4 H" + 3e” < Tc0,xH,0(s) + (2—x) H,0 (Fig. 1).

The reduction of Tc(VIl) was found to be inde-
pendent of the reducing system and could be
properly characterized based on the pe+pH
conditions of the experiment.

Preliminary Tc(IV) solubility data obtained in
0.5M and 5.0 M NaCl revealed an increased
solubility at 4 > pH. > 10. This observation like-
ly indicates the predominance of TcOOH" and
TcO(OH);~ species, respectively, in good
agreement with the current hydrolysis scheme
selected in the NEA-TDB [4]. The pH-
independent solubility reaction TcO,:xH,0(am)
< TcO(OH),(ag) + 1-x H,0 is proposed for
the solubility control within 4 <pH.<10. The
on-going studies in NaCl solutions will be fur-
ther extended to dilute to concentrated CaCl,
and MgCl, systems. In all cases, exhaustive sol-
id phase characterization by XRD, SEM—EDS,
XAFS and chemical analysis is foreseen to de-
rive/confirm the proposed chemical model.
SIT and Pitzer approaches will be used to gain
the corresponding thermodynamic and activi-
ty models.

Solubility and hydrolysis of Np(V) in
alkaline NaCl solutions

The hydrolysis of Np(V) has been motive of
debate in the last years due to the experi-
mental shortcomings affecting the available
solubility studies (lack of solid phase charac-
terization) and to the known sensitivity of
Np(V) to carbonate impurities. In this context,
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Fig. 2: Solubility of Np(V) in 0.1 M (a) and 5.0 M (b) NaCl
[6] and NaClO, [5]. Solid lines corresponding to
NpO,0H(am, fresh) and NaNpO,(OH),(cr) solubility as
calculated with the current NEA-TDB [4] and reported in
[6].

the solubility and hydrolysis of Np(V) were re-
investigated by a series of solubility experi-
ments with 2’Np(V) in dilute to concentrated
carbonate-free  NaCl solutions (0.1M</
<5.0 M) under inert gas atmosphere. Special
attention was dedicated to the accurate char-
acterization of the solid phases controlling the
solubility in each system (XRD, quantitative
chemical analysis, SEM—EDS, XAFS).

In 0.1 M NaCl, the solubility of the initial
NpO,0OH(am) solid phase was in good agree-
ment with previous experimental results ob-
tained in NaClO, solutions [5] (Figure 2a), thus
reinforcing the current NEA-TDB selection for
Np(V) hydrolysis species (NpO,0OH(aq) and
NpO,(OH),") and solubility product of the
freshly precipitated NpO,0OH(am). No ageing
of this solid phase was observed below
pHn ~11.5 (even in 5.0 M NaCl) during the
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timeframe of the study (2 years). In concen-
trated NaCl solutions (/>1.0 M) and above
pHm ~11.5, the greenish NpO,0OH(am) trans-
formed into a white solid phase (and further
to a pinkish material), accompanied by a drop
in Np(V) solubility of 0.5-1.5 log-units (de-
pending upon NaCl concentration) (Figure 2b).

Chemical analyses and SEM-EDS indicated a
clear Na—enrichment in the white and pink
phases, with Np:Na ~1 not reported before in
solubility studies. The presence of structural
Na in these solids was further confirmed by
EXAFS. XRD patterns obtained for the pink sol-
id phase were found in good agreement with
data reported for NaNpO,(OH),(cr). A
log *K9 for this solid phase was determined
based on Np(V) solubility data at pH,>11.5
and /> 1.0 M NaCl [6].

Structure and spectroscopy of Np(VI)-
nitrate complexes in solution

The neptunyl ion, Np"'0,%, is relatively stable
in nitric acid solutions at oxic conditions. This
enhanced stability of the hexavalent state is
related to the complexation between NpO,**
and NOs’, despite that nitrate is a rather weak
ligand. As ligand in complexes the nitrate ion
is either mono- or bidentately bound. Biden-
tate coordination is often found in solid com-
plexes [7, 8], while monodentate coordination
is likely to occur in dilute aqueous solution.

Because the coordination chemistry of AnO,*
ions is similar, published equilibrium constants
for U(VI)-nitrate complexation may be used
for Np(VI) and Pu(VI) as such data is scarce or
missing for the latter two. However, according
to the NEA-TDB data base [4], the equilibrium

Fig. 3: X-ray structure of [NpO,(NOs),(H,0),] in 1 at 200 K
(thermal ellipsoids at 90% probability).
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constant for the mononitrate complex is relia-
ble, while those for the di- and trinitrate com-
plexes are not. To bridge these gaps, we have
initiated structural and spectroscopic studies
on Np(VI) in nitric acid, combined with ther-
modynamic modelling.

Single-crystals of [NpO,(NOs),(H,0),]-H,0 (1)
were grown from a concentrated Np(VI) ni-
trate solution in 14 M HNO;. X—ray analysis
showed that 1 is isotypic with those of U and
Pu [7-8], all of which crystallize in the P-1
space group, with two structurally independ-
ent complexes of [AnO,(NOs),(H,0),], linked
via hydrogen bonds to a lattice water (Figure
3). A central question is whether the
[NpO,(NO3),(H,0),] complex also occurs in so-
lution. Vis-NIR absorption, EXAFS, IR, and Ra-
man studies on 1 and its mother liquid sug-
gested that this was indeed the case. We
found no evidence of a trinitrate complex in
this solution, even after addition of ammoni-
um nitrate, whereas upon evaporation crystals
of NH4[NpO,(NOs);] were formed. To obtain a
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more complete picture about the different
Np(VI)—-nitrate complexes in solution, we rec-
orded vis-NIR absorption spectra of dilute
Np(VI) solutions at different nitric acid concen-
trations between 0 and 14 M (Figure 4a). As
shown by peak deconvolution and factor anal-
ysis, the spectra consist of three key compo-
nent bands with peak positions at 1222, 1228,
and 1120 nm, assigned to the hydrated
NpO,**, NpO,NO;s*, and NpO,(NOs),(aq) spe-
cies, respectively.

Figure 4b shows the distribution of the aqua,
the mono- and dinitrate species as a function
of the nitric acid concentration. This distribu-
tion is in agreement with that from a time-
resolved laser fluorescence spectroscopic
study of U(VI) in nitric acid solution [9]. How-
ever, our results are in contradiction to those
presented in a recent paper on Pu(VI) in nitric
acid solution, claiming that mononitrate spe-
cies dominates in 15 M HNOs [8]. The discrep-
ancies identified within the series U(VI)—
Np(VI)—Pu(VI) will be assessed in further stud-
ies.

The development of thermodynamic and ac-
tivity models based on the chemical model
proposed above using both SIT and Pitzer ap-
proaches is underway.

Complexation of Cm(lll) with borate in
alkaline NaCl, MgCl, and CaCl, solutions

Borate can be present in a repository for the
disposal of radioactive waste as part of the
emplaced waste inventory and as a compo-
nent of intruding brines in the case of rock-salt
formations (relict borate phases). A slight in-
crease of Nd(Ill) solubility was recently re-
ported at pH.=8.59 and [B]i: = 160 mM [10].
In the present work, the interaction of borate
with Nd(lll) and Cm(lll) was studied with a se-
ries of solubility and TRLFS experiments, re-
spectively, in dilute to concentrated NaCl,
MgCl, and CaCl, solutions.

Experiments were conducted inside an inert
gas (Ar) glovebox. Samples were prepared in
0.1-5.0M NaCl, 0.25-3.5M MgCl, and
0.25-35M CaCl,, with 4 mM <[Bliot
<400 mM and 7 <pH.<13. Nd(lll) solubility



experiments were performed from undersatu-
ration with Nd(OH)s;(am) (~¥10 mg per inde-
pendent batch experiment). Samples were
monitored for [Nd] and pH, up to 142 days.
TRLFS experiments were performed with
1x10~" M Cm(lll) per sample. Single emission
spectra and fluorescence lifetimes were col-
lected with a Nd:YAG pumped dye laser sys-
tem (Surelite Il Laser, Continuum).

The solubility of Nd(lll) in 3.5 M MgCl, solu-
tions in the absence and presence of borate is
shown in Figure 5. No increase in Nd(lIl) con-
centration was observed in MgCl, solutions
with [B]iw: up to 400 mM. On the contrary, a
clear decrease in solubility occurred at pH. <9
and [B]iot = 40 mM. Similar observations were
obtained in NaCl and MgCl, solutions.

The decrease of Nd(lll) solubility with increas-
ing [Bliw: as well as the clear change of the
slope of the solubility curve indicated the like-
ly formation of a new Nd(lll) solid phase con-
taining borate. Further investigations are on-
going to accurately characterize this newly
formed solid phase (XRD, SEM-EDS, XPS).

Cm(IIl)-TRLFS spectra collected at pH.=8 and
4 mM < [B]io: £400 MM showed a red shift
with increasing [B]i:. This observation indi-
cates a weak but clear complexation of Cm(lll)
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Fig. 5: Solubility of Nd(Ill) in 3.5 M MgCl, and CacCl, in the
absence [11] and presence [12] of borate (4 to 400 mM).
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with borate, which does not have a significant
impact on the solubility (see Figure 5). Any
guantitative interpretation of the TRLFS spec-
tra is (so far) hindered by the very complex
borate aqueous speciation. 'B-NMR studies
in NaCl and MgCl, solutions are on-going with
the aim of obtaining a more accurate descrip-
tion of boron speciation in brine solutions

Complexation of Cm(lll) with CI" at T =
25 -200°C

Chloride is abundant in the pore water of cer-
tain clay rocks as well as brines of deep salt
formations. At 25°C, CI” is a weak ligand for
the complexation of trivalent actinides. Log ,Bon
values are given by the NEA-TDB (Iog/)’ol,zsuc =
0.24 % 0.03; log % 25 = -0.74 + 0.05) [4]. Sev-
eral studies on the interaction of Ln(lll) with
Cl” show a strong increase of the stability con-
stants with increasing temperature [13, 14].
Due to the radioactive decay and the associat-
ed heat release, temperatures of up to 200°C
are expected in the near field of a nuclear
waste repository. No studies on the interac-
tion of An(lll) with CI” are available under such
conditions. Thus, we apply TRLFS and EXAFS in
combination with a custom build high tem-
perature cell to study the complexation of
Cm(lIl)/Am(lll) with CI” in aqueous solution at
T=25t0200°C.

Details on the experimental setup are given
elsewhere [15]. The TRLFS samples were pre-
pared at [H']=0.1m, [Cm(ll)]=10"m and
[CI']=0.1-4.0m. The EXAFS sample con-
tained [Am(II)]=10°m, [H']1=0.1m, and
[CI'T=3.0m.

A comparison of the emission spectra of
Cm(lll) in NaClO,; (1.0 m) and NaCl (0.1 and
4.0 m) solution is displayed in Figure 6. At
25°C, only the Cm** aquoion is present in all
samples. However, the spectra show signifi-
cant differences at increased temperatures.
Lindgvist-Reis et al. showed that Cm(lll) does
not form any complexes with ClO, up to
200°C under the present experimental condi-
tions [15]. Thus, the observed differences are
attributed to the formation of Cm(Cl),>" com-
plexes at increased temperatures.
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Fig. 6: Emission spectra of Cm(lll) at [NaClO,] = 1.0 m,
[NaCl] =0.1and 4.0 m, T = 25 and 200°C.

The spectra are analyzed by peak deconvolu-
tion at every studied temperature. Therefore,
the single component spectra of the CmCl,>"
complexes are determined. The peak positions
of the yielded emission bands are in very good
agreement with the literature data at 25°C
[16]. The emission bands are shifted slightly to
higher wavelengths with increasing tempera-
ture. Thus, and due to the small shift of the
band of the CmCI** complex, this species can-
not be quantified with acceptable accuracy at
increased temperatures. The band of the
Cm(Cl)," complex is shifted distinctively
stronger to higher wavelengths, which enables
the quantification of its molar fraction as a
function of [CI'] and T. Furthermore, the
Cm(Cl)s(aq) complex is formed at T = 180°C,
but remains below 5%.

The results show a considerable increase of
the Cm(Cl)," complex with increasing [CI"] and
T. The determined log f(T) values are ex-
trapolated to /,=0 with the SIT [4]. The
log %(T) increases linearly by almost 3 orders
of magnitude in the studied temperature
range. The temperature dependency is fitted
by the integrated van’t Hoff equation, yielding
AH®,, and A,S°,. The results are summarized in
Table 1.

The EXAFS spectra at 25 and 100°C are well
described considering 9-10 oxygen neighbours
at a distance of ~2.45 A. At 200°C a second os-
cillation is present at k=5 A, This results in a
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Table 1: Thermodynamic data of the formation of the
cm(cl),” complex.

0 (ce log 0 0
IOgﬁ 2(25 C) ﬂﬂz(zoooc) ArHZ m A|$2 m
53.4+4.4 | 164.8+8.6
- + +
0.12+0.39 | 2.80+0.07 ki/mol J/mol-K

broadening of the peak in the pseudo-radial
distribution in the related Fourier Transform.
This effect is attributed to the presence of CI”
in the inner coordination sphere of Am(lll).
2-3 chloride ligands have to be included in the
fit. These results are in excellent agreement
with the TRLFS data.

The present work shows, that An(lll)-chloride
complexes may play an important role at ele-
vated temperatures and thus have to be con-
sidered within a comprehensive long term
safety assessment of a nuclear waste reposi-
tory.
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5.2 Sorption on Mineral Surfaces

M. Altmaier, N.L. Banik, H. Geckeis, T. Kupcik, J. Liitzenkirchen, C. Marquardt, R. Marsac, T. Rabung,

T. Schdfer, D. Schild, A. Schnurr, J. Rothe

Introduction

Radionuclide sorption onto mineral surfaces is
a key aspect which has to be considered in
performance assessment calculations for nu-
clear waste repositories. In this respect fun-
damental studies are essential to understand
the (sorption) reactions and mechanisms at
the mineral-water interface.

Besides pure and well defined laboratory sys-
tems also natural and site specific samples
have to be studied. By combination of a top
down / button up approach and a quantitative
description of sorption reactions by the means
of thermodynamic constants relevant sorption
data can be provided for PA.

Silica surface charge — influences on the
occurrence of the hydrophobic site

Previous studies on Eu adsorption on quartz
and the concomitant acid-base titration on the
quartz sample up to high ionic strength have
indicated that common surface complexation
models calibrated at low ionic strength may
allow the description of surface chemical equi-
libria up to highly saline conditions, by keeping
all thermodynamic parameters the same as at
low ionic strength and involving the Pitzer
formalism to calculate aqueous species and
water activities. However, one consistent ob-
servation in the quartz titrations was that
deprotonation of the quartz sample was clear-
ly measurable at pH < 5. Such behavior is very
rare corresponding to maybe 5% of the overall
available silica surface titration data that have
been published. However, such behavior has
been reported in spectroscopic work [1], and
has spiked some recent interest [2,3,4]. The
site at which the first deprotonation step oc-
curs has been termed the hydrophobic site.
Interestingly it exhibits cation specificity that
is different from its hydrophilic counterpart
[2,3]. Furthermore, the hydrophobic site has
been observed to exhibit anion specificity [4],
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which is not common for negatively charged
oxide surfaces. The hydrophilic site with an in-
trinsic pK, value of about 7.5 to 8.5 has been
involved in the interpretation of the common
silica and quartz charging curves with only one
deprotonation reaction. Another obvious but
rarely discussed problem related to the 95%
“normal” silica titrations is that although visi-
ble deprotonation does not occur before pH is
above 6 or 7 or even higher, zeta-potentials
are strongly negative at pH values >3. The
usually reported range of isoelectric points for
quartz and silica is between pH 2 and 3. Con-
sequently, it is important to find out what
causes the appearance of the hydrophobic
site. To this end acid-base titrations were car-
ried out on two quartz samples and an amor-
phous silica sample. Results in 600 mM NaCl
with starting points of the titrations at pH< 3
are shown in Figure 1. Known amounts of the
samples were added to a known volume of
electrolyte solution. Then the same aliquot of
HCl solution was added to all three systems
and the suspensions were allowed to equili-
brate for 2 hours at the initial pH. Subsequent-
ly the suspension was titrated by 50 mM
NaOH. The surface charge was calculated from
the consumption of hydroxide ions in the sus-
pension corrected for the theoretical con-
sumption in a corresponding system without
solid. The zero level was arbitrarily set to zero
at pH 3, because titrations cannot be carried
out to the expected point of zero charge
(which is at pH 1 for the amorphous silica, as
discussed later). Figure 1 shows a clear two
step deprotonation for the two quartz sam-
ples, which is more pronounced for the
MINUSIL (Minusil 15, quartz) sample. The
amorphous silica sample does not show this
two-step protonation, but some deprotona-
tion occurs at low pH for this sample as well.
The apparent strongly negative charge at high
pH is due to dissolution of the SiO, samples,
which results in aqueous species that release
protons at this pH. No attempt has been made
to correct for this. At lower pH values, no pH-
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Fig. 1: Surface charge density of three silica samples as a
function of pH in 600 mM NaCl solution.

dependent equilibrium solubility of SiO, is ex-
pected. It is this pH-range that is of interest
for the present work.

In a second series of experiments the titra-
tions were started at the suspension pH, i.e.
without extra addition of acid to the medium
solution. Results for 1 mM NaCl medium are
shown in Figure 2 for MINUSIL and amorphous
silica. The amorphous silica sample (red dots)
in this case does not show any deprotonation
in the pH range between 5 and 7, whereas
when started at low pH there is noticeable
negative charge at pH 5 (Figure 1, in 600 mM
NacCl).

When starting the titration from pH 5, the re-
sulting behavior shown in Figure 2 for amor-
phous silica actually agrees with the huge ma-
jority of data published in the literature. The
observation that the initial deprotonation at
low pH does not occur when the titration
starts at higher pH is also confirmed by the da-
ta shown for MINUSIL in Figure 2. A MINUSIL
titration started from low pH shows the build-
up of negative charge below pH 5 (open blue
diamonds). This is not observed when the ti-
tration is started at about pH 5 (full blue dia-
monds). If the reaction causing the deprotona-
tion below pH 5 also occurred in the titration
started at pH 5, there should be a concomitant
decrease in pH due to proton release and the
initial charge at the start of the titration would
be that observed in the titration started at low
pH. The results therefore suggest that the first
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deprotonation reaction needs to be activated
at low pH. Furthermore, titrations started at
pH 5 in different sodium media do not reveal
any anion specificity that was reported else-
where in experiments started at lower pH [4].
The absence of such effects concurs with the
inactivity of the hydrophobic site if experi-
ments are not started at low pH. Together
with the fact that amorphous silica does not
show enhanced deprotonation at low pH a
number of conclusions can be drawn:

The hydrophobic site appears to be more pro-
nounced on quartz samples. There is some
deprotonation at low pH on amorphous silica,
but it does not show the same two-step be-
havior observed for quartz. However, there is
a clear difference between data sets obtained
from low and high pH also on amorphous
silica.

Whether or not both sites on silica samples
are observed appears to depend on whether
the more acidic (hydrophobic) site is activated
or not. The acidic site will always be activated
in electrokinetic measurements that attempt
to attain the isoelectric point, which is below
pH 3 (for our sample it is at about pH 1 as
shown in Figure 3). It could also be a kinetic
effect, i.e. the waiting time before the first
addition of hydroxide might be too short.
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Fig. 2: Surface charge density of amorphous silica (red
symbols) and MINUSIL (full blue symbols) as a function
of pH in 1 mM NaCl solution, started at pH 5. Open blue
symbols show a titration for MINUSIL (quartz) started
at low pHin a 1 mM NaCl medium (nominal).
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The very low isoelectric point makes it impos-
sible to correctly fix the zero-level of the titra-
tion curves in Figures 1 and 2, if the acid site is
to be included, because no reasonable titra-
tion data can be obtained at pH 1. Fixing the
zero level can only be done via a model. At
present the zero-level in Figures1 and 2 is
fixed at pH 3 arbitrarily.

If the acidic site is activated in an adsorption
experiment, the onset of cation adsorption
may be at lower pH than in experiments that
are started at say pH 5. This explains rather
strong and unexpected adsorption of Am on
some samples [5] at low pH.

It is known that on quartz a gel-like (amor-
phous) layer starts to form, which explains the
relatively high solubility of bulk quartz [6].
With time the surface properties of amor-
phous silica are retrieved on quartz and con-
comitant changes of adsorption behavior with
time is to be expected. This has been observed
in a study on Am-adsorption (Petrov et al., un-
published data), where strong shifts of adsorp-
tion edges occurred with time for Am on
quartz (Minusil). The Minusil used originally
for the adsorption experiments showed titra-
tion behavior similar to the curves shown in
Figure 1.

Interestingly the hydrophobic site is hardly af-
fected by ionic strength based on the present-
ly available data in NaCl (not shown). Even
more interestingly specific ion effects occur in
this system. The acid (hydrophobic) site be-
haves as a structure breaker, i.e. it tends to at-
tract more strongly the structure breaking cat-
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ions (like Cs [2]) and surprisingly there are sig-
nificant anion effects [4], while the common
site has structure making properties and
structure making cations are preferably ad-
sorbed [2] and no preference in the anion se-
ries has been reported.

Finally the observations made here may also
relate to the uncommon stability of silica close
to its isoelectric point, in particular if ion ad-
sorption shows uncommon features in the low
pH range.
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Trivalent actinide and lanthanide
sorption on clay minerals under saline
conditions

The final disposal in deep geological for-
mations is considered as the safest way to
keep high level radioactive waste isolated
from the biosphere. Due to their high sorption
capacity, their swelling properties and their
low water permeability, clay minerals are of
great interest as suitable components of ge-
otechnical and geological barriers. Therefore,
several countries have selected clay for-
mations for their deep geological disposal pro-
jects e.g. Opalinus clay (Switzerland), Callovo-
Oxfordian (France) or Boom clay (Belgium). In
other concepts compacted clays have been
proposed as backfill and sealing materials. For
the safety assessment of nuclear waste con-
cepts, the potential contact of waste forms
with groundwater has to be considered. Sedi-
mentary clay formations discussed as poten-
tial repository host rocks can be in contact
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Fig. 1: Eu(lll) sorption onto illite as the logarithm of
the distribution coefficient vs. pH. at different ionic
strengths.

with highly saline (up to 5 molal) groundwater
[1]. Only a few studies so far addressed radio-
nuclide sorption under high ionic strength
conditions [2]. The non-electrostatic 2SPNE
SC/CE sorption model developed by Bradbury
and Baeyens to describe sorption onto illite
and smectite is only valid for relatively low
ionic strength systems (I <1 M) [3]. The pre-
sent work focuses therefore on the sorption of
trivalent metal cations (Eu(lll)/Cm(Ill)) and
hexavalent uranium onto different natural rel-
evant clay minerals (illite, smectite and kaolin-
ite) under saline conditions and exclusion of
CO..

Batch sorption edge experiments were carried
out with three different background electro-
lytes (NaCl, CaCl, and MgCl,) at different ionic
strengths ([NaCl] up to 4 M, [CaCl,] and
[MgCl,] up to 2 M), at fixed metal concentra-
tion ([Euliotar = 2107 M, labeled with ***Eu for
g-counting or [U(VI)]iotar = 4x107 M) and at
constant solid to liquid ratios (S:L =2 g/L) over
a wide pH, range (3-12). The extent of metal
ion adsorption onto the different clay minerals
approaches 100% at pH. > 7 for all investigat-
ed electrolyte solutions. In general, sorption
edges shift to higher pH.-values with increas-
ing ionic strength (confirmed for Eu(lll), first
hints for U(VI)). In presence of divalent cati-
ons, however, actinide/lanthanide sorption is
much stronger suppressed than observed for
NaCl solutions. This is explained by the
stronger competition of divalent cations with
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actinide/lanthanide sorption to cation ex-
change sites but also to inner sphere sorption
sites at the edges of the clay particles.

The applicability of the 2SPNE SC/CE model [3]
was tested to describe Eu(lll) sorption at high
ionic strength. A good agreement of experi-
mental data and model prediction was
achieved in the NaCl systems at pH. < 7 where
metal ion activities were calculated using the
Pitzer approach. However, the model under-
estimates sorption at higher pH.. Agreement
for Ca/MgCl, systems at higher pH and up to
0.6 M is much better. Deviations might be due
to uncertainties in the Pitzer parameter data
set for An(lll) in NaCl solutions.

Time resolved laser fluorescence spectroscopy
(TRLFS) studies confirm the existence of three
distinguished Cm(lll) surface complexes which
have been described already earlier for low
ionic strength conditions [4] also at high salini-
ty. This finding demonstrates that the coordi-
nation of adsorbed actinide species does not
change noticeably under highly saline condi-
tions and validates speciation assumptions
underlying the 2SPNE SC/CE model. However,
with an improved detection system, an addi-
tional fourth inner-sphere surface species
could be identified at higher wavelengths
(A~ 610 nm) being comparable to the findings
of a previous study on curium interaction with
kaolinite. This species was interpreted as a
clay/curium/silicate ternary complex [5].

The present work clearly demonstrates that
clay minerals represent strong retardation
barriers for tri- and hexavalent metal ions
even under highly saline conditions.
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Eu sorption onto natural illite; a batch-
and TRLFS study

Clay mineral dominated geological formations
(e.g. claystones) are being investigated by
several countries as potential host rock for-
mations for a high-level nuclear waste reposi-
tory. Clay minerals such as kaolinite, montmo-
rillonite, or illite generally form the main
constituent in these sedimentary rock for-
mations and are being investigated thoroughly
by means of their sorption properties [1-3]. In
case of illite, the studies dealing with radionu-
clide sorption have been performed only with
the pure, purified mineral [4-6]. However, ac-
cessory mineral phases initially present in the
natural clays such as calcite or iron
(hydr)oxides are also known to be effective
sorbents for actinides [7,8]. In natural waters,
were tri- and tetravalent actinides are ex-
pected to be in low concentrations due to sol-
ubility limitations, such mineral phases may
influence the radionuclide retardation sorp-
tion or might even dominate the sorption
properties [9].

In the present study the sorption properties of
an unpurified illite sample have been investi-
gated by both batch sorption and time re-
solved laser fluorescence spectroscopy
(TRLFS) experiments.

The illite material is derived from the basin
near Le Puy en Velay. Besides illite, also kao-
linite, quartz and well crystallised calcite are
present as minor constituents in varying
amounts. Separation of the < 63um size frac-
tion was performed by crushing and sieving of
the natural material. The surface area was de-
termined to be 113.7m?/g by means of
N,-BET. This raw, natural material was not be-
ing treated further, especially no acid treat-
ment and size fractioning procedures [10]
were performed. The unpurified illite is com-
pared to two purified Na-illite batches. The
first sample was obtained during the CatClay
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project (www.catclay.org) and only an acidic
treatment step (pH 3.5) was applied as a puri-
fication procedure, resulting in a Na-illite with
a <63 um size fraction. A further sedimenta-
tion procedure was performed in the second
case, giving the < 0.5 um size fraction. A thor-
oughly description on the latter purification
procedure can be found in the literature
[11,12]. The surface areas were determined to
be 132.1 m’/g and 129 m%/g for the <63 um
and < 0.5 um size fraction, respectively.

The batch sorption experiments, both sorption
edges and sorption isotherms, with Eu were
performed in a glove box (O, < 1ppm) per-
formed in 0.1 M and 0.5 NaCl solutions with a
solid-to-liquid ratio of 2 g/L. For the sorption
edge experiments [Eu] was varied between
6.6x10° and 6.6x10°M and the pH was ad-
justed in a range between 3<pH<11 (no
buffer added). The sorption isotherms were
recorded at two fixed pH values (5.5 and 7.0;
5x10° M MES and TRIS/TRIS-HCI buffer, re-
spectively) with [Eu] ranging from 2.8x10™' M
and 2x10™ M. After labelling the suspensions
with *?Eu, the samples were mixed end-over-
end for 7 days. After this, the pH was checked
and phase separation was performed by ultra-
centrifugation (90,000 rpm). The Eu content in
the supernatants was analysed by ICP-MS and
LSC, respectively. A reference specimen was
used as an internal standard and measured
simultaneously. The pH dependent Eu uptake
is presented as distribution ratios, Kyq (L/kg),
defined as:

Ctot-Ce
Kd = R
Ceq

(1)

8|

with Ci; the initial aqueous metal ion concen-
tration (mol/L), Ceq the measured Eu in the su-
pernatant (mol/L), V the volume of the liquid
phase (L) and m the mass of the solid phase
(kg). Surface normalized Kp values (L/m?) are
used to compare different illite samples with
different surface areas.

For the TRLFS investigations three parallel
samples were prepared with a mineral con-
centration of 0.25 g/L illite and 2x107 M of
Cm(lll) in 0.1 M NaClO,. The pH was increased
from 2.9 to 6.6 in small steps (no buffer add-



ed). After 2-3 days the pH was checked and
the samples were transferred into quartz cu-
vettes and investigated by TRLFS. For detail on
the experimental setup see [3].

The pH dependent Eu sorption onto natural il-
lite in 0.1 M and 0.5 M NaCl at three different
Eu(lll) concentration (6.6x10® M - 6.6x10° M)
is depicted in Figure 1a. At low pH the Kp val-
ues for 0.1 M NaCl are 1.5log units higher
than for 0.5M NaCl indicating an uptake
mechanism dominated mainly by cation ex-
change (CE) processes [3]. With increasing pH
the sorption increases and at pH > 5 the sorp-
tion data are not significantly different for
both ionic strengths, pointing to an uptake by
surface complexation. As the position of the
sorption edge is not significantly influenced by
different Eu concentrations, an ideal sorption
behaviour in the investigated Eu concentra-
tion range can be deduced. The present data
are in accordance with Eu sorption data ob-
tained for the purified Na-illite samples. Thus,
the minor mineral phases present in the unpu-
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In Figure 1c and d the Eu sorption isotherms at
two pH values are depicted. For all the three
systems and EUequilibrium < 10’ M a slope ~1 in-
dicates a linear sorption behaviour and the Eu
surface complexation through only one type
of reactive surface site. This result is con-
sistent with the sorption edge data with an
ideal sorption behaviour for 6.6x10® M < [Eu]
<6.6x10° M. At higher Eu concentrations, the
slope of the different sorption isotherms
tends to decrease in a different manner,
which can be attributed to saturation effects
and/or a sorption onto an additional surface
site. A relatively high Eu uptake at pH5.5 in a
narrow [EUegquiibrium] range at ~107 M, for both
the unpurified illite and purified illite with
<63 um is obvious, whereas this feature is
missing for the < 0.5 um size fraction. This re-
sult is not yet understood in detail, but possi-
ble explanations may include the presence of
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Fig. 1: Sorption edge (a+b) and sorption isotherm (c+d) results on the interaction of Eu with natural and purified Na-illite

[11,12].
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another sorption active phases (smectite/illite
mixed layers) or the precipitation of an Eu
bearing phase.

However, both the sorption edge and -
isotherm results show, especially at low Eu
concentrations, a good correlation between
the natural and purified illite samples, indicat-
ing only minor effects of the additional miner-
al phases (i.e. calcite, Fe-phases) on the Eu up-
take.

Figure 2 shows the evolution of the fluores-
cence emission spectra between pH 2.9 and
6.6. For pH < 4.7 the emission spectra resem-
bles the one for the Cm3‘+aquo jon with an emis-
sion peak maximum at 593.8 nm. This is in ac-
cordance with the results of the batch
sorption experiments, where the sorption be-
low pH5 is dominated by cation exchange
processes, where the metal ion retains its
complete hydration sphere (outer-sphere
complexation). At pH ~ 5 a shoulder at higher
wavelengths appears in the emission spectra,

599.2 nm 602.8 nm

T
593.8 nm

Unpurified illite
02591

107 M Cm [/
{ 0.1 M NaCl

Normalized intensity

Wavelenght (nm)

natural illite (<63um):
species 1
——— gpecies 2

598.3 nm 602.3 nm

purified Na-illite (<0.5 um) [2]:
species 1

A —sEemes 2

Normalized intensity
1

T
600
Wavelenght (nm)

1 T
580 590 610 620

Fig. 2: TRLFS spectra on the interaction of Cm with natu-
ral, unpurified illite at different pH values (above) and
single component emission spectra for inner-sphere sur-
face species (below) together with data on a purified Na-
illite [2].
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indicating a change in the first Cm coordina-
tion sphere and pointing to the formation of
surface sorbed Cm(lll) complex. With increas-
ing pH the intensity of this shoulder increases.
When the pH is increased further (pH ~ 6), the
Cm fluorescence is dominated by an emission
spectrum with a peak maximum ~ 602 nm.
Along with the red shift of the emission spec-
tra, the curium fluorescence lifetime increases
from t=64 ps to 115 ps. As T can be correlat-
ed to the number of H,0 and/or OH- units in
the first Cm coordination sphere by means of
a linear relationship [13], 5 H,O/OH- entities
can be calculated for the surface sorbed Cm.
Given the fact, that that the metal ion loses
~ 4 water ligands by complexation, this result
confirms an inner-sphere complexation. From
peak deconvolution two single component
emission spectra, i.e. two surface sorbed Cm
species with emission peak maxima at
Amax = 598.3 nm and 602.3 nm can be distin-
guished. As the first curium species appears at
low pH (pH >4.1), the formation of a Cm(lll)
complex =SO-Cm(H,0)s is most likely [2]. As
the second Cm species is being formed with
increasing pH, the second Cm species can be
assigned to the a hydrolyzed Cm surface com-
plex, i.e. =SO-Cm(OH)(H,0),.

The positions of the emission bands of the Cm
species as well as the fluorescence lifetime is
in perfect agreement with finding of Rabung
et al. [2] for the sorption of Cm onto a purified
Na-illite (size fraction < 0.2 um). Together with
the batch sorption, the TRLFS show, that the
Cm sorption on the unpurified illite material is
dominated by the pure illite mineral phase,
whereas impurities have no or only minor ef-
fects on the Cm complexation.
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Pu and Np interaction with Opalinus clay
(OPA) and Callovo-Oxfordian argillite
(COx)

Np and Pu speciation in OPA- and COx-
synthetic porewater system (i.e. pH =7.5; to-
tal ionic strength =0.3 M) under 1% CO, was
investigated as a function of the solid to liquid
ratio (10 g/L < S/L< 200 g/L) and contact time
(6 weeks and 4 months), at low total Np/Pu
concentrations (~107 M) for batch experi-
ments (liquid-liquid extraction and CE-ICP-MS
for concentration and oxidation state deter-
mination) and higher concentration (10* M)
for spectroscopy: UV-Vis/NIR, XAFS and XPS.
Phase separation was performed by ultrafiltra-
tion at 10 kDa. The pH and Eh measurements
were performed over time for all samples.
Geochemical speciation modeling was per-
formed with PHREEQC, where the 2SPNE
SC/CE model [1] was introduced to consider
Np/Pu(IV,V) sorption to clay minerals, and Ge-
ochemist’s Workbench to plot Pourbaix dia-
grams (redox speciation as function of pH and
Eh). Np(V) and Pu(V) were introduced in the
sample but thermodynamic calculations sug-
gest that Np(V)/Pu(V) are reduced to the +IV
oxidation state.

Fig. 1 presents the sorption data of the pre-
sent work and a comparison with literature
data. After 6 weeks contact time, Np(V) is the
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Fig. 1: Amount of Np and Pu present on the solid phases
(i.e. sorbed to OPA and COx or precipitated) versus
aqueous concentration. The present results are com-
pared with literature data for Pu(IV), Th(IV) and Np(V).
Np(V) data are obtained for a contact time < 6 weeks.

dominant species both in solution and in the
solid as deduced from liquid-liquid extraction
and EXAFS, respectively. Our sorption data
(green triangles) are consistent both with [2]
and surface complexation modeling. After 4
months contact time, Eh decreased and Np(V)
is reduced to Np(lV) as evidenced by the high-
er amount of Np on the solid phase. Such re-
duction was not observed by spectroscopy at
higher Np concentration, showing the limited
amount of reducing species on the solid. Pu(V)
reduction to Pu(lV) is fast. Sorption data re-
main constant between 6 weeks and
4 months. At higher Pu concentration, spec-
troscopic (XAFS and XPS) studied show the
formation of PuO,() with a structure similar to
Pu(IV)-colloids.

Final concentrations of the tetravalent acti-
nides in solution ([An(IV)].,) are consistent
with aqueous speciation modeling and show
that the formation of An(lV) hydroxo-
carbonato complexes [3] can enhance An(IV)
solubility in calcite saturated systems (e.g. log
[Pu(lV)].q increase from -10.2 to -83 at
pH ~ 7.5 without and with calcite, respective-
ly). In the present work, all the [An(IV)],q data
are equal to the solubility limit and show that
An(IV)-(hydr)oxides precipitate.

However, the present observations are nei-
ther consistent with literature data for Pu(lV)
[4] and Th(IV) [1] (see Fig. 1) nor with surface



complexation modeling (not shown). Indeed,
at such low loading (10 mol/kg), sorption is
expected to be linear as is the case for Th(IV).
Therefore, [An(IV)],q should theoretically be
controlled by surface complexation and
should also be several orders of magnitude
below the solubility limit. Conversely, the high
consistency between the present Np(lV) and
Pu(lV) data show that this surprising behavior
is not an experimental artifact but points to
more complex chemical mechanisms.

The present Np and Pu studies have in com-
mon that the observed aqueous solution con-
centrations [An(IV)],q are similar to the corre-
sponding calculated An(lV) solubility limit in
calcite saturated system. This contrasts with
literature data for Pu(IV) [4] and Th(IV) [1]. At
low [An(IV)].q, monomeric An(lV) is expected
to dominate the aqueous speciation and,
probably, surface speciation. Close to the sol-
ubility limit, the occurrence of different pro-
cess might explain our observations. First, we
note that Pu(lV) colloids have been shown to
be stabilized by mineral surfaces [5] and might
block surface binding sites for monomeric
species, explaining the deviation from the
sorption results reported in the literature [4].
Second, under acidic conditions polymeric
Pu(lV) species have been shown to dominate
aqueous speciation when [Pu(IV)],q is slightly
below the solubility limit [6]. Np(IV) might
have a comparable behavior to Pu(IV). If com-
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parable species were relevant at pH=7.5 in
the presence of carbonates, the apparently
lower sorption (or maybe a sorption plateau
at 10° mol/kg) might reflect a different sorp-
tion behavior than for monomeric An(IV) spe-
cies. Therefore, our present results show the
limits to understanding such complex natural
system, that cause complex and difficult to
control complexation reactions, without con-
comitant spectroscopic results for all relevant
elements (including inorganic carbon in the
present case) AND for the concomitant condi-
tions. Further studies have to be dedicated to
more simple systems, namely, An(lV) sorption
to purified clay and An(lV) aqueous speciation
in the presence of carbonates.
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Introduction

The contact of the High Level nuclear Waste
(HLW) matrix with ground water may lead to
the formation of secondary phases over geo-
logical time scales. The formation of such al-
teration phases represents a significant reten-
tion potential for the radiotoxic and long-lived
radionuclides (RNs). The presence of RN re-
leased from the corroding waste matrix during
the (co)precipitation of such phases opens the
possibility to structurally incorporate them in
the bulk solid. The formation of such solid so-
lutions may result in effective long-term im-
mobilization. The molecular scale mechanism
of RN incorporation in selected mineral phases
is currently investigated at INE. The combina-
tion of various complementary spectroscopic
techniques provides such molecular scale in-
formation. Most of the activities focus on the
actinides, but the retention of long-lived fis-
sion products is also investigated.

Precipitation kinetics of celestite from
supersaturated solutions of strontium
sulfate in mixed flow reactors

The precipitation of strontium sulfate (SrSQ,,
celestite) from supersaturated aqueous solu-
tions is of concern in a wide variety of fields
such as oceanography, sedimentology, petro-
leum industry and nuclear waste disposal [1].
Impurities play a crucial role in the theory of
crystallization in supersaturated solutions and
the exclusion of foreign particles is of major
importance in the study of precipitation kinet-
ics. °Sr is one of the fission products from the
23y decay series that is responsible for most
of the heat and penetrating radiation in high-
level waste. In order to predict interactions
such as incorporation or adsorption of radio-
nuclides in the most abundant strontium salt
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celestite, it is necessary to explore both the
kinetics and mechanism of precipitation. In
this study, heterogeneous formation of celes-
tite from supersaturated strontium sulfate so-
lutions at near neutral pH and 20+ 2°C has
been studied in mixed flow reactor (MFR) ex-
periments. The precipitation of celestite was
investigated using stable supersaturated solu-
tions seeded with SrSO, crystals and the rates
of precipitation were measured from the con-
centration-time profiles.

Experimental and results

A MFR is a stirred reactor allowing continuous
addition of reactants and removal of products.
The tank is stirred to ensure a homogeneous
suspension of the seed crystals within the re-
actor by using Teflon coated floating magnetic
stirrer. Chemical analysis of the outlet solution
gives information about the composition of
the solution in the reactor tank.

In this work, the MFRs (45 mL volume) were
first filled with seed crystals of celestite
(SrSQy, puratronic, Alfa Aesar, Kandel). Before
use, the seed crystals were sieved through a
50 um sieve and their surface area was de-
termined by N,-BET (0.99 m%/g). Aqueous
strontium chloride and sodium sulfate with
different saturation indexes (SI) were pre-
pared from the corresponding salts. Sodium
chloride (0.1 mol/L) was used to increase the
ionic strength of the solutions. The solutions

Table 1: Results of MFR-experiments.

sl R [10”° mol m?s™]
0.20 3.11
0.60 3.56
0.76 3.52
0.80 5.94
0.90 6.70
1.00 12.49
1.38 19.85




were fed in the reactor tank through different
inlets with a flow rate of approx. 0.3 mL/min.
Aliquots of the outlet solution were taken eve-
ry day and analyzed by IC (anions) or ICP-OES
(cations). Steady state was reached when the
concentration of different species in the outlet
solution was constant over 24 h. The deter-
mined precipitation rates as a function of the
Sl are presented in Table 1.

It was reported [2] that the strontium sulfate
precipitation obeys a second-order rate equa-
tion at small and moderate supersaturations,
whereas it may follow a first-order depend-
ence at very low supersaturations. The rates
determined in this study seem to follow a sec-
ond order dependence. Additional experi-
ments are needed to confirm this trend. The
major difficulties related to MFR-experiments
are the control of the flow rate and an accu-
rate determination of the yield of precipitates
at the end of the experiments. Future investi-
gations will overcome these difficulties by col-
lection and chemical analysis of the outlet so-
lutions. From the volume and concentration of
the effluent, the total amount of precipitated
celestite will be calculated gravimetrically.
Additional MFR-experiments will be per-
formed in the presence of sea sand as seeding
material to have a look at the effect of seeding
surface chemistry. All these experiments will
also be performed for the strontium car-
bonate system.

A thermodynamic entrapment model for
the quantitative description of
selenium(IV) coprecipitation with calcite.

Selenum-79 is a long-lived fission product with
a half-life of 3.27-10° a [3]. It is formed e.g. by
nuclear fission of **U. Especially the oxidized
Se species show only weak interactions with
most common mineral surfaces and °Se is
usually expected to migrate unretarded
through aquifer systems. Therefore "°Se is of-
ten considered a critical RN for the safe dis-
posal of nuclear waste.

Calcite is a common mineral in many for-
mations considered as potential host rocks for
a nuclear waste disposal e.g. as component of
clay stones (up to 20%) or as fracture filling
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material in granitic rocks. Furthermore, it is a
corrosion product of concrete based materi-
als. Numerous studies have shown that espe-
cially Se(lV), in aqueous solution present as
selenite anion (Se(IV)05%), which is chemically
and structurally similar to carbonate, interacts
with calcite and may adsorb at the calcite sur-
face or be incorporated into the calcite struc-
ture [4-8].

In last years’ annual report [9] we reported
coprecipitation experiments of Se(IV) with cal-
cite and the corresponding X-ray spectroscop-
ic investigation of the selenite incorporation
species. Previous investigations showed that
selenite is structurally incorporated into cal-
cite, which leads to the formation of a
Ca(Se03)x(COs)1x) solid solution. The constant
partition coefficient, Dey, =0.016 +0.012, ob-
served in coprecipitation experiments over a
large range of selenite concentration (107 -
10™ mol/L) indicates that selenite incorpora-
tion into calcite can be described as an ideal
solid solution between a virtual CaSeO;
endmember (logioKexp =-6.7 £ 0.4) and calcite
[9]. This year we focus on the comparison of
experimental and theoretical results on sele-
nite incorporation into calcite and the devel-
opment of a consistent thermodynamic con-
cept to describe the incorporation process.
Additional batch adsorption and aragonite re-
crystallization experiments support the sug-
gested entrapment model.

Experiments

Batch type adsorption experiments are per-
formed in pre-equilibrated calcite suspensions
at pH7.5, 8.3 and 9.8 containing 0.1 mol/L
NaCl and 25 g/L calcite (0.51 m*/g, BET). The
initial selenite concentration is 3.4 10™ mol/L
("Se(IV)). Aragonite recrystallization experi-
ments are performed starting from suspen-
sions of 20 g/L self-synthesized aragonite (97%
pure, XRD) containing 0.1 mol/L NaCl. The
aragonite to calcite recrystallization rates of a
pure and a 10™ mol/L selenite containing ex-
periment are compared.

Atomistic calculations

Density functional theory (DFT) calculations
are applied to calculate the reaction enthalpy



of the substitution of selenite for carbonate in
the bulk calcite structure, at the calcite (104)
surface and at the calcite (104) surface in the
presence of water. Empirical potential lattice
dynamics calculations are used to estimate
the effect of entropy on the bulk substitution.

Results and discussion

Comparison of theoretical and experimental
results for selenite incorporation into bulk cal-
cite reveals a puzzling picture. While the calcu-
lated structural environment of selenium in
calcite (Figure 1) is in perfect agreement with
experimental observations [9], the thermody-
namic interpretation of the substitution could
hardly be more unlike. According to theory in-
corporation should be quasi impossible. The
calculated partition coefficient is Dy =
5.2:10%°, and the corresponding end-
member stability is log,oKpux = 0.81 (compared
to experimental values: D=0.016 and
logioK =-6.7).

This discrepancy can be overcome by consid-
ering selenite incorporation into the calcite
surface as an intermediate reaction step in the
incorporation process. Surface incorporation,
or ion exchange, has been shown previously
to be the relevant process in selenite-calcite
adsorption experiments [5,6].

Indeed, DFT results qualitatively confirm that
incorporation into the calcite (104) surface is
energetically much more favorable than in-
corporation into the bulk calcite structure. The

i =
° oqie_ o
[ ]
c"c“
-0
C

Fig. 1: 2x2x1 supercell of calcite with a single selenite
(orange) substitution.
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corresponding logoKsuace Values of the CaSeO;
surface endmember being -8.23 or -3.74, de-
pending on whether a calcite-vacuum- or a
calcite-water-interface is considered. It's im-
portant to note that the surface CaSeOs;
endmember is not a bulk phase and corre-
spondingly its solubility product log;oK =-6.7,
which is taken from the experimental results,
is not a bulk thermodynamic property. It can
only be used to calculate the composition of
the calcite surface in contact with a selenite
containing solution. To accomplish entrap-
ment it is assumed that a surface solid solu-
tion, with a composition corresponding to the
surface endmember stability, is entrapped by
consecutive crystal layers upon solid solution
growth. This implies an analogy between ad-
sorption and coprecipitation, and indeed if we
use the results from adsorption experiments
at pH 7.5 and 8.3 (pH in coprecipitation exper-
iments is 7.6 to 8) and interpret them in terms
of a surface monolayer partition coef-
ficient, the results: D=0.002+0.0015
and D=0.02£0.015 are within uncertainty
equal to the partition coefficient ob-
served in coprecipitation experiments,
Dexp = 0.016 £ 0.012.

A consequence of the suggested entrapment
model is that a certain amount of energy is
required to accomplish entrapment, i.e. to
transform an energetically favorable surface
solid solution into an energetically unfavora-
ble bulk solid solution. This entrapment ener-
gy can be calculated from the Gibbs free ener-
gies of the surface and the bulk endmember,
and the molefraction X of selenite in calcite:

AGentrap:X[G(Caseo3_bulk)'G (CaseOS_surface)]

In the aragonite recrystallization experiment,
calcite is due to the stabilities of aragonite and
calcite, intrinsically  supersaturated at
Sl(calcite) = 0.14. Consequently, aragonite dis-
solves in the favor of the more stable calcite.
In the selenite containing experiment
(10" mol/L) the supersaturation is not suffi-
cient to overcompensate the entrapment en-
ergy, and indeed, during the 420 days experi-
mental period of the recrystallization
experiment a quasi-complete inhibition of cal-
cite growth has been observed (Figure 2).
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Fig. 2: Aragonite to calcite recrystallization experiments.
While in the pure system (AC pur) aragonite dissolves in
favor of the more stable calcite, calcite growth is inhibit-
ed in the selenite containing (10™ mol/L) system (AC Se).

The influence of nitrate on the
Eu(lll)/calcite system

The long term safety of nuclear waste reposi-
tories is mainly governed by the retardation
potential of the host rock formation. There-
fore, the knowledge of interactions of primary
and secondary mineral phases with radionu-
clides on a molecular scale is essential for
safety assessments. Calcite is present up to
high amounts in clay formations and is also
generated by the degradation of cementitious
material as a secondary phase [10,11]. In geo-
logical environments, ground and pore waters
contain considerable amounts of inorganic
and organic anions like NO3, C0,%, S0.%, CI,
propionate or lactate [12,13]. The presence of
these ligands strongly affects the speciation
and mobility of metal ions and other RNs in
solution and hence their interactions with
mineral phases. Likewise, anions can influence
mineral interfaces, e.g. by surface coverage or
charge balancing. For this study, nitrate was
chosen since it is an isostructural analogue to
carbonate and also a contaminant of nuclear
waste forms resulting from various waste
treatment processes.

Ln(lll) and An(lll) uptake by calcite

Earlier studies [14,15] showed that trivalent
Eu, Cm and Am can be incorporated into the
crystal structure of calcite. For Eu, three dis-
tinct sites could be determined (Figure 3). By
measurement of luminescence lifetimes, one
inner-sphere sorbed species (2 H,0) and two
bulk incorporated Eu(lll) ions were identified.
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The aim of this work was to study the influ-
ence of nitrate on the formation of solid solu-
tions. For this, site-selective time-resolved la-
ser fluorescence spectroscopy (TRLFS) and
high resolution atomic force microscopy
(AFM) were used.

Site-selective TRLFS

The Figure 4 presents the spectra of Eu-doped
calcite samples prepared in the presence of ni-
trate. The spectra of both the coprecipitation
and the recrystallization samples are very
similar, exhibiting one single excitation peak at
Aexc = 579.95 nm. By direct excitation, the 'F;
emission band was found to be maximum
split, while the ’F, shows 4-fold splitting, both
indicating a tetragonal or less symmetric envi-
ronment [16] of the metal ion. The mean life-
time of this species was determined as T = 629
+ 47 us, i.e. one water molecule is left in the
first hydration sphere of Eu(lll).

Atomic force microscopy

High resolution AFM imaging was carried out
with image size ranging from 5x5pum to
10x10 nm to visualize surface modifications of
calcite caused by nitrate. Freshly cleaved cal-
cite single crystals exhibit a smooth surface
with step edges of straight lined shape and
oxygen atoms protruding out the (104) plane.
In contact with NaNOs;, major changes in the
appearance can be observed. At low concen-
trations (107 to 10° mol/L) of nitrate, areas of
soft consistency arise on the crystals with dif-
ferent chemical compositions regarding their
phase. An increase of nitrate concentration to
10° mol/L results in a gel-like layer which is

—o— Calcite / Eu™ / NO,’
—o— Calcite / Eu™ / CIO, q

int. Eu® fluorescence intensity (a.u.)

T T T
579 580 581

excitation energy (nm)

Fig. 3: TRLFS excitation spectra of the Eu(lll)/calcite sys-
tem in the presence and in the absence of nitrate.
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Fig. 4: Excitation spectra of nitrate-experiments with one
peak at 579.95 nm (top) and emission spectra of the re-
spective Eu-nitrate species (bottom).

easily scratched away by the tip of the cantile-
ver, making the harder calcite surface beneath
reappear. At even higher concentration
(10° mol/L), also the step edges become
rounded and frayed. In accordance with
TRLFS, Eu(lll) seems to be incorporated into
that layer.

Clay mineral coprecipitation with Zr(IV)

In HLW repositories hosted by clay rock, re-
ducing conditions are expected to prevail so
that the long-lived and radiotoxic actinides
(e.g., Pu) may also be present in tetravalent
oxidation state [17]. The retention of trivalent
actinides (e.g, Am, Cm) by surface reaction
and by structural incorporation has been doc-
umented in the literature, but the retention of
tetravalent cations deserved less attention.
Clay minerals can form by corrosion of HLW
glass in contact ground water. These minerals
are known to have a high affinity for trivalent
f-elements. Furthermore, it was shown that
trivalent lanthanides [18] (non-radioactive
chemical surrogates for actinides) can occupy
octahedral lattice sites in hectorite, a magne-
sian smectite identified in glass corrosion ex-
periments [19]. The present study reports on
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Fig. 5: Unaltered calcite (104) face with protruding oxy-
gen atoms (left) and calcite surface after 20 h contact
with 1 mmol/L NaNO; (right).

the tetravalent cation Zr(lV) incorporation in
hectorite by coprecipitation.

Experimental

Hectorite was synthesized in the presence of
Zr(IV) (sample ZrCopHec) following a multi-
step synthesis procedure [18]. A freshly pre-
cipitated Zr(IV)-containing brucite precursor
was aged in the presence of LiF and a silica sol
for three days. Separately, a Zr(IV)-containing
brucite (ZrCopBru) was prepared under identi-
cal conditions.

Results and discussion

The structure of both compounds was charac-
terized by XRD. The samples consist either of
brucite (ZrCopBru) or of clay mineral (ZrCop-
Hec), no other separate phase could be de-
tected. SEM micrographs (data not shown)
showed that the samples consist of crystallites
of small size having a layered structure.

Zirconium K-edge XAS data were collected at
the INE-Beamline. The XANES regions of the
data collected for ZrO,, the Zr(IV) aqueous
ions (sample Zr(IV),q), ZrCopBru and ZrCop-
Hec are presented in Figure 6. The white line
(WL) features are different in each sample,
pointing to different local chemical environ-
ments. Furthermore, the WL in ZrCopBru and
ZrCopHec are broad and split. These features
are attributed to degenerate levels in the va-
lence band, the broadness and splitting in-
creasing for decreasing Zr site symmetry [19].
Obviously, the Zr(IV) chemical environment is
different in all samples, meaning that Zr(IV) is
sequentially occluded in different phases dur-
ing the hectorite synthesis procedure.
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Fig. 6: XANES region of the X-ray absorption spectrosco-
py data collected for ZrCopBru and ZrCopHec and the
references compounds.

Information on the chemical environment was
obtained by fitting the EXAFS region data (Fig-
ure 7). Zirconium is ligated to O atoms located
at d(Zr-0) =2.18 A in ZrCopBru. Next nearest
neighbors consist of 2 Mg subshells. These re-
sults can be interpreted as Zr located in a bru-
cite-like environment where the Zr and Mg
polyhedra share faces and edges. The Zr local
chemical environment changed upon hec-
torite crystallization. The O shell is located at
shorter distance (d(Zr-0)=2.07A) and next
nearest neighbors consist of Mg (d(Zr-
Mg) = 3.04 A) and Si (d(Zr-Si) = 3.22 A) shells.
All three shells are located at identical dis-
tances reported for octahedral Mg in hec-
torite, with almost identical coordination
numbers [20]. Zirconium is thus very likely

A ~650@207A

FT (kxx(k))

3.1 Mg @3.04 A

0 — 2 . 4 l é
R+ AR [A]

Fig. 7: Fourier transforms and the corresponding fit of
the EXAFS data collected for the samples ZrCopBru and
ZrCopHec.
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substituting for Mg at the same position in
hectorite. These results show the possibility to
incorporate tetravalent elements at clay octa-
hedral site, but do not allow to conclude
about thermodynamic stability. Further stud-
ies are needed to address this issue.
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6 Applied studies: Radionuclide retention in the multi-barrier system

Long-term safety of a nuclear waste disposal depends on the multi-barrier system which consists of
technical and geo-technical barriers such as the waste forms, canisters, backfill and sealing of the
mined openings as well as on the natural barrier function of the host rock. A series of applied studies
on subsystems of the multi-barrier system are performed, which cover a variety of components with
specific characteristics and properties. The investigations and quantifications of their respective re-
tention functions require specific approaches, methods, analytical techniques and models. Achieve-
ments presented in this chapter cover the mobilization of radionuclides from spent nuclear fuel in
high pH solutions under the conditions of the Belgian “Supercontainer Design”. Measurements of the
fission gas release from an irradiated PWR fuel rod segment are presented. These measurements
contribute to the 7™ FP project FIRST-Nuclides, dealing with the fraction of radionuclides rapidly re-
leased from spent nuclear fuel. With respect to non-heat producing wastes, the thermodynamic data
of long-term metastable magnesium hydroxo (chloro-) carbonates and the retention of Cm(lll) and
Eu(lll) on stable solid phases in the system Mg-Na-Cl-H,0 have been quantified. Application of basic
research on disposal safety is shown in the context of the “Preliminary Safety Analysis Gorleben
(vSG)” project and the database project “THEREDA” which provides consistent and reliable thermo-
dynamic reference data for all potential German host rocks (salt, clay, crystalline rocks). Migration
studies cover the colloid-associated RN transport under near-natural flow conditions in the scope of
the Colloid Formation and Migration (CFM) project at the Grimsel Test Site and the influence of the
mineral/fracture surface roughness on the colloid retention investigated by atomic force microscopy
(AFM). Modelling includes the simulation of thermo hydro mechanic (THM) processes in the near-
field of a HLW disposal in rock salt as well as the simulation of flow and transport phenomena in crys-
talline host rocks. The THM and some specific transport studies rely on the ADINA code, whereas for
reactive transport modelling the codes FASTREACT and PHREEQC / PHAST are used. Simulations are
presented for Np(V) migration in a single fracture using FASTREACT and leaching of cemented waste
forms with PHREEQC.

6.1 Examination of highly radioactive waste forms

E. Bohnert, E. Gonzdlez-Robles Corrales, B. Kienzler, A. Loida, V. Metz, and N. Miiller

Corrosion behaviour of spent nuclear fuel
in high pH solutions

Buffer
Assessing the performance of spent nuclear
fuel (SNF) in a geological disposal system re-
quires the understanding and quantification of
the radionuclide release. The release of the
radionuclides into water will be constituted by
two main processes:

\ [ Overpack |
= (ca

i) short term release of the so-called instant
release fraction (IRF).

ii) long term release dominated by the disso-
lution of the UO, grains, which is referred

Fig. 1: Belgian Supercontainer design (after [2]).

as matrix contribution. thermomechanical, hydraulic as well as geo-

chemical properties of this host rock are un-

In Belgium, Boom clay is considered as host der investigation since 30 years in the HADES
rock for diSpOSBl of hlgh level wastes. The underground |aboratory_
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For SNF, a specific concept was developed, the
so-called, Belgian “Supercontainer Design”,
see Fig. 1. It comprises the encapsulation of
the waste in carbon steel overpacks surround-
ed by a concrete buffer called “supercon-
tainer" [1,2].

After re-saturation of the engineered barriers,
the pore water composition will be altered by
interactions with concrete. The altered pore
water is simulated by a "young cement water
with calcium (YCWCa)" solution (pH of 13.5)
that represents a certain degree of concrete
alteration. The YCWCa is composed mainly by
KOH and NaOH, and in a minor concentration
by Na,S0,, Ca(OH), and CaCOs.

Due to the slow corrosion rate of the canister
materials [3] under highly alkaline conditions,
the SNF could come in contact with the
evolved highly alkaline solution.

The aim of the experimental work is to study
the corrosion behaviour of the UO, matrix in
YCWCa in presence of externally applied H,
overpressure. In these experiments, the con-
tributions from the gap between SNF pellets
and the Zircaloy cladding, contributions of
fracture surfaces and grain boundaries should
not dominate the radionuclide release pro-
cesses. This is achieved by using single SNF
fragments, enabling an effective contact be-
tween the UO, matrix and the solution. Specif-
ic objectives of the investigations are the
quantification of the:

e evolution of pH and the redox poten-
tial in the YCWCa — SNF system;

e dissolution rate of the SNF matrix;

e the associated release and / or reten-
tion of radionuclides as function of
time and specific surface properties.

Experimental

Five corrosion experiments with SNF frag-
ments are performed in YCWCa solutions (pH
of 13.5) under H, overpressure up to 3.2 bars
in 250 mL Ti lined stainless steel autoclaves.

The composition of the YCWCa was defined by
SCK-CEN [4], see Table 1:
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Table 1: Composition of YCWCa.

Compound Composition (mM)
KOH 370
NaOH 136
Na,SO, 2.0
Ca(OH), 0.4
CaCO, 03

The experiments started after a 4 days clean-
ing procedure with DIW and wash cycles over
21 days with YCWCa. The release of radionu-
clides was measured by sampling and subse-
qguent analyse of the free gas phases and the
solutions during the cleaning and wash cycles,
This procedure will be repeated after finishing
the experiment under H, overpressure that
have a duration time of and 58, 181, 253, 343
and 426 days. Detailed descriptions of the
sampling and analytical procedures are given
elsewhere [5].

Material

A commercial PWR UO, SNF irradiated during
four cycles in Gosgen power plant (Switzer-
land) and achieving a mean average burnup of
50.4 MWd/kguw was selected to be used in
the experiments. The SNF was discharged on
May 23, 1989 that implies a cooling time peri-
od of 23 years. More details about the SNF
can be found elsewhere [6].

Two cladded SNF segment, named 2K11a and
2K11b, were used to provide the fragments
necessaries to carry out the experiment. Both
pellets were already corroded during the first
(2007-2008) and the second phase (2009-
2010) of this project.

The cladded SNF segment was fixed in a sam-
ple holder to be decladded. The Zircaloy clad-
ding was cut by means of a manipulator hand
operated metal saw. Afterwards, the selected
fragments were isolated to characterise them.
Fig. 2 shows the complete procedure fol-
lowed.



Fig. 2: Different steps performed to obtain a fragment
from a pellet. (a) Device for decladding the SNF segment
2K11a by means of a metal saw and an adapted sample
holder. (b) SNF segment after cutting of the Zry-cladding
and released particles. (c) One of the selected SNF frag-
ments to be used in the experiments.

Characterisation

A total of 5 individual fragments were selected
and denoted as following: K11 F1, K11 F2, K11
F3, K11 F4 and K11 F5.

The fragments were weighted and their vol-
ume was calculated considering their weight
as well as the density of the UO, pellet after
fabrication (d = 10.41 g/cm?®). The results are
reported in Table 2.

The geometric surface area, Sgro, Of the frag-
ments was determined using five to nine im-
ages of each fragment made in different posi-
tions with the help of an optical microscope.
Then, the different faces observed on the im-
ages, were delimited and their surface area
values were calculated, see Fig 3. Finally, the
Sceo Was the sum of all faces surface area.

The surface of the SNF presents some irregu-
larities as porous or fractures that will in-
crease the Sgro obtaining the specific surface
area, Sipec. The images obtained by optical mi-
croscopy did not allow to differentiate and de-
termine the surface area of these pores
or/and fractures. N,-BET surface area analysis
technique is not available at INE's shielded
box-line.
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Taking a look in the bibliography, there are
publications in which the Sgo is correlated
with the S, (obtained by N,-BET method) by
using a, so-called, roughness factor (R), see
eq. 1:

S

spec =Rx SGEO

(1)

Gray and Wilson [7] proposed a roughness
factor of 3 for SNF. In a recent study carried
out by Iglesias et al. [8] taking into account
SNF samples as well as analogous of SNF, they
proposed a roughness factor of 3.5.

The specific surface area of each fragment was
calculated by applying both roughness factor
of 3 and 3.5. The results are summarized in
Table 2.

Table 2: Physical characterisation of SNF fragments.

Sample K11F1 K11F2 K11F3 KI11F4 KI11F5
W (g) 0.136 0.225 0.174 0.169 0.205
V (cm®) 0.013 0.022 0.017 0.016 0.020
Sero (M) 2:10° 310° 210" 310° 210°
*
s;"“ 4.10" 4.10" 410" 5.10" 310"
(m*/g)
* *Sspec -4 -4 -4 -4 -4
> 5.10 5.10 410 6-10 410
(m“/g)

*correponds to R=3.

**correponds to R=3.5.

Fission gas measurements of irradiated
PWR fuel rod segment.

The IRF is due to the segregation of a part of
the radionuclide inventory to the gap inter-
face between the cladding and the pellet, the
fractures as well as to grain boundaries. The
radionuclides that will be segregated are: fis-
sion gases (Kr and Xe), volatiles elements (**,
137¢s, 135Cs, *Cl and "°Se) and segregated met-
als (**Tc and **°sn) [9].

The degree of segregation of the various radi-
onuclides is highly dependent on in-reactor
fuel operating parameters such as linear pow-
er rating, fuel temperature, burn-up, ramping
processes, and interim storage time.



In the case of the fission gases, the gas release
occurs by diffusion to grain boundaries, grain
growth accompanied by grain boundary
sweeping, gas bubble interlinkage and inter-
section of gas bubbles by cracks in the fuel.
The fission gas release is more correlated to
the linear heat rating, which is also correlated
to fuel temperature, than to the burn-up of
the SNF [9]. The conditions during irradiation
ensure that linear heat ratings are kept low
and the fission gas release is minimised. The
radionuclides located in the gap interface will
be released after some weeks, whereas a
complete release of the radionuclides segre-
gated in the grain boundaries will take several
months or even years.

During the last decade three European pro-
jects, SFS [10], NF-PRO [11] and MICADO [12]
were carried out, in which, the IRF concept
was revised and redefined as the radionuclide
inventory located within microstructures with
low confinement properties: fuel plenum, gap
zone, fracture surfaces, the rim zone with high
burn-ups structures and grain boundaries [11].

The present work aims to analyse the fission
gases (Xe and Kr) released into the plenum of
a U0, fuel rod segment, which was irradiated
during four cycles in Gosgen power plant and
achieved a mean average burnup of
50.4 MWd/Kgym.

Experimental procedure

The necessary device to perform the punctur-
ing of the fuel rod was not available at INE.
Therefore, the fuel rod segment was transport
to the Joint Research Centre - Institute for
Transuranium Elements (JRC-ITU) to do the
puncturing inside a hot cell.

Once the puncturing of the fuel rod segment
was performed, the pressure was measured
and the gases were collected in stainless steel
single-ended miniature sampling cylinders.
The SS-4CS-TW-50 Swagelok gas sampling cyl-
inders were characterised by a volume of
50 mL, a length of 159 mm, an outer diameter
for tube fitting of 9.5 mm and an inner diame-
ter for tube socket weld connection of
6.4 mm, see Fig. 3a. Since the volume of the
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Fig. 3: a) stainless steel single-ended miniature sampling
cylinder used to collect gas samples; b) GAM400 quad-
rupole gas mass spectrometer.

tubes is known, the total amount of gas can
be calculated.

The cylinders were carried back to KIT-INE,
where the gases were analysed by means of a
quadrupole gas mass spectrometer (gas MS).

The gas MS (GAMA400, In Process Instruments,
Bremen, Germany) was equipped with a Fara-
day and SEV detector and a batch inlet sys-
tem, see Fig. 4b. The batch-type gas inlet sys-
tem was optimised for low gas sample
consumption. Within the gas dosage and inlet
system, the total gas pressure was controlled
at four successive positions. It applied three
different expansion-volumes to charge rela-
tively low gas contents in the desired pressure
range. Ten scans of each gas sample were
measured, using the SEV-detector, and the
mean value was taken. Calibration of the gas
MS analysis was performed in the same pres-
sure range as the respective range for anal-
yses of the sample aliquots.

Results
The average values of gases measured in the

samples taken from the puncturing test of the
fuel rod segment are presented in Table 3.

Table 3: Physical characterisation of SNF fragments.

Volume
Concentration
Gas

(vol.%) 3
(em’)

Ar 0.28 0.40
CcO, 0.13 0.18
N, 1.3 1.87
0, 0.31 0.44
Kr 1.5 2.1

Xe 18 26
He 78 111




The contents of O, and N, in the gas composi-
tion (0.31 and 1.3 vol%, respectively) are re-
lated to air contamination during the sampling
of the cylinders. The gas released from the
plenum of the punctured fuel rod segment
contains a certain amount of CO,. In the past,
similar CO, contents were observed in various
fuel rod puncturing tests performed by differ-
ent institutes, i.e. JRC-ITU (Germany), PSI
(Switzerland), SCK-CEN (Belgium) and Studsvik
(Sweden). The measured contents of Kr and
Xe will be compared to their calculated total
inventory in the 50.4 MWd/kguw fuel rod seg-
ment, in order to determine the percentage of
the fission gas released into the plenum.
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6.2 Non-heat producing waste forms and barrier materials
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M. Schlieker, E. Soballa and M. Wiedemann.

Retention of Cm(lll) and Eu(lll) on Stable
Solid Phases in the System Mg-Na-CI-H,0

Retention of actinides in the near field is criti-
cal for the long-term disposal and storage of
radioactive waste in geological salt deposits.
Under reducing conditions, which develop af-
ter closure of deep underground repositories
for nuclear waste, actinides are expected to
prevail in tri- and tetravalent redox states.
There is currently a strong interest in develop-
ing backfill materials which provide favorable
chemical conditions with respect to low acti-
nide solubility and significant actinide reten-
tion capacities. For decades, a combination of
Mg-oxychloride (Mg,(OH);Cl:4H,0(s), so-called
Sorel phase) and brucite (Mg(OH),(s)) is used
as building material in conventional salt mines
and currently discussed in concepts for sealing
of radioactive waste repositories in rock salt
[1,2]. At 25° C, brucite and Mg-oxychloride are
the thermodynamically stable solid phases in
the system Mg-Na-Cl-H,0, besides halite
(NaCl(s)) and bischofite (MgCl,:6H,0(s)) [2,3]
(Fig. 1). For the Asse Il salt mine (Lower Saxo-
ny, Germany) and the Waste Isolation Pilot
Plant (New Mexico, USA), where low level and
intermediate level radioactive waste products
are emplaced, brucite / Sorel based materials
and MgO are used as sealing material and en-
gineered buffer, respectively. In contact with
NaCl or MgCl, dominated salt brines, these
materials buffer the pH at 8 -9, and scaveng-
es CO, potentially produced by microbal deg-
radation of organic waste constituents [1].

We studied the retention of a trivalent acti-
nide (Cm(Ill)) and a trivalent lanthanide
(Eu(l) by brucite and Mg-oxychloride, at
room temperature. Various batch experiments
were prepared with pure MgCl, and mixed
NaCl-MgCl, solutions as background electro-
lytes. In the brucite experiments, the ionic
strength was adjusted to 0.15, 1.2 and
5.2 mol-(kg H,0)?, and in the experiments
with Mg-oxychloride it was adjusted to 9.9,
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"8
—.MMgC

Fig. 1: Studied sorption systems, indicated by diamonds,
in the stability fields of brucite (Mg(OH),(s)) and Mg-
oxychloride (Mg,(OH);Cl:4H,0(s):4H,0(s)) at 25°C.

10.0 and 15.0 mol-(kg H,0)?, respectively. In
presence of brucite and Mg-oxychloride, the
specific pH. values were fixed in a disposal rel-
evant range of 8.7 < pH,, < 9.4 (Fig. 1). After a
pre-equilibration of at least two weeks, the
suspensions were doped with Eu(lll). Brucite
experiments were doped with <7-10°
mol-(kg H,0)?, Mg-oxychloride experiments
with < 7-107 mol-(kg H,0)™ per batch, to en-
sure Eu(lll) concentrations considerably below
the solubility of (Eu)(OH)s(c). For the different
MgCl, and NaCl-MgCl, solutions, three sorp-
tion experiments and one blank experiment
were prepared and sampled continuously for
each V/m ratio (10 £ V/m < 10000 mL-g*) and
doping concentration. All experiments were
prepared and stored in Ar gloveboxes under
exclusion of CO, and O,. To determine sorp-
tion species and the aqueous speciation of the
studied systems, time-resolved laser fluores-
cence (TRLFS) measurements were performed
with 1-107 mol-(kg H,0)™* Cm(lll) per sample.

Brucite (BioUltra >99%) was purchased from
Fluka and Mg-oxychloride was synthesized by
transformation of brucite in concentrated



MgCl, solution. Brucite and Mg-oxychloride
were characterized using DTA-TG (Netzsch
STA409C/CD), Raman spectroscopy (Bruker
Senterra), SEM-EDX (Quanta 650 FEG, FEl),
XPS (ULVAC-PHI) and XRD (D8 Advance diffrac-
tometer, Bruker AXS). The molal H* concentra-
tion (pH,,) of the suspensions was determined
with combination pH electrodes (type Orion
Ross, Thermo Scientific). To convert the oper-
ational “measured pH.,,” values, the approach
of Altmaier et al. [3] was applied. Eu(lll) con-
centrations were determined by [ICP-MS
(X=Series I, Thermo Scientific). Cm(lIl) fluores-
cence spectra were collected using a Nd:YAG
laser (Continuum Surelite Il 10 Hz) pumping a
dye laser (Narrowscan Dye Laser, Radiant
Dyes).

In the macroscopic sorption experiments and
in the TRFLS measurements a strong retention
of Eu(lll) and Cm(lll) of =295.5% (Rs>>
210 mL-g) and >99.5% is determined, re-
spectively. Since the Eu(lll) concentration de-
creased to below the ICP-MS detection limit of
3.10%° mol-(kg H,0)™ within less than a week,
the reported Rs value represents a lower limit
for the retention by brucite. A less pro-
nounced retention of Eu(lll) and Cm(lll) is ob-
served in the experiments with Mg-
oxychloride (Rs=24-30+10mL-g"). Laser
fluorescence spectra of Cm(lll) / brucite /
brine suspensions show a significantly shifted
emission band at 609 nm (Fig. 2). Peak decon-
volution of the spectra reveals the formation
of two sorption species. The considerable red
shift in relation to the Cm(H,0)s>" and the rel-
atively long fluorescence life times of the spe-

—0.4 m MgCl,
0.4 m MgCl, + 4 m NaCl

Cm(H.0)
(H,0), 0.05 m MgCl,

Normalized intensity

T T T
580 590 600 610 620

Wavelength (nm)

Fig. 2: Laser fluorescence spectra of Cm(lll) / brucite /
MgCl, and NaCl-MgCl, suspensions in comparison to the
spectrum of the hydrated Cm*" ion.
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cies (>198 +25pus first species, >67 5 s
second species) indicate incorporation of
Cm(lll) into the brucite structure. Measured
spectra of Cm(lll) / Mg-oxychloride / brine
suspensions do not allow an unambiguous de-
termination of Cm(lll) sorption species.

The observed retention of Cm(lll) and Eu(lll)
by brucite at | =0.15 to 5.2 mol-(kg H,0)" and
Mg-oxychloride at 1=9.9 to 15 mol-(kg H,0)™
demonstrates the suitability of brucite / Sorel
based materials as engineered buffer with re-
spect to retention of trivalent actinides under
a wide range of saline conditions. In experi-
mental studies in diluted solutions, an incor-
poration of Eu(lll) and Am(lll) into the octahe-
dral brucite structure was determined (Finck
et al. [4]). Ongoing TRFLS studies with Cm(lll) /
brucite / brine suspensions focus on the ionic
strength effect of Cm(lll) incorporation into
brucite.

Sorption Studies onto Technical Sorel
Based Construction Materials

In the scope of contingency plans for the Asse
Il salt mine, safety analyses are performed
which demonstrate the effects of specific
emergency measures. The analyses cover the
behaviour of radionuclides in contact with
Mg(OH), / Sorel based construction materials
with respect to the resulting geochemical en-
vironment as well as sorption of radionuclides
onto these materials. In previous safety as-
sessments, these materials have not yet been
considered with respect to their radionuclide
retention. The Sorel concrete used to backfill
the roof gap of chambers in the mine is frac-
tured and penetration of solutions and radio-
nuclides into these materials were considered
to be negligible.

To provide more information on the retention
properties of these materials, batch and diffu-
sion experiments were performed. The batch
experiments used Eu(lll) as tracer, diffusion
experiments used tritiated water and the ani-
on 'I'. The Sorel concrete for batch and diffu-
sion tests was provided by the BfS, in the
batch experiments, additionally crushed rock-
salt used as backfill material and mixtures of
crushed salt with Sorel concrete were investi-



gated. Slightly under-saturated MgCl, solution
was used for both types of experiments.

The materials were analyzed with respect to
chemical and mineralogical composition, DTA-
TG, SEM-EDX and XRD. Solids for batch exper-
iments were crushed and the surface size de-
termined by the N,-BET method. For the diffu-
sion test, cubic samples of 40 mm edge length
were cut and embedded in epoxy resin, keep-
ing one side open.

For the Eu(lll) sorption experiments, a V/m ra-
tio of 10 mL'g™* was selected. After equilibra-
tion of the solids, the tracers were added. The
Eu concentration was kept below 1 pmol-L*
which is below the solubility of (Eu)(OH)s(c)
under the studied conditions. The results are
shown in Fig. 3. The highest sorption coeffi-
cient was found surprisingly for crushed rock
salt. This strong retention could not be ob-
served for pure NaCl, therefore minor acces-
sory phases in the crushed rocksalt seem to
control the sorption properties. After 90 days,
following sorption coefficients were deter-
mined: Sorel concrete: 70 + 10 mL'g'l, crushed
rocksalt: 212 43 mL-g”* and the mixture of
Sorel concrete and crushed rocksalt:
105+ 5 mL-g™.

Diffusion profiles were measured by abrasion
from the cubic samples at different times.

Dess is @ macroscopic diffusion coefficient rele-
vant for the complete pore system. This sys-
tem is represented by a connected porosity
(€), the tortuosity (8) and the constrictivity ().

300

M Sorel concrete
250 +{ Acrushedrocksalt A A
® mixture salt+Sorel
200
%
E 150 A
>
* 100 A A - °
u u
50 ' s ® L
8 |
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Fig. 3: Sorption coefficients Rs as function of time for the
investigated systems.
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The apparent diffusion coefficient D,,, takes
sorption into account. In the case of a linear
sorption isotherm (Kp), following equation can
be applied:

_ Degy

Dapp - Rd

using a retardation coefficient Rd which is de-
fined as follows:

Rd = 1 + (1;8)

Kp-p

For the diffusion of HTO and **°I" in Sorel con-
crete following results were obtained:

HTO 129) unit
Deft 8.0x10™ 4.0x10"  m’st
Ko 0.9 0.2 mLg"
R4 14.1 3.9 -
Dapp 5.6x10™" 1.0x10"  m’st

In both cases, a “rock capacity factor” could
not be found.

Thermodynamics of long-term
metastable magnesium hydroxo (chloro-)
carbonates

Though magnesite (MgCOs;) is the thermody-
namically stable solid in the system Mg-Cl-
HCO3-CO3-H-OH-H,0 at room temperature,
even in long-term laboratory experiments its
precipitation is hardly observed. Instead, long-
term metastable magnesium hydroxo (chloro-)
carbonates are formed in MgCl, solutions in
the presence of carbonate. With respect to
radionuclide retention, it is of fundamental
importance to accurately describe the geo-
chemical conditions and processes that con-
trol aqueous carbonate chemistry.

Therefore, the system Mg-CI-HCO3-CO3-H-OH-
H,O was studied in a series of batch experi-
ments performed in Ar glove boxes by adding
0.05 M Na,CO3 to MgCl,-solutions of different
concentrations (0.25 to 4.5 M).



The pH. was monitored over more than three
years. The precipitated solids were analysed
by different methods (Raman spectroscopy,
XRD, SEM-EDX, XPS). In the solutions with
MgCl, concentrations lower than 2.8 M,
hydromagnesite Mgs(COs)4(OH),-4H,0(s) was
found to be the Ilong-term metastable
solid present, while chlorartinite
Mg,CO5s0HCI-3H,0(s) was found in MgCl, solu-
tions with higher concentrations
(> 2.8 M MgCl,). At phase transition, both sol-
ids coexist in a solution with specific car-
bonate concentration and activity. Using
measured pH. and MgCl, concentration of the
solution at the observed phase transition, ac-
tivity coefficients calculated with the Pitzer
database of Harvie et al. [5] and published
solubility data for hydromagnesite [6,7], the
equilibrium constant of chlorartinite can be
calculated:

l0gK° chiorartinite) = 13.15 £ 0.36 for the reaction

Mg,CO;0HCI-3H,0(s) + 2 H' = 2 Mg** + HCO5
+Clr+4 H20

Introducing this new constant together with
the literature data for hydromagnesite [6,7],
into the dataset of Harvie et al. [5], the system
at metastable state can be described thermo-
dynamically (see Fig. 4). This significantly im-
proves the description of geochemical pro-

8 Mg,Ci(OH) :4H0 7 |
Mg,0HCO,CI:3H,0

log TIC /
molal

Fig. 4: Phase diagram of the stable and long-term meta-
stable phases in the system Mg-Cl-HCO3-CO5-H-OH-H,0
at room temperature (formation of MgCOs(s) sup-
pressed).
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cesses in MgCl, brines relevant for nuclear
waste disposal in rock salt.

Radionuclide Source Term for Non Heat-
producing Wastes in the scope of the
“vSG” Project

On behalf of the German Federal Environment
Ministry (BMU) a preliminary safety analysis
for the Gorleben site was performed which
summarized all available information on the
salt dome and the results of exploration activi-
ties to date. After providing the radionuclide
source term for high level wastes (see Annual
Report 2011) the source terms for a variety of
wastes, such as fuel elements from the pilot
reactors AVR/THTR, from the research reac-
tors KNK Il and NS Otto Hahn, and from the
research and material test reactors BER Il and
FRM Il. Further, graphite wastes, compacted
structural materials from conditioning of
spent LWR fuel elements, the tails from urani-
um enrichment and other wastes with negligi-
ble heat generation were elaborated.

The boundary conditions were deduced for
several disposal concepts developed within
the project: A - emplacement of wastes with
negligible heat generation, B1 and B2 - em-
placement in horizontal galleries, and C - em-
placement in vertical boreholes. The boundary
conditions include the evolution of the geo-
chemical conditions, the generation of a H,
atmosphere in LLW emplacement rooms in
the presence of steel containers as well as mi-
crobial degradation processes. The geochemi-
cal performance of containers of the Konrad
type IV and type VI was evaluated including
self-shielded concrete and steel containers.
Some of the materials contain also wastes so-
lidified in bitumen and in plastics.

The source terms considered the kinetics of
radionuclide release and the maximum radio-
nuclide concentrations in the different em-
placement rooms under the expected geo-
chemical boundary conditions. Three different
geochemical boundary conditions were de-
fined as follows:



Reference  NaCl sys- MgCl, CaCl;
system tem system system
5.6 m NaCl 40m 20m
MgC|2 CaC|2
Carbonate calcite satu- calcite calcite
ration: saturation  saturation
4x10°® 2x10* 3x10®
mol/L mol/L mol/L
Sulfate Gypsum Gypsum Gypsum
saturation: saturation  saturation
5x1072 2x1072 3x10°
mol/L mol/L mol/L
pH. -log[H]=  -log[H]  -log[H']
12.8 =9 =12
Redox reducing reducing reducing
conditions

The maximum radionuclide concentrations are
assessed based on the concept of thermody-
namic solubilities assuming that concentra-
tions are limited by solubility-controlling solids
only. Solubility-controlled element concentra-
tions (in units of mol-kg H,0) in NaCl, MgCl,
and CaCl,-rich brines are provided for Am(lll),
Th(IV), U(IV), Np(IV), Pu (ll1), Pu(IV), Tc(IV) and
for Zr(IV) for the different emplacement
rooms with wastes of negligible heat genera-
tion.

NaCl sys- MgCl; sys- CacCl;

tem tem system
Am(lll) 107 102 10°®
Th(IV) 10°® 10°® > 103
u(Iv) 10°® 10°® 10
u(vI) 10°® 10°° 10°®
Np(IV) 10°® 10°® 10
Np(V) 10 107 10°
Pu(lll) 107 10°® 107
Pu(IV) 10°® 10® 10°®
Zr(IV) 10°® 10® > 107
Te(IV) 10°® 10°® 10
Te(VII) > 10" > 10" > 10"
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Finally, sorption of radionuclides onto Zircaloy
compounds, iron phases, corroded cement
products and rock salt were described.

Open questions concerned (i) the numerous
different components which may affect the
radionuclide concentrations, such as fluorides,
artificial complexing agents and some waste
degradation products (iso-saccarinic acid), (ii)
potential effect of temperature increase by
the nearby HLW, (iii) lack of sorption database
under saline conditions, and (iv) the potential
microbial interactions. Due to the complexity
of the different waste components, it is highly
recommended to keep the different waste
materials separated, especially from the high
level waste disposal site.
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Introduction

The influence of colloidal/nano-scale phases
on the radionuclide (RNs) solubility and migra-
tion behaviour is still one of the uncertainties
of the repository safety assessment [1,2]. In
our work, we aim to 1) identify the presence
and the formation of relevant colloids in re-
pository specific areas, 2) determine their sta-
bility as a function of geochemical parameters,
3) elucidate the thermodynamics and kinetics
of the colloid interaction with radionuclides,
4) perform laboratory and field experiments
to quantify the colloid mobility and their in-
teraction with surfaces. The final goal is to
state on the relevance of the nanoparticles
(NPs) / colloids for the radionuclides migration
in natural geochemical conditions.

This year, in this chapter, we report on the
progress concerning a) the colloid migration
under near natural hydraulic conditions at the
Grimsel Test Site, b) the influence of miner-
al/fracture surface roughness on colloid reten-
tion probed by atomic force microscopy (AFM)
colloid probe technique, c) a bentonite ero-
sion test under quasi stagnant flow conditions.

a) Colloid-associated RN transport under
near-natural flow conditions

Within the Colloid Formation and Migration
project (CFM) at the Grimsel Test Site (GTS
Switzerland, www.grimsel.com) a huge geo-
technical effort was taken to isolate hydrau-
lically a shear-zone from the artificially intro-
duced hydraulic gradient due to the tunnel
construction (see Fig. 1). The construction is
based on a polymer resin impregnation of the
tunnel surface operating as surface sealing
and a steel cylinder. The steel cylinder with re-
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Fig. 1: Schematic overview of the current Donut packer
design to establish near-natural flow conditions at the
CFM site.

inforcement rings is sealed on both ends with
rubber based hydraulic “donut” packers and
the annulus between resin and steel ring filled
and pressurized with water to counteract the
hydrostatic pressure of the water conducting
feature giving mechanical support to the resin.
Natural outflow points of the shearzone were
localized at the tunnel wall prior to the con-
struction and sealed by surface packers. This
design gives the opportunity by outflow regu-
lation to adjust the flow velocity in the frac-
ture. The hydraulic heads are well controlled
with this “Donut Packer” system essentially
stable at level of natural variations due to lake
level changes of the local hydropower con-

Table 1: Isotope list of the CFM Run 12-02 injection cock-
tail with the total activities given for 2.25 L vol-ume and
the initial colloid association differentiated by ultracen-
trifugation (1 hour at 90,000 rpm).

Tracer  concentration (mol/L)/ To- Colloid association
tal activity (min-max values)
*Na 1.0-1.1-10™ (1.17 MBq) 0-3.5%
Ba 6.8-7.0-10™° (1.97 MBq) 24 -34%
¥cs 7.9-8.0-10"° (785 kBq) 97 — 98%
22Th 5.3-5.6-10° (8 mBq) 94 -97%
*'Np 9.3-9.4-10° (119 Bq) 0-1%
*SAm 7.0-7.4-10™ (290 Bq) 99 — 100%
*2py 3.0-3.2-10° (190 Bq) 99 — 100%




structions (~tenths of cm over months) and
earth tides (~tenths of mm 12/24 cycles).

After optimization of the experimental setup
and injection procedure through a number of
conservative tracer tests using fluorescence
dyes (Uranine, Amino-G Acid (AGA)) and so-
called “homologue” tracer tests performed by
injecting a suspension of Febex bentonite col-
loids associated Eu, Tb, Hf in addition to the
conservative tracer the license was granted in
January 2012 by the Swiss regulatory (BAG) to
perform the first radionuclide tracer test un-
der these low-flow conditions.

The injection cocktail of 2.25L volume was
prepared at INE. A total colloid concentration
of 101.4 + 2.5 mg/L montmorillonite clay col-
loids were used, whereas 8.9 £ 0.4 mg/L were
present as synthetic montmorillonite with
structural incorporated Ni. For details on the
structural characterization of the Ni-
montmorillonite phyllosilicate, see [3]. Beside
the colloids and the conservative tracer AGA
(1646 + 8 ppb) the radioisotopes as listed in
Table 1 were injected.

The trivalent and tetravalent actinides were
quantitatively associated with the colloids
present as well as Cs, whereas Np(V) and Na
are not bentonite colloid bond.

The injection of the radionuclide bentonite
colloid cocktail was performed through bore-
hole CFM 06.002-i2 into the shearzone and
the water extracted under a constant flow
rate of approx. 25 mL/min from the “Pinkel”
surface packer (dipole distance 6.08 m). The
tracer cocktail was recirculated in the injection
loop to monitor the fluorescence decrease of
the conservative tracer (AGA) and therefore
providing an injection function for consequent
transport modeling. It has been shown
through prior migration tests that the local
transmissivity of borehole CFM 06.002 is very
heterogeneous and under the low flow condi-
tions established an almost stagnant zone
around the borehole exists. Therefore, in Run
12-02 an injection with 0.25 mL/min during
recirculation has been used.
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Fig. 2: (left) Transfer of LIBD bus via cable car to the
Grimsel Test Site (GTS), (right) LIBD with flow through
cuvette for colloid in-line monitoring during Run 12-02.
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For on-site colloid analysis a mobile Laser- In-
duced Breakdown Detection (LIBD) system
similar to the one used in the CRR experi-
ments [4] was transferred to Grimsel and in-
stalled in-line at the “Pinkel” outlet to directly
monitor the mobile colloid fraction through-
out the experiment (see Fig. 2)

The results of the tracer breakthrough curves
(BTC’s) are shown in Fig.3 to 5 and the data
are summarized in Table 2. The conservative
tracer AGA was recovered quantitatively both
by on site inline and off-site fluorescence de-
tection.

Sinusoidal oscillations on top of the AGA BTC
both seen in the in-line and off-site analysis
can be interpreted as tidal effects (earth-
moon cycles).

This is a consequence of the very low gradi-
ents established at the CFM site. Analysis of
the weakly sorbing tracers by y-spectrometry
performed by PSI-LES and INE showed very
good conformity and revealed recoveries for
22Na, **’Cs and **Ba of 64%, 10% and 1%, re-
spectively. These data are confirmed in addi-
tion by analysis of sample aliquots taken from
the waste tanks, where the complete eluted
water volume was collected (see Table 2).

Table 2: Summary of recoveries (CFM Run 12-02)

Colloid/ Recovery (%) Sample region/ time
Tracer

Colloids

LIBD on site 66% upto34.7d

Al signal 34-37% Sample 1-60 (11.4 d)
Ni signal 33-38% Sample 1-60 (11.4 d)
Amino-G 100% (in line) Sample 1-96 (27.3. d)
”Na 64% (68.7%)* Sample 1-96 (27.3. d)
s 1% (0.6%)* Sample 1-96 (27.3. d)
B¥cs 10% (8.4%)* Sample 1-96 (27.3. d)
Th Sample 1-60 (11.4 d)
*Np 3-4% Sample 1-60 (11.4 d)
*3Am 16% Sample 1-60 (11.4 d)
*2py 28-32% Sample 1-60 (11.4 d)
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The on-site LIBD analysis could also detect the
colloid concentration changes due to tidal ef-
fects, which was hardly observable in the
samples taken by the auto-sampler due to the
low sampling frequency. LIBD determined re-
covery was quantified to be ~66%, whereas
for the structural components Al and Ni de-
tected by high resolution HR-ICP-MS up to
sample 60 (integration until 11.4 days) a re-
covery of 33-38% was quantified. The analysis
of the full sample set is still ongoing. The Al/Ni
ratio in the injection cocktail was determined
to be 21.6 and an average ratio of 20.4 £ 0.5
was found over the samples analyzed provid-
ing clear evidence that a mobilization of Al
containing phases as an additional colloid
source from the fracture can be excluded.

Based on a number of colloid migration exper-
iments performed in the MI shearzone under
variation of flow velocity and subsequent resi-
dence time a colloid attachment/filtration rate
K, of (6.0 £ 0.6)-10° can be estimated, which is
considerably lower than the value of 2:107 es-
timated by filtration theory [5].

All injected radionuclides could be detected in
the effluent. Np recovery is significantly re-
duced to ~4% in comparison to the CRR exper-
iment of 82 + 4%, which is in line with the time
dependent sorption increase observed in
batch-type studies [2]. For the initial colloid
associated actinides Am(lll) and Pu(IlV) a re-
covery of at least 16% and 28-32%, respective-
ly, could be determined.

The data of Run 12-02 obtained so far clearly
show the mobility of bentonite derived
montmorillonite colloids under near-natural
flow conditions in the MI shearzone of the
Grimsel Test Site. A full analysis of the data
presented is currently in progress. In the next
phase it is planned to install a compacted ben-
tonite source labeled with radionuclides and
monitor bentonite buffer erosion in this frac-
ture proven to be permeable for bentonite de-
rived montmorillonite colloids.



b) The influence of mineral/fracture
surface roughness on colloid retention
probed by atomic force microscopy
(AFM) colloid probe technique.

Understanding the sorption processes at the
interface of colloids and mineral surfaces
where both the colloids and mineral surfaces
are negatively charged is important to answer
key questions related to transport and retar-
dation of colloids in the nuclear waste reposi-
tory [6-8]. In the current study the sorption of
colloids onto minerals as a function of surface
heterogeneity and metal ion (Eu(lll)) concen-
tration is studied. The colloid sorption results
obtained from flow-through experiments are
verified by measuring the actual forces apply-
ing AFM colloid probe technique.

Colloidal suspension of carboxylated polysty-
rene particle (latex, diameter =1000 + 25 nm
and concentration = 48x10° particles / mL,
NaCl = 10° M) was exposed to the main min-
eral constituents of granodiorite surface
(quartz, plagioclase, K-feldspar, biotite) pos-
sessing varying surface roughness in a fluid
cell (velocity =4.7x10" m/sec) for 1h (at
pH = 5). Vertical Scanning Interferometry (VSI)
is applied for surface topography characteriza-
tion and colloid quantification. AFM cantile-
vers modified with carboxylated latex spheres
were used to obtain force-volume measure-
ments under the similar chemical conditions.
The data from VSI and AFM was processed us-
ing SPIP software (Image Metrology, Den-
mark).

At pH =5, all minerals are negatively charged
leading to unfavorable deposition conditions.
At Eu(lll)=0M and for a surface roughness
range of 250 nm, colloid deposition is ranked
as quartz = K-feldspar > plagioclase > biotite
while, at high Eu concentrations (10° M) the
order of sorption reactivity becomes quartz >
plagioclase > K-feldspar > biotite. In general,
increasing Eu(lll) concentration from zero to
10°® M increased the colloid deposition rate.
The increase is by a factor of 4.5 for plagio-
clase, 1.8 for biotite, 2.7 for K-feldspar and 3.4
for quartz (Fig. 6a). Colloid deposition efficien-
cies on feldspars and quartz minerals were
nearly 2 to 4 times higher than biotite. From
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Fig.6: a. colloid deposition density (Sh) as a func-tion of
surface roughness and [Eu(lll)] on quartz substrate, b.
adhesion forces on quartz surface at varying [Eu(lll)] as a
function of surface heterogeneity, c. scheme to explain
the reduced local contact area between colloid and sur-
face with an increase in the surface roughness.

the measured forces (snap-in and adhesion)
using colloid probe technique, the adhesion
forces explain well the observed sorption re-
sults better than snap-in forces. Interestingly,
the force-volume measurements along the
rough mineral surfaces predict a higher adhe-
sion forces for flat surface sections compared
to pits or positive asperities towards colloid
retention highlighting the differences in reac-
tivity with respect to surface heterogeneity
(Fig. 6b). The differences in measured forces
could be due to the decreased local contact
area at the interface of colloid-rough surface
(Fig. 6¢) or differences in the distribution of Eu
on rock surface with respect to physical het-
erogeneity.

c) Bentonite erosion/destabilisation
under quasi-stagnant flow conditions.

The erosion process in compacted bentonite is
tested by using a reactor as designed in [5]
(see Fig. 7.).
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Fig.7: Experimental set-up for the erosion experiment
(here the contact solution is not re-circulated).

As contact solution, we used a synthetic car-
bonated ground water containing Na'
(28.4 mg/L), Ca** (1.49 mg/L), F (2.8 mg/L), CI
(2.64 mg/L), SO,> (4.13 mg/L) and Si (7 mg/L),
HCO;: 103 M. The ionic strength was 1.3
103 M, the initial pH was 8.4 and remained
constant during this first experiment. A filter
plate (20 um pore size, stainless steel) was in-
serted in front of the compacted clay pellet
(raw FEBEX bentonite, ¢ = 19 mm, h =10 mm,
1.6 g-cm?3) and blocked inside the reactor by a
PEEK spacer. The flow rate was fixed and con-
trolled at (2.8 £0.2) uL/min. The water com-
position evolution and the colloid production
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Fig.8: AsFIFFF-/ICP-MS fractograms of the colloidal sus-
pension collected after 1 month erosion time and spiked
with Eu, Th and U elements. Mean of two measure-
ments.
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were monitored. The [CI] and [SO,*] concen-
trations increased while the [F] remained
constant. The clay colloids concentration pro-
duced increased slowly over one month to
reach a value of 193 g/L/m? in agreement with
[5]. This colloidal suspension has been spiked
with a RNs cocktail and analysed by
AsFIFFF/ICP-MS. The fractograms are present-
ed in the Fig. 8. The colloid size determined
from the peak maxima positions is
(210 £ 10) nm, in agreement with values usu-
ally reported. The colloidal recovery is
(61 £ 5)%. The Al/Mg mass ratio determined in
the size range [125-250] nm is (3.17 + 0.05) in
agreement with the theoretical structural
formula which gives an Al/Mg molar ratio of
(2.85 + 0.05) for FEBEX bentonite. Under the
present experimental conditions, the sorption
percentages appear much lower than usually
observed: 3.7% for Eu, 15.5% for Th and only
1% for U. This has to be validated by new ex-
periments.

References:

[1] Schéfer, T. et al., Appl. Geochem., 27: 390
(2012).

Geckeis, H. et al.,, Actinide Nanoparticle
Research, Springer Verlag, Berlin, Heidel-
berg, pp. 1-33 (2011).

Reinholdt, M. et al., Nanomat., 3: 48

(2]

(3]

(2013).

[4] Geckeis, H. et al., Radiochim. Acta, 92:
765 (2004).

[5] Schéfer, T. et al., Project KOLLORADO; Fi-

nal report, Forschungszentrum Karlsruhe
FZKA report 7515 (2010).

Darbha, G. K. et al., Env. Sci. Technol., 46:
9378 (2012).

Darbha, G.K. et al.,, Langmuir, 28: 6606
(2012).

Fischer, C. et al., Am. J. Sci., 312: 885
(2012).

(6]
(7]
(8]



6.4 Simulation of thermo hydro mechanic (THM) processes in the near-field of

a HLW disposal in rock salt
A. Pudewills

Benchmark Calculations of the Thermo-
Mechanical Behavior of Rock Salt

Within the frame of a national joint research
project, five participants performed bench-
mark like calculations on in-situ tests in a
heated borehole in the Asse salt-mine in
Northern Germany. The well documented and
published Netherlands Energy Foundation
(ECN) borehole experiments [1] were chosen
by the partners as subjects for the benchmark
analyzes.

The aim of the project was to evaluate the
ability of the models to correctly describe the
relevant deformation phenomena in rock salt
under various influences, (i.e. transient and
steady-state creep, the evolution of dilatancy
and damage) and to increase confidence in
the results of numerical simulations and en-
hance the acceptance of the results.

In our institute the finite element (FE) code
ADINA was used to study the coupled thermo-
mechanical behavior of rock salt [2]. A new
viscoplastic constitutive model for rock salt
that can describe the volumetric strain (dila-
tancy) and the damage of the rock salt has
been proposed and implemented in this code
[3]. The parameters determination for the
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Fig. 1: Simulation (continuum lines) with a unique set of
parameter values of a series of two-stage creep tests at
~333 K on Asse-Salt.
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Fig. 2: Comparison of simulation results and measured
borehole convergence for different geometric models.

rock salt type in vicinity of borehole tests is
based on recalculation of new laboratory ex-
periments. The modeling of a number of two-
stage laboratory creep tests at ~60°C was per-
formed to adjust the steady-state creep pa-
rameters (Fig. 1).

The benchmark calculations for the thermo-
mechanical behavior of rock salt were per-
formed on the 300 m deep borehole, drilled
from the 750 m level downwards. The ECN
performed the Isothermal Free Convergence
(IFC) at a depth of 292 m (i.e. 1042 m below
ground). The measurements were continued
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Fig. 3: Development of the temperatures along the
borehole wall for different time points. After 19 days the
electrical heater was switched off and the free cooling
temperature at the wall was calculated until 22 days.



over 830 days. Later, the Heated Free Conver-
gence Probe (HFCP) — Experiment was con-
ducted at 231 m level with a heater power of
6000 Watt over 19 days. The heated length
was 3 meters.

The temperature at the borehole wall and the
convergence were measured. The predicted
isothermal convergence over about 900 days
together with measurements is presented in
Figure 2. The development of thermal induced
convergence along the vertical direction in the
borehole is plotted in Figure 3.

The benchmark results and the comparison of
several results with in situ measurements
have shown that the considered constitutive
models are able to describe reliably the vari-
ous relevant deformation phenomena in rock
salt including the temperature dependence of
transient and steady-state creep. A compari-
son of calculation results from five project
partners was already performed and will be
described in [4] [in print].

The simulation results of IFC and HFCP in situ
tests have shown that the constitutive rela-
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tions are an important source for uncertain-
ties in the prediction of the thermo-
mechanical behavior of rock salt. There is also
an uncertainty with respect to the lithostatic
rock pressure at the test location. Finally, it
must be further pointed out that in the final
comparison of numerical predictions and ex-
perimental results the uncertainties in the
measurements have to be considered.
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6.5 Hydro-chemical modeling

Application of the numerical framework FASTREACT for reactive transport modeling of
Np(V) migration in a single fracture from Asp6, Sweden.

F. Huber, T. Schdfer
In co-operation with:

P. Trinchero,® J. Molinero®

? Amphos 21 Consulting S.L., Spain

Introduction

In the context of nuclear waste disposal reac-
tive transport modeling represents an im-
portant tool for long-term predictions of ra-
dio-nuclide migration. In this work, the
Lagrangian-based framework  FASTREACT
(FrAmework  for  STochastic REACtive
Transport) [1] is applied which is able to solve
for multicomponent reactive transport. This
approach is tested to model experimental da-
ta on Np(V) migration through a natural frac-
ture in an Aspd diorite drill core.

Theoretical background and methodological
approach

The FASTREACT approach is founded on the
theory of Stochastic-Convective (SC) models
[2] assuming steady state fluid flow and ne-
glecting local-scale dispersion. Under these
assumptions, a complex 3D transport problem
can be reduced to a set of streamlines which
can be treated independently. Disregarding
local-scale dispersion assumes that no mass is
exchanged between adjacent streamlines con-
sequently limiting this approach to advection
dominated systems (high Peclet numbers).
The stream tube approach based on the sto-
chastic models makes them attractive for the
solution of reactive transport problems since
it is computationally less expensive to solve
for a set of 1D models than for a single multi-
dimensional model.

The application of FASTREACT involves a step-
wise process described in the following:

- Infer travel time probability density func-
tions (PDF) at given control locations. This
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is usually done using particle tracking
simulations on existing flow fields

- Parameterization and calculation of a ref-
erence 1D reactive transport simulation

- Coupling between the reference simula-
tion and the set of streamlines

Ideally, results of particle tracking simulations
on an existing flow field should be equivalent
to the experimental conservative tracer break-
through curve. The available 3D fracture flow
model of the Aspé diorite core migration ex-
periments [3] was used in the particle tracking
simulations but failed in reproducing the trac-
er breakthrough due to difference in the
boundary conditions (e.g. unknown spatial dis-
tribution of tracer injection at the fracture in-
let) of the experiment and the model, respec-
tively. It was thus decided to fit a PDF to the
conservative tracer breakthrough curve to ob-
tain a travel time distribution of the particles
needed in the next step. For the reference 1D
reactive transport simulation the geochemical
code PhreeqC [4] was used. In the last step
the results of the 1D reference simulation and
the travel time PDF are coupled to obtain the
temporal evolution of the geochemical pa-
rameter of interest (in this case the Np con-
centration and thus the Np breakthrough
curve) at the desired reference plane (here
the outlet of the fracture).

Conceptual geochemical models

To model the Np reactive transport we tested
different approaches with increasing com-
plexi-ty ranging from simplified Kd based sorp-
tion models (first order reversible sorp-
tion/desorption kinetics) to more complex,
mechanistically based surface complexation



models [5] for sorption of NpO," onto one
(Fe,03x2H,0 (HFQ)), two (HFO and biotite (Bt))
and three (HFO, Bt and kaolinite) different
mineral phases. First, the surface distribution
coefficient K, is derived using eq. 1 [6]:

R, =1+4+a,K, (eq. 1)

here a, is the flow wetted surface area
[m?/m?] and K, is the surface distribution coef-
ficient [m]. The flow-wetted surface area de-
scribes the ratio of total surface area of the
fracture [m?] to the total volume of the frac-
ture [m’]. Both the fracture surface area
(0.01165 m?) and fracture volume (2.7 ml) are
obtained by the 3D model based on the uCT
characterization of the drill core [3] yielding a
value of 4307 [m]. By rearranging eq. 1 a K,
value of 0.18 [I/m?] is obtained. Next, PhreeqC
batch models have been set-up reproducing
the experimental K,. Since the K, value calcu-
lated using the surface area given by the uCT
data is too low (the actual reactive surface ar-
ea of the fracture is unknown) it was decided
to use it as fitting parameter by coupling
FASTREACT to the parameter estimation code
PEST [7]. These batch models have then been
used to simulate the reactive transport. In
case of the first-order reversible sorp-
tion/desorption kinetics model, the sorption
and desorption rate was fitted as well.

Migration experiments

Migration experiments have been conducted
on the single fractured drill core (length
13.5 cm; diameter 5.048 cm) from Aspd, Swe-
den using a radionuclide cocktail on basis of
natural Grimsel ground water to mimic the in-
fluence of glacial melt water intrusion into a
repository. Here, only the results of the con-
servative tracer (Tritium (HTO)) and of
2'Np(V) ([Np]TOT =~1.25x10° M) are pre-
sented. For more information on the drill core
and the experimental setup it is referred to
the literature [3].

Results

Figure 1 depicts the experimental break-
through curves for HTO and Np. Np
shows a retardation (retardation factor

(Rf=1.8) and a pronounced tailing indica-
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Fig. 1: Comparison between experimental Np break-
through curve and model results using the experimental-
ly derived Kd.

tive of an interaction with the fracture
surfaces. Np recovery is ~76% at the end
of the experiment, but the tailing seems
to be still ongoing thus a quantitative Np
recovery is reasonable to expect. The
high Np recovery is in line with measured
Eh values (~+200 mV) and thermodynam-
ic modeling yielding no Np reduction and
NpO," as dominating species which s
known to sorb only weakly. Results of the
FASTREACT modeling exercise are shown
in Fig. 1 for both HTO (inset) and Np. The
experimental HTO BTC is captured well by
FASTREACT due to the fitting of the PDF
verifying the correctness of the coupling
of PhreeqC and FASTREACT. It is obvious
that by using the K, derived from the mi-
gration experiments (K,=0.18) in the dif-
ferent SCM models, it is not at all possible
to adequately describe the Np BTC. While

the peak position is captured relatively
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Fig.2: Results of the FASTREACT/PEST fitting exer-
cise for the 1- and 2-mineral-model, respectively.



good the models completely fail both in
describing the Np BTC peak concentration
and tailing. In case of the 1° order kinetic
model, the model fit describes the as-
cending part of the curve quite well, and
also shows a pronounced tailing, but the
overall fit is again not satisfactorily.
Moreover, no process understanding may
gained by this approach. Since the actual
reactive surface area of the core is un-
known PEST is used to fit the surface area
(which correlates to the total number of
sorption sites) trying to improve the SCM
model results. Fig.2 depicts the first re-
sults of the fitting exercise for the 1-, and
2-mineral model, respectively. The results
are fitting better compared to the results
without the adjustment of the surface ar-
ea but are still not matching the exp. BTC
satisfactorily. The final 3-mineral-model
will further increase the results based on
preliminary results but is still in progress.
Further options to be tested in the mod-
eling exercise are (i) the possibility of ma-
trix diffusion which may not be neglected
a priori [8] and (ii) the coupling of
FASTREACT to the reactive transport code
HBGC123D with which the SCM can be
used to model a kinetic sorption and de-
sorption processes rather than an equilib-
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rium SCM sorption/desorption approach
as used so far. To sum up, the FASTREACT
approach coupled to PhreeqC has been

shown to represent an effective compu-
tational framework for the solution of
complex reactive transport simulations

taking into account real fracture geome-
try.
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The THEREDA project was initiated to estab-
lish a thermodynamic reference database
providing consistent and reliable data for all
repository host rock formations (salt, clay,
granite) that are under discussion for disposal
of radioactive waste in Germany. The current-
ly running second project phase ends in March
2013 and focuses on Pitzer consistent data.

Web interfaces for databases

In spring 2012, the web interface for the data-
base was activated. It contains different mod-
ules for basis species, solubility and thermo-
chemistry data as well as ion interaction
parameters (e.g. Pitzer). The interface allows
the editors within the project to enter, edit
and view data and in addition, it contains all
tools required for the auditing — an internal
review process. Several control functions en-
sure data consistency, identify gaps in the da-
ta and produce error messages for the editor,
e.g. missing entry in a mandatory field, entry
incompatible with previous entries.

Benchmark calculations

Before new thermodynamic data is uploaded
in the THEREDA database and released to the
scientific community, benchmark calculations
are performed to guaranty correctness of the
data in the database and the generated
output files. These calculations are done by
different THEREDA project partners using the
geochemical codes PhreeqC, ChemApp, EQ3/6
and the Geochemist's Workbench® (GWB).
The results obtained with the different codes
should be the same within error and are
documented in the benchmark papers that
can be downloaded together with parameter
and input files by everyone who has registered
on the THEREDA website. In some cases, the
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results of the benchmark calculations are also
compared to experimental results.

Several released datasets are available for reg-
istered users: The first release comprises the
carbonate-free oceanic salt system (Na, K, Mg,
Ca, Cl, SO4 and H,0 at 0 to 250°C). The second
release includes the trivalent actinides Am and
Cm (+Nd) in NaCl, MgCl, and CaCl, solutions
(Na, Mg, Ca, CI, Am(lll), Nd(lll), Cm(lll) and H,0
at 25°C). The third release added carbonate to
the data for the oceanic salt system at 25°C.
The fourth release contains data for the
Np(V)-hydrolysis in NaCl solutions (Na, Cl,
Np(V) and H,0 at 25°C). Parameter files can be
generated directly from the database via ex-
port programs for GWB, ChemApp, PhreeqC
and EQ3/6.The benchmark calculations with
EQ3/6 as well as the main editorial work for
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Fig. 1: Example of a benchmark calculation with the
THEREDA database: Solubility and speciation of
NpO,(OH)(fresh,am) in 5M NaCl solution compared to
experimental data; filled stars: fresh  solid
NpO,(OH)(fresh,am) [1], closed stars: aged solid
NpO,(OH)(fresh,aged) [2], solid lines: calculated with
GWSB, open circles, down- and upward triangles: results
with ChemApp, Phreeqc and EQ3/6.



the fourth release were done at INE. The se-
lected test systems were 1 and 5 M NacCl solu-
tions, in which the solubility of amorphous
NpO,(OH)(fresh,am) was calculated at differ-
ent pH, (-log[H"]) values.

The results generated by different geochemi-
cal codes were compared and validated
against experimental data [1,2]. The calculat-
ed values were identical within numerical in-
accuracies, and the code specific parameter
files proved to work correctly (cf. Fig. 1). It can
be seen that the experimental data is de-

Leaching of cemented wastes

V. Montoya, C. Bube, B. Kienzler

Introduction

Cementitious materials are commonly used to
solidify/stabilize low/intermediate level liquid
and solid nuclear waste prior to be disposed in
a geological repository. The degradation of
these cement-based materials exposed to wa-
ter solutions depends on many factors, such
as the cement composition, liquid/solid vol-
ume ratio, time, temperature, pH and contact-
ing solution composition.

The present work focuses on the reactive
transport modeling of leaching experiments
performed with cemented waste products in
tap water for more than 30 years in a specific
drift of the Asse Il salt mine.

Experimental approach

Simulated cemented waste has been pro-
duced using Ordinary Portland Cement (i.e.
CEM | 42.5R) with a water/cement ratio of
0.24 and a load of chemicals with similar com-
position to those resulting from the repro-
cessing of spent fuel by the Purex process
(mainly NaNOs; but also Na-citrate, Na-
tartrate, Na,HPO,4:12H,0 and Na-oxalate) The
cemented simulated waste studied in this
work has a mass of 192 kg and is doped with
tracer concentrations of inactive Cs. After
complete hydratation, the waste is immersed
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scribed well within the experimental error.
More details on the calculations can be found
in the benchmark documents on the THEREDA
homepage (www.thereda.de).

Data selections for An(lV), Pu(lll) and U are
planned to be released within the first half of
2013.

[1] Neck, V., FZK-INE 004/97 (1997).
[2] Runde, W., Kim, J. I., Report RCM 01094
(1994).
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Discretization
_, of the leaching

solution in

2 cells

Discretization
of the hydrated

> solid phases in
12 homogeneus
cells

Water pH 7

Fig. 1: Schematic conceptual model used in the cal-
culations. Initial  conditions:  leaching  solution
pH=7 and cement porewater composition in equi-
librium with hydrated cement phases.

in 400 L steel cylindrical canister filled with
239 L of tap water. The initial composition of
the leachant in mol L' is Mg*:0.001;
Ca’*:0.002; Na%:0.013; K":0.013; CI:0.025
and SO,*: 0.001 and pH 7 [1].

Solution composition and pH were monitored
for more than 30 years. Different analytical
methods, e.g. SEM-EDX, XRD, XRF and Ra-man
p-spectrometry were used for solid phase
analyses after termination of the experiments.
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Fig. 2: Variation of the concentration of Al in the leaching
solution as a function of time. Different symbols corre-
spond to measured concentration at different position
levels of the cylindrical canister.

Reactive transport modeling

The reactive transport code PHREEQC v3.0 [2]
has been used to simulate the dynamic leach-
ing tests taking into account diffusive
transport of solutes in 1D and different chemi-
cal processes (i.e. dissolution, precipitation).
The thermodynamic database used in the cal-
culations is THERMODDEM, developed by
BRGM [3], and the ionic strength correction
has been done using the Debye-Hilickel equa-
tion. In Fig. 1 the conceptual model taken into
account in the calculations is represented
schematically.

The concentration gradients between the pore
solution  (calculated composition  with
PHREEQC taking into account equilibrium with
the hydrated solid phases) and the leaching
solution cause diffusion of chemical species
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from the pore solution to the surrounding di-
luted water. The high concentration gradient
between the pore and the leaching solutions,
pH ~13 and 7, respectively, leads to the diffu-
sion of hydroxyl ions from the pore solution to
the tap water observing an increase of pH
with time. The dissolution of the solid phases
present in the cement, mainly portlandite,
CSH phases, and ettringite, increase the con-
centration of aluminium, calcium, and silica in
the tap water (see Fig 2). The release of ni-
trate to the leaching solution has also been
observed with a constant increase of NO3". The
possible precipitation of secondary phases has
also been taken into account in the model (i.e.
monosulphoaluminate, and CSH phases with
different Ca:Si ratio). Although, precipitation
and dissolution of solid phases can modify the
porosity on the cement system, a constant po-
rosity has been taken into account in the cal-
culations.

According to the obtained results it can be
concluded that the geochemical code
PHREEQC v3.0 is appropriate and capable of
simulating the wide range of transport and
chemical processes occurring in the leaching
experiments of the studied cemented wastes.
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7 Separation of long-lived minor actinides
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Background

Recycling transuranium elements (TRU = Np,
Pu, Am, Cm) from irradiated nuclear fuel may
provide advantages over the direct disposal of
used nuclear fuel [1]. This would require sepa-
rating the actinides from fission products and
re-using them as nuclear fuel.

Actinide separation schemes are being con-
sidered in Europe, involving the PUREX pro-
cess to remove uranium and plutonium (plus
neptunium after slight process modification),
then routing the raffinate through a minor ac-
tinide and lanthanide co-extraction process
(DIAMEX) followed by An(lll)/Ln(lll) separation
(SANEX) [2, 3, 4]. Several new process options
have been developed recently in France and in
the framework of European research projects:

— 1c-SANEX [5] and i-SANEX [6] process-
es for extracting An(lll) directly from
the PUREX raffinate (i.e., without a
prior DIAMEX process);
GANEX processes for
separation of all TRU [7, 8];
processes for extracting only Am(lIl)
from the PUREX raffinate, e.g., the
French EXAm process [9].

the co-

INE’s work programme covers all above pro-
cesses (except the PUREX process), integrating
our participation to EURATOM (ACSEPT [10],
ASGARD, and ACTINET-13) and BMBF-funded
(02NUKO012 and 02NUKO020) projects. Both
fundamental and process related aspects are
studied. Examples are given below; further re-
lated studies are presented in the laser spec-
troscopy, NMR, and X-ray spectroscopy sec-
tions of this report.
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Basic Studies

The challenging separation of An(lll) from
chemically similar Ln(lll) is possible using N-
donor (lipophilic) extracting or (hydrophilic)
complexing agents such as bis-triazinyl-
pyridines (BTP, Fig. 1 left) [6, 11, 12] and bis-
triazinyl-bipyridines (BTBP, Fig. 1 right) [13,
14]. These extract An(lll) with excellent selec-
tivity over Ln(lll).

4 ; 4
= N
"] N= N
RN N N_R R N N SR
PR D S
RSN Ney R R R
Fig. 1: BTP and BTBP.

Their extraction and complexation properties
have extensively been studied over the past
15 years [15]. An appreciable fraction of this
work consisted of fundamental studies dedi-
cated to understanding how BT(B)P work on a
molecular scale. By combining TRLFS studies
on Cm(lll) and Eu(lll) complexes prepared in
monophasic solution and prepared by biphasic
extraction, the inner sphere composition of
several extracted N-donor complexes was
identified [16, 17, 18, 19]. This procedure has
recently been applied to several new TODGA
derivatives, see below.

Complexation of Cm(Ill) and Eu(lll) with
TODGA derivatives

TODGA (N,N,N’,N’-tetra-n-octyl diglycolamide)
[20] is used as an extracting agent for the co-
extraction of An(lll) and Ln(lll) from PUREX raf-
finate in a DIAMEX process. To fine tune ex-
traction properties, modified diglycolamide
extracting agents (Fig. 2) were synthesized
and assessed [21]. It was shown that the ex-



traction efficiency for Am(lll) and Eu(lll) was
TODGA > Me-TODGA > Me,-TODGA.

C‘8H17 R1 R2 (‘-':BHW

N N
H17CB/ O CBH17
o o

Fig. 2: TODGA (R1 = R2 = H), Me-TODGA (R1 = H, R2 =
CHs), and Me,-TODGA (R1 = R2 = CHs).

The complexation of Cm(lll) and Eu(lll) in eth-
anol with these TODGA derivatives was stud-
ied by TRLFS [22]. The formation of the re-
spective 1:1 and 1:3 complexes (as confirmed
by slope analysis) was identified, the specia-
tion was determined (two examples are
shown in Fig. 3), and stability constants were
determined (cf. Table 1 for the log Bos values).

Table 1: Conditional stability constants for the formation
of [Cm(L)s]*" (L = TODGA, Me-TODGA, Me,-TODGA) com-
plexes in ethanol.

log Bos log Bos

Cm(III) Eu(III)
TODGA 149 +£0.3 15.7+£0.2
Me-TODGA 14.8+0.3 155+0.2
Me,-TODGA 12.7+0.3 155+0.2

The three TODGA compounds studied form
stable 1:3 complexes with Cm(IIl) and Eu(lll).
The stability of the Eu(lll) complexes does not
vary significantly. Stability constants of
the Cm(lll) complexes with TODGA and
Me-TODGA are lower by 0.7-0.8 log units,
which is in good agreement with TODGA'’s se-
lectivity in liquid-liquid extraction
(SFeumyemuny =5 [6]). However, the stability
constant of the 1:3 Cm(lll)-Me,-TODGA com-
plex is approx. two log units lower than those
for TODGA and Me-TODGA.

Unexpectedly and in contrast to findings with
BT(B)P [15], the stability constants of the 1:3
TODGA complexes do not mirror the trends
found in liquid-liquid extraction experiments
[21]: Am(lll) and Eu(lll) distribution ratios de-
crease by more than four orders of magnitude
in the order TODGA > Me-TODGA >
Me,-TODGA.

This apparent disagreement is explained by
taking a closer look at the liquid-liquid extrac-
tion data [21]: Under extraction conditions,
the dependency of distribution ratios on the
extracting agent concentration slightly varies
between the TODGA derivatives and also be-
tween Cm(lll) and Eu(lll). Extrapolating these
data to the much lower concentrations used in
the TRLFS complexation study yields extrac-
tion efficiencies and selectivity in good
agreement with the 1:3 complex stability con-
stants.

Process Development

In the framework of the ACSEPT project, sev-
eral processes for separating actinides have
been developed. Final aim is to develop con-
tinuous counter-current separation processes
and testing them in a small lab-scale centrifu-
gal contactor setup.

Before such a process test is performed a suit-
able flow-sheet must be calculated. This is
done using dedicated software codes. The
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Fig. 3: Speciation of Cm(lll) titrated with TODGA (a), and
Me,-TODGA (b) in ethanol; [Cm(Il)];; = 1.0-107 mol/L;
lines calculated with log Bo; and log B3 given in [22].
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Fig. 4: Effect of SO3-Ph-BTBP on the extraction of Am(lll),
Cm(Ill) and Ln(Ill) into TODGA. Organic phase, 0.2 mol/L
TODGA + 5% vol. 1-octanol in TPH. Aqueous phase,

18 mmol/L  SOs-Ph-BTBP + **Am(ll) + ***cm(iN)

(1 kBg/mL each) + Ln(lll) (20 mg/L each) in HNOs. A/O =
1, T=(293+0.5)K.

SX Process code [23] was developed and fur-
ther improved for this task, see below.

Development of new processes is sometimes
based on the suitable combination of com-
pounds originally intended for a different ap-
plication: By combining the selectivity of an
organic extracting agent and an aqueous
complexing agent a new system for separating
Am(lll) from Cm(lll) (and the fission lantha-
nides) was developed.

AmSel process

Recycling curium in a reactor would not result
in a significant reduction of long-term radio-
toxicity and thermal power of the HLW to be
disposed of. However, its presence would
complicate fuel fabrication due to its high
neutron dose rate and short-term thermal

Fig. 5: SO5-Ph-BTBP.

power. To take this into account, processes
are developed which only extract americium
from the PUREX raffinate, routing curium to
the HLW. The French CEA have developed and
successfully tested the EXAm process [24],
making use of chemistry based on the
TALSPEAK process [25].

Based on the experience with the water solu-
ble SO;-Ph-BTP [6] and taking into account the
reverse Am(l11)/Cm(Ill) selectivity of BTBP [14]
compared to BTP [26] an americium-only ex-
traction system was developed. TODGA (Fig.
2) is used to co-extract actinides(lll) and lan-
thanides(lll) from HAR. The loaded TODGA
phase is then contacted with an aqueous
phase containing SOs-Ph-BTBP [27] (Fig. 5) in
HNO; to strip actinides(lll).

In the range of 0.25mol/L < [HNO;] <
0.55 mol/L, actinides(lll) are separated from
lanthanides(Ill) (i.e., Dangny < 1 and Dyyyy > 1,
see Fig. 4).

More importantly, Am(lll) and (Cm(lll) + Ln(lIl))
are separated in the range of 0.55 mol/L <
[HNOs] < 0.7 mol/L. Although the separation
factor SFemunyamany = 2.5 is not large it is never-
theless sufficient to achieve good separation
in a multi-stage counter-current process.

A separation process based on the TODGA/
SO5-Ph-BTBP process is currently under devel-
opment.

SX Process software code

The software code SX Process [23] (initially
developed at JRC-ITU) is useful for calculating
flow sheets for continuous counter-current
solvent extraction separation processes. Tran-
sient and steady-state concentration profiles
and outlet concentrations can be calculated.

SX Process was further developed and opti-
mised in several aspects. Initially, equilibrium
distribution ratios were described by polyno-
mial fits to experimental distribution data. The
code was modified to alternatively use equi-
librium functions based on equilibrium con-
stants. Furthermore, a new kinetic model was
implemented. By using a flow-rate independ-
ent stage efficiency the prediction capability



Fig. 6: Interface of the SX Process code showing the page
defining the properties of a given section.

was improved. Also, the computing speed
could be improved [28].

While it is obvious that loading of the organic
phase lowers distribution ratios its effect on
kinetics is often overlooked. Experiments were
run in a single-stage centrifugal contactor,
loading BTBP-based organic phases with mil-
limolar concentrations of ***Am(lll). Combining
the results with results from stirred cell kinetic
measurements [29], a kinetic model respond-
ing to loading was implemented in the SX Pro-
cess code [30].
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8 Vitrification of High-Level Radioactive Liquid Waste

8.1 VPC Project

G. Roth, W. Griinewald, W. Tobie, S. Weisenburger, A. Salimi, J. Knobloch, K.-H. Weif3, K. Hardock, K.

Meyer, H. Braun, U. Weiler

The German-Chinese VPC (Vitrification Plant
China) project has been established in No-
vember 2009 to construct an HLLW vitrifica-
tion plant in the Sichuan province of China on
the basis of the process technology developed
by KIT-INE. From German side the project is
executed by an industry consortium (STEAG
Energy Services, WAK GmbH, Kraftanlagen
Heidelberg GmbH) with KIT-INE as nominated
subcontractor responsible for design of the
core process technique and components like
the waste glass melter and for input of pro-
cess-chemical and glass-chemical knowhow
and expertise. Besides the design work a main
part of the contract also includes the delivery
of core process components as well as of me-
chanical and remote handling equipment.

The Project is divided into three main phases:
design phase (2009-2013), supply phase
(2013/2014) and technical service (from 2014
on). 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 subsequent Detailed Design
(DD) of the parts to be supplied by the Ger-
man side started in 2011 and will be finished
in 2013.

1. Detailed Design (DD)

The execution of the DD has been underway
since 2011. The DD documentation includes
dimensioning calculations, 2D/3D design
drawings, data sheets and diverse lists for
each part of a component as well as its 3D
presentation. The DD documentation serves
as detailed information to a potential manu-
facturer as basis for calculation of an offer
price as well as a basis for the subsequent
manufacturing procedure. All DD documents
have to be checked by an independent quality
assurance step before release to the manufac-
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V1 cell

V2 cell

Fig. 1: 3D image of the HLLW receipt cell V1 and the cell
V2 containing melter (center), feeding vessel (left), dust
scrubber (rear, left) and condenser (rear, right).

turer. The QA procedure follows a well-
defined control sequence plan. The DD creat-
ed by INE mainly comprehends components
inside the V2 cell being the waste glass melter,
the HLLW feeding vessel, the dust scrubber
and the condenser as well as the remote
jumpers for the glass frit feeding line and the
HLLW feeding line. Fig. 1 shows in a simplified
manner the 3D-arrangement of the core pro-
cess components in the V2 cell and parts of
the HLLW receipt cell V1, additionally.

The glass melter as the key component of the
vitrification process is composed of 19 sub-
component groups. As shown in Fig. 2 it is
composed of firmly integrated parts (group
1-6) like melt tank ceramic refractories, ple-
num ceramics, power electrodes, bottom elec-
trode, stainless steel containment and re-
motely exchangeable parts (group 7-17) like
bottom drain housing, HLLW and glass frit
feeding pipe, off-gas pipe, thermo-well for



Fig. 2: Main structure of the VPC glass melter. Firmly in-
tegrated subcomponents: 1 Power electrodes, 2 bottom
electrode, 3 stainless steel containment, 4 melt tank ce-
ramic refractory, 5 melter plenum ceramics, 6 thermal
insulation, 7 glass pouring pipe, Remote subcomponents:
8 feed inlet tube, 9 air bubbler,10 glass level detection
system, 11 thermo-well, 12 bottom drain housing, 13
copper tubes for power supply.

monitoring process temperatures, glass level
detection system, and two air bubblers. The
off-gas pipe had to undergo a completely new
design being necessary due to the insufficient
experience gained from the VEK operation [1].
The remaining subcomponent groups (18,19)
are composed of service parts and tools for
assembly and transportation of the melter.
The bulk of the melter DD has been created in
2012 and will be completed until end of
March 2013. The DD of the other process
components was finished in 2012.

As consequence of changes in the design oc-
curring as a result of elaboration of the DD the
P+ID flow sheets had to be modified. The most
severe modification was caused by the new
design of the melter off-gas pipe.

2. Manufacturing of melter
subcomponents

With respect to the assembly of the melter in
2013, the manufacturing of melter parts has
been started in 2012 as one of the major tasks
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of KIT. The manufacturing procedure includes
the control and coordination of the working
progress, of the time schedule and also the
compliance with the QA control sequence
plan. In the first manufacturing phase the fab-
rication of the firmly integrated melter sub-
components was started. At first the high-
temperature ceramic refractory for the melt
tank was fabricated until mid of 2012 by com-
pany SEPR/France. In a next step the metallic
glass-contacting subcomponents (power elec-
trodes, glass pouring channel etc.) were man-
ufactured by INE in cooperation with the me-
chanical workshop of KIT Campus North (TID).
Parallel to these activities the manufacturing
of the stainless steel containment of the melt-
er by a specialized company was initiated. Fig-
ure 3 as an example shows subcomponents to
be firmly integrated in the melter which are
ready for melter assembly.

Fig. 3: Melter subcomponents manufactured for the VPC
melter assembly (melt tank ceramic refractory-upper
photo, bottom electrode).

3. Test of RFD Fluidic Pumps

The RFD (Reverse Flow Diverter) fluidic pumps
will be used in the VPC plant for periodic
transfer of HLLW batches of 4.9 m® from the



intermediate tank 841 BB 01 (which receives
the HLLW solution from the storage building)
to the receipt tanks 841 BB 02/03 (Fig. 1, V1
cell). The RFD fluidic pump has been selected
as transfer system to replace the formerly
used double-stage vacuum-supported airlift
system as the airlift system could not cope
with the required transfer height of about
10 m. Designer and supplier of the RFD fluidic
pump element is the NuVision Engineering
company located in Charlotte, Virginia, US.
The design of application of RFD has been
made by INE (P+ID flow diagrams

Prior to supply of the RFD fluidic pump and as-
sociated equipment to the VPC facility in
China as well as for the purpose of carrying
out the final part of the factory acceptance
test, the items and the functions were tested
in the PVA facility at INE under most repre-
sentative operating conditions using one of
two ordered pump systems. The test ar-
rangement approaches as much as possible
the operating conditions in the receipt cell V1
of the future VPC facility. The purpose of the
testing was

(1) to demonstrate and confirm the correct
function according to specified operation pa-
rameters

(2) to proof the reliability of long-term oper-
ation of the RFD fluidic pump and in particular
the reliability of the associated control equip-
ment

The RFD fluidic pump unit consists of the fol-
lowing major items:

e RFD pump element

e Charge vessel

e Delivery line

e Jet pump pair (JPP)

e Several control valves including the
drive and suction valves

e PRESCON controller

Fig. 4 shows a simplified arrangement of the
RFD pump system along with a scheme and
photo of the RFD. The RFD together with the
Charge Vessel is installed inside the tank. The
RFD is connected to the Charge Vessel and via
Delivery Line to the target tank. The Charge
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vessel is connected to the Jet Pump Pair (JPP),
which in turn is connected to a compressed air
supply line. The working cycle of the RFD
pump system is divided into three phases:

Suction Phase: The jet pump pair generates a
partial vacuum in the charge
vessel sucking liquid through
the RFD into the vessel

Drive Phase: The jet pump pair pressurizes
the charge vessel to drive the
liquid through the RFD pump
element into the delivery tank

Vent Phase: When the charge vessel is

nearly emptied it is depressur-
ized through the jet pump pair
into the tank ventilation sys-
tem

The suction jet provides the suction of the lig-
uid from the waste tank into the charge vessel
during the suction phase. The drive jet is used
to press the liquid out from the charge vessel
into the delivery line which delivers the fluid
to the target tank (e.g. the receipt tanks). The
PRESCON controller is the central unit for con-
trol of the different working phases of the RFD
fluidic pump.

The RFD fluidic pump unit had to be tested in
the PVA facility of KIT-INE using equipment
supplied by NuVision Engineering Inc. which
will be used later in the VPC plant (RFD pump-
ing element, PRESCON Il controller, valve skid,
pressure  measurement devices). Other
equipment had to be additionally supplied and
installed to enable PVA’s infrastructure for the
performance of the test (delivery line air, vent
line etc.). The charge vessel as part of the re-
ceipt tank to be shipped to China had been
manufactured by a German supplier.

The arrangement of the test equipment in the
PVA facility is shown in Fig. 5. The charge ves-
sel with the RFD pump unit has been arranged
in the existing PVA simulate tank (capacity
5.5m°) located in the PVA basement. From
there the transfer was performed via the de-
livery line and a break pot into the PVA receipt
tank 01 which is connected to the receipt tank
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Fig. 4: Simplified arrangement of the RFD fluidic pump
system.

02 by an overflow. As the volume capacity of
each of the two PVA receipt tanks is 3.2 m?
the total volume capacity of the two tanks is
6.4 m® which was sufficient for demonstration
of the required transfer batch volume of
4.9 m3. All three tanks (PVA simulate tank,
PVA receipt tanks 01 and 02) were equipped
with level measurement devices which al-
lowed to monitor the fluidic pumping action
and to calculate the RFD fluidic pump flow
rate capacity. The liquid collected in the PVA
receipt tanks 01 and 02 during a batch trans-
fer operation of 4.9 m? should be recycled into
the PVA simulate tank for start of a new batch
transfer by the RFD fluidic pump.

The height position of the RFD fluidic pump
unit 841 PA 01 in the PVA simulate tank has
been arranged at -2.65 m. The upper end of
the delivery line was placed in a height of
+7.85 m. Thus the effective pumping height
for the liquid was +10.5 m which is in compli-
ance with the required value in the future VPC
plant.

The test was carried out in three phases:
(1) Experimental arrangement of the RFD flu-

idic pump including modification of PVA infra-
structure

-70 -

(2) Basic function tests of the RFD fluidic
pump (using water)

(3) Long-term reliability test using water and
NaNOs, alternatively, to simulate the higher
density of the HLLW solution. Demonstration
of the reliability of periodic transfers of 4.9 m?
batches from PVA simulate tank in the base-
ment into the PVA receipt tanks 841 BB 01/02.

The test performed under the supervision of a
representative of NuVision Engineering Inc. al-
so served as final Factory Acceptance Test
(FAT) for the RFD fluidic pump system to be
supplied to China.

Test results

The main purpose of the RFD test was to
demonstrate the ability to overcome the
pumping height of 10.5 m and to prove the
transfer time of maximal 3h for a 4.9m?
HLLW batch. In the pre-test phase with water
all the necessary installation and equipment
was commissioned and the functions of
measurement devices could be verified. Dur-
ing the long-term testing with water and sodi-
um-nitrate 113 charge vessel cycles were per-
formed in total (single cycle volume 40-45 1)
until the aspiration point of the RFD was
reached. This point characterizes the lowest
transfer level of the RFD in the tank. It ap-
peared during the test that due to the aspira-
tion point the actually transferred batch vol-
ume was limited to approximately 4.5 m>.

The main results of the RFD testing were:

e Required pumping height achieved

e Transfer rate for a 4.9 m* batch higher
than required (extrapolated)

e Transfer time per batch of 4.9 m* was ap-
prox. 2.1 h (extrapolated)

e Transfer rate for each charge vessel cycle
is independent on the liquid level in the
tank

e No influence of the density of the liquid
on the transfer rate

e Transfer characteristics (volume in charge
vessel, transfer rate) proved to be very
uniform
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As a general result the suitability of the RFD
system for the intended purpose in the VPC
plant could be demonstrated. Moreover, the
RFD system has successfully passed the Facto-
ry Acceptance Test necessary for application
in the VPC plant in China.

4, Outlook

Detailed Design for the residual melter sub-
components will be finished in spring 2013.
Major activities are concentrated on final
manufacturing of melter subcomponents and
assembly of all subcomponents to the VPC
melter ready for shipping to China. KIT-INE will
be in charge of coordination and supervision
of the assembly work to be carried out at INE.
The total assembly time is estimated to last
about 9 months.

In view of the installation, testing and com-
missioning of the core process components to
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be supplied by the German consortium, func-
tional test programs, commissioning programs
and operation manuals will be created and
shipped together with the respective core
process component.

To ensure the production of a specified waste
glass according to the contract, instructions
for mass stream control and process control
will be created as basis for implementation in-
to the VPC process control system, supplied by
the Chinese side.
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8.2 Structural investigations on the impact of increasing MoOs loadings in
borosilicate glasses for the immobilization of Mo-rich nuclear wastes

A. Kutzer, T. Vitova, K. Kvashnina*, T. PriiSmann, J. Rothe, C. Adam, P. Kaden, M. A. Denecke, S.

Weisenburger, G. Roth, H. Geckeis

* European Synchrotron Radiation Facility (ESRF), BP 220, 38043 Grenoble Cedex 9, France

Introduction

Highly radioactive waste residual material re-
maining in HLLW storage tanks on the ‘Karls-
ruhe Reprocessing Plant’ (WAK) site following
vitrification of the tanks’ original liquid waste
contains a high Mo(VI) content. This residual
material can potentially be immobilized in a
borosilicate glass matrix for ultimate disposal.
Mo(VI) shows a low solubility in borosilicate
glass, tending to separate out into molybdate-
rich phases during the vitrification process [1].
These phases may crystallize during glass melt
cooling and are able to incorporate significant
amounts of radioactive isotopes within their
crystal structure. However, the chemical com-
position of the formed phases is strongly de-
pendent on borosilicate glass composition
used, as well as the applied conditions in the
vitrification process. If water soluble phases
such as alkali molybdates are formed, the re-
lease of radioactivity into the environment will
be facilitated in case of water intrusion into a
deep geological repository. Understanding
factors favoring or disfavoring the formation
of soluble crystalline Mo(VI) phases in borosil-
icate glasses allows development of glass
compositions capable of incorporating high
Mo loadings, yet avoiding formation of such
soluble phases.

In 2012 investigations on a nuclear waste sim-
ulate with varying MoOs; concentrations vitri-
fied in a multi-component borosilicate glass
(‘VPC’ glass [2]) were performed. High resolu-
tion X-ray absorption near edge structure
(HR-XANES) and magic angle spinning nuclear
magnetic resonance (MAS NMR) techniques
were applied to characterize glass network
structure and molybdenum local atomic envi-
ronment, respectively.
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Experimental

Glass preparation:

A glass frit was prepared from mixtures of
stoichiometric amounts of SiO,, B,0s, Al(OH)s,
N32CO3, CaC03, LizCOg, IVIgO, BaC03, V205 and
Sb,0s. The mixed powders were first de-
carbonized for 1 h at 800°C, in air, in a Pt cru-
cible and then molten for 2 h at 1250°C. Sub-
sequently, the glass melt was quenched as a
cylinder on a stainless steel plate. To ensure
homogeneity, the glass was ground and re-
melted for 2 h at 1250°C.

Respective amounts of the glass frit powder,
the simulated waste composite containing an
inactive mixture of 18 metallic and nonmetal-
lic oxides and MoO; powder were mixed and
then molten in a Pt crucible for 2 h at 1150,
1200 or 1250°C, depending on the MoO; con-
tent. Finally, the glass melts were quenched as
cylinders on a stainless steel plate and ground
to powders.

MAS NMR:

2%5i MAS NMR spectra were recorded on a
Bruker Avance Ill 400 spectrometer operating
at 79.50 MHz. Powdered samples were spun
at 15 kHz in a 4 mm MAS probe. A one pulse
sequence with a 30 degree excitation pulse
(7.8 us) and a relaxation delay of 20 s was ap-
plied accumulating 15,360 scans for each ex-
periment. Chemical shifts are reported rela-
tive to tetramethylsilane (with §(*°Si) = 0).

HR-XANES spectroscopy:

Mo K-edge HR-XANES spectra were recorded
at the ID26 undulator beamline at the ESRF.
Powdered glass samples and reference com-
pounds, diluted with microcrystalline cellulose
and pressed as pellets of 4 mm diameter,
were prepared for measurements in fluores-



cence mode. The emitted Mo K, fluorescence
was diffracted by a bent Ge(999) crystal at
77.74° Bragg angle and focused onto a Ketek
silicon drift detector.

Results and discussion

MAS NMR studies:

All acquired si MAS NMR spectra were mod-
eled with Gaussian curves centered at &(*°Si)
values of 80.0, 92.2 and 103.6 ppm using the
DMFit program [3]. These shift values model
respective Q% Q’ and Q° environments (Q" be-
ing tetrahedral [SiO4] units with n=0-4
bridging oxygen atoms) [4]. Keeping the chem-
ical shifts constant and varying individual
Gaussian function intensities in fits to the *°Si
spectrum (see Fig. 1) allows determination of
the degree of silicon network polymerization
as a function of glass MoQO; concentration

(Fig. 2).

The evolution of the Q, ratios in Fig. 2 reveals
that [Q”] decreases with increasing MoOs; con-
tent from 2 to 8 wt%, whereas [Q’] increases.
[Q"] (framework (Si0,),) species are not pre-
sent in any significant amount. These results
suggest that the amount of crystalline phases
in the glasses increases with increasing MoQ;
concentration through formation of crystalline
CaMo0, and BaMoQ,. The formation of these
phases removes the network modifiers Ca™
and Ba®* from the glassy network, and thereby
creates higher 'Q™ structures by replacing

40 20 0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200

& [ppm]

Fig. 1: A representative ®Si MAS NMR spectrum (black)
fit result (narrow black line) and individual Q" Gaussian
fit curves (colored lines) for a model borosilicate glass
containing 5 wt% MoO;.
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Fig. 2: Fit results of the ®Si MAS NMR spectra of the
glass samples with increasing MoO, content. The rela-
tive proportions of three different *’Si environments Q°
(black), Q* (red) and Q° (green) show a linear depend-
ence as a function of the MoQ, loading in the glass.

non-bridging oxygen atoms with bridging ones
(due to decreased need for modifier charge
compensation in the glassy network).

Mo K HR-XANES studies:

The Mo K-edge HR-XANES spectra of the boro-
silicate glasses containing varying MoQ; load-
ings are shown in Fig. 3 together with the
spectra of crystalline CaMoQ., BaMoQ. and
Na,MoQ, as reference compounds. The shape
of the spectral features in the glass spectra
changes systematically as a function of the
MoOQ; concentration. Visual inspection shows
that the spectrum of the glass with the highest
MoO; loading (12 wt%) resembles that of crys-
talline CaMoQ,. By modeling the HR-XANES
spectra of the glasses by linear combination
least squares fit analyses, the evolution of the
Mo(VI) coordination structure with increasing
glass MoO; content was quantified. The
CaMo0Q,, BaMoO, reference HR-XANES and
HR-XANES for three different borosilicate
glasses, each containing low MoOj content,
one type of modifier cation (Ca**, Ba** or Na'
designated as Ca-SiBMo, Na-SiBMo and
Ba-SiBMo, respectively) and known to not
contain crystalline molybdates (not shown in
Fig. 3), were used in modeling the data. This
choice of reference compounds for the fits
was based on results obtained from SEM-EDX,
powder X-ray diffraction (XRD) and Raman
spectroscopic analyses. XRD and Raman stud-
ies confirmed formation of crystalline CaMoQ,
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Fig. 3: Mo K-edge HR XANES spectra of glasses with in-
creasing MoOj; concentration from bottom to top. The
top spectra are from three crystalline reference com-
pounds Na,MoO,, CaMoO, and BaMoO,.

and BaMoO, phases for MoO3; concentrations
above 4 wt%. These phases are associated
with spherically shaped regions on the glass
surface, which increase in size with increasing
MoO; content, and shown in SEM-EDX to be
rich in Ca, Ba, Mo and O.

The results of the HR-XANES fits are depicted
in Fig. 4. For low MoO; concentrations an
amorphous environment dominates and Na*
cations preferably compensate molybdate

T T
Ca-SiBMo
& L Ba-SiBMo
0.8 g b Na-SiBMo 4
& v CaMoO,

v BaMoO,

0.6 4

0.4+

0.2+

weight of reference spectra [%/100]

w(MoO,) [wt%]

Fig. 4: Linear combination least squares fit results of Mo
K-edge HR XANES spectra of glasses with increasing
MoOj; concentration. See text for details.
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charge over Ba** and Ca®*. With increasing
MoO; concentration, the favored Mo atomic
environment shifts from amorphous to crys-
talline and CaMo0Q, and BaMoO, phases form.
At the highest MoOs concentration crystalline
CaMoO, dominates, as expected from visual
inspection of spectra. We find no evidence for
the formation of water soluble crystalline al-
kali molybdates, indicating that the chemical
composition of the glass used is favorable for
immobilization of Mo-rich nuclear waste with
this specific chemical composition.

Outlook

Further work is underway to correlate ob-
served HR-XANES spectral trends with cluster
size by performing ab initio quantum chemical
calculations using the multiple scattering ap-
proach (FEFF9 code). “Shell by shell” HR-
XANES calculations might allow the estimation
of the average cluster size of the crystalline
particles formed in the glasses for MoO; con-
centrations exceeding the solubility limit. In
addition, Na, Ca and Ba K-edge XANES studies
are planned in order to characterize the atom-
ic environment of charge balancing cations as
a function of MoO; concentration.
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9 Development of actinide speciation methods

Maintaining a state-of-the-art analytical/instrumental portfolio at INE is an important R&D activity, as
this is critical for advancing discovery and understanding of actinide and lanthanide (geo)chemistry.
The new environmental SEM and XPS instruments at INE are examples, which better serve the sur-
face analytical research needs. In 2012 progress in laser-based instrumentation include development
of the first portable commercial LIBD system for field experiments and the use of confocal fluores-
cence microspectroscopy for Eu speciation. In the synchrotron-based R&D work, first applications of
recent developments have been successfully performed, such as studies of Am(lll) complexation with
nitrate, chloride and lactate at elevated temperatures using a version of the high-T / high-pressure
cell developed for TRLFS adapted for XAFS and characterization of corroded cement matrices from
the Asse Il salt mine using u-XAFS, u-XRF and p-XRD. In addition, significant progress in the multi-
analyzer crystal spectrometer for high energy resolution X-ray emission spectroscopy (HRXES) was
made this year. HREXS development has been supported by experimental and theoretical efforts.
The NMR instrument at INE is being increasingly used for in-house research and is also part of the
“Actinide NMR Centre of Excellence”, which is accessible through highly competitive (five-fold over-
subscription) application to the European EURACT-NMR project. Much of the inhouse developmental
work is supported by theoretical quantum chemical calculations, some of which are developmental
activities themselves, e.g., the new ansatz to parameterize the actinide — water interaction potential,
and its implementation into the POLARIS MD-software package.

9.1 R&D projects conducted at the INE-Beamline for Actinide Research at
ANKA and at external SR sources

C. Bube, K. Dardenne, M. A. Denecke, D. R. Fréhlich, B. Kienzler, V. Metz, P. J. Panak, T. PriiSmann, J.
Rothe, D. Schild, A. Skerencak, E. Soballa, T. Vitova

Introduction (XAS) applications, because of this unique
constellation the INE-Beamline makes contin-
Continuous development and adaption of in ual efforts to increase the portfolio of availa-
situ speciation methods capable of providing ble methods to meet users’ needs, in addition
molecular-scale information on key parame- to user support in planning, performing and
ters determining radionuclide mobility in the evaluating experiments, including addressing
barrier system surrounding a future HAW re- all relevant radiation safety and personal se-
pository is necessary, with emphasis on meth- curity clearance issues. INE scientists also
ods applicable for long-lived actinide elements conduct various experiments at external SR
and fission products. The INE-Beamline for ac- sources offering capabilities not — or not yet —
tinide science [1] at the KIT synchrotron radia- available at KIT.
tion (SR) source ANKA was designed, con-
structed, and is operated as a flexible INE-Beamline user operation in 2012
experimental station for spectroscopic investi-
gation of these elements. The INE-Beamline is In 2012 a total of 28 INE in-house and external
the only facility of its kind in Europe offering projects were hosted at the INE-Beamline. The
access to radiochemistry laboratories with time available for INE internal research
state-of-the-art analytical and microscopy amounted to ~29% of all available shifts
equipment in direct proximity to a SR experi- (32 days). Ten days were spent for mainte-
mental station dedicated to X-ray spectro- nance, development and pilot experiments. As
scopic radionuclide characterization on the in the previous years, the majority of beam-
same research campus. Although its design is time shifts in 2012 was given to external pro-
optimized for X-ray absorption spectroscopy jects with (52 days) and without (7 days) PRC
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(ANKA Peer Review Committee) ranking. INE
projects at the beamline covered a broad
range of topics related to safe disposal of
HAW, with emphasis on actinide complexation
and surface sorption phenomena, and alterna-
tive disposal strategies, e.g., reduction of HAW
radiotoxicity. Many of these studies are pre-
sented in more detail elsewhere in this report
or the recent ANKA Annual Report [2]. In-
house projects in 2012 included studies of mo-
lybdate phases in simulated nuclear waste
glasses, high temperature investigations of
Am(Ill) complexation by sulphate and lactate,
polarized XAFS measurements of lanthanide
and Th(IV) doped brucite and hectorite, inves-
tigations of Np cation complexation by propi-
onate, nitrate and fulvate ligands, studies of
tetravalent actinide complexation by BTP ex-
traction ligands, structural characterization of
trivalent metal complexes of transferrin and
measurements on sorption and redox specia-
tion of Np(V) on lllite mineral phases.

General user research projects receive beam-
time following PRC evaluation (biannually in
January and June), as approved ACTINET-i3
Joint Research Projects (both together com-
prising at least 30% of all available shifts) or
through direct cooperation with KIT-INE. In
2012 scientists from the 12 German and Euro-
pean research institutions listed below con-
ducted experiments at the INE-Beamline:

e JRC - Institute for Transuranium Elements,
Karlsruhe, EU;

e |[nstitut fir Kernchemie, Universitat Mainz,
Germany;

e Universitat Heidelberg, Fakultat fiir Chemie
und Geowissenschaften, Germany;

e Physics and Astronomy Department, Upp-
sala University, Sweden;

e University of Manchester, SEAES, William-
son Research Centre, United Kingdom;

e Cambridge University, Department of Earth
Sciences, United Kingdom;

e KIT Institut fir Nanotechnologie, Karlsruhe,
Germany;

e CEA Cadarache, Saint Paul Lez Durance,
France;

e CEA Marcoule, Bagnols-sur-Céze, France

) Amphos”, Barcelona, Spain;
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e Paul Scherrer Institut, Bereich Nukleare
Energie und Sicherheit (NES), Villingen,
Switzerland;

e Institut flr Energie- und Klimaforschung 6,
Forschungszentrum Jilich, Germany.

Seven projects in 2012 received beamtime
and were funded as ACTINET-i3 Joint Research
Projects.

As in previous years, a significant percentage
of in-house and PRC beamtime was used by
PhD students to perform experiments in the
framework of their theses (a total of 7 pro-
jects, corresponding to ~20% of all available
shifts).

Microfocus (1) measurements at the INE-
Beamline

Since 2008 considerable effort has been un-
dertaken at the INE-Beamline to implement
spatial resolution in the um regime for investi-
gation of radioactive samples with heteroge-
neous elemental or phase distributions (cf.
Annual Report 2009). In this context, u-XAFS
(L-XANES/p-EXAFS), W-XRF and p-XRD have
been combined to characterize U-rich regions
in thin section samples of corroded cement
matrices retrieved from the Asse Il salt mine
after long-term exposure (17 years) to salt
(NaCl, MgCl,) brines [3,4]. Regions of interest
were pre-selected from SEM backscattering
images, showing high contrast for U-rich ag-
gregates (hot spots) embedded in the corrod-
ed cement matrix (Fig. 1, left). A polycapillary
optic mounted on a hexapod positioning unit
was used to focus monochromatic radiation
delivered by the double crystal monochroma-
tor to a beam spot-size of 25-30 um for u-XRF
and p-XAFS measurements. Thin section sam-
ples mounted on quartz slides were placed on
a three-axis positioning stage with the sample
surface at a 45° angle to the incident beam for
2D scanning. A silicon drift detector was used
for collecting X-ray fluorescence radiation.
Uranium hot spots identified in element dis-
tribution maps reconstructed from the scan-
ning W-XRF data were selected for u-XAFS and
U-XRD analysis. Diffraction patterns were col-
lected in Laue transmission mode on erasable
X-ray sensitive films, mounted perpendicular



to the beam, downstream from the sample. In
this case, a single bounce capillary was used to
deliver a low divergent ~35 um focused beam.

Uranium-rich hot spots generally exhibit U L3-
XANES energy positions characteristic for
U(VI), in accordance with previous U specia-
tion results based on bulk XAFS spectra [3],
thus clearly confirming preservation of the
hexavalent uranium state in the cement after
long-time exposure to brine. u-XANES features
obtained for most U hot spots and in more dif-

fuse U distributions located nearby are nearly
indistinguishable from each other, obviously
representing a prevalent U(VI) species formed
throughout the corroded cement matrices. A
representative u-XANES is shown in Fig. 1 (red
curve marked F33-B1-50). These spectra ex-
hibit features significantly different from
those typical for U(VI) uranyl dioxo-moieties
(e.g., B-uranophane, Fig. 1, upper green curve)
and resemble more a diuranate type phase
(Fig. 1, upper red curve), characterized by
elongated axial and reduced average equato-
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Fig. 1: left — SEM images of U-rich hot spots in corroded cement samples F33-B1-10 (top) and F33-B1-50 (bottom), taken
from different core depths (MgCl, system, cf. text for details); right — U L3 u-XANES spectra recorded at these spots com-
pared to bulk XANES of crystalline U(VI) references Ca-diuranate and B-uranophane (spectra vertically shifted for clarity).
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Fig. 2: VLM image of area around U hot spot in F33-B1-50 (same hot spot as depicted in SEM image, Fig. 1 bottom left) and
U-XRF element distribution maps recorded for the marked area (scan area 600umx500um, 10umx10um steps, beam spot

size ~25 um).



rial U-O distances compared to those typical
for uranyl coordination polyhedra. This diu-
ranate coordination geometry results in
dampening of the U L3 white line (WL) intensi-
ty and a decrease in the energy difference be-
tween the WL and axial oxygen multiple scat-
tering (MS) feature compared to that
observed for uranyl containing materials.
Nevertheless, at least one U-rich area in a
MgCl, brine corroded sample having distinct
XANES features similar to a uranophane-like
U(VI) phase was found. These findings are in
agreement with thermodynamic solubility cal-
culations performed for the U-doped ce-
ment/MgCl, brine systems, suggesting that
both diuranates and uranophane are possible
solubility limiting phases in this cement/salt
system. In contrast, measured U(VI) concen-
trations in the cement/NaCl brine system are
only in agreement with a diuranate solubility
limiting phase. In agreement, only diuranate-
type P-XANES were observed for analogous
cement samples corroded in NaCl (data not
shown).

In addition to U-rich hot spots and uranium
ubiquitously present in diffuse distributions
throughout the thin section samples, a num-
ber of other elements associated with the ce-
ment and its additives are identified in u-XRF
distribution maps. As a general trend, Fe
shows a clear anti-correlation with U enriched
areas, whereas K, Sr and Rb (not shown) show
areas with distributions correlated to U-rich
areas. Other transition metals (Ti, Mn, Cu, Zn)
show either no or a U correlation to only lim-
ited sample areas (Fig. 2). u-XRD measure-
ments of numerous U-rich hot spots, including
those depicted in Fig. 1, show these to be
generally X-ray amorphous; no evidence is ob-
tained for the presence of any crystalline ura-
nium phase. Weak diffraction patterns identi-
fied for some of these hot spots can be
attributed to cement corrosion products.

High-temperature XAFS

Due to the decay heat of high-level nuclear
waste stored in a deep geological formation,
the temperature in the repository near-field
will increase significantly (Tmax = 100°C (clay),
or 200°C (salt)). In a possible failure scenario,
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the increased temperature will change the
chemical properties of radionuclides dissolved
after groundwater influx and container /
waste matrix dissolution. To investigate the
complexation behaviour of actinides at ele-
vated temperatures, a custom built high-T /
high-pressure cell already successfully used in
time-resolved laser fluorescence spectroscopy
(TRLFS) studies [5] has been adapted for XAS
measurements at the INE-Beamline (cf. Annu-
al Report 2010). This set-up was used to study
the interaction of Am(lll) with different
(in)organic ligands (i.e., nitrate, chloride, lac-
tate) as a function of temperature. As an ex-
ample, Am L3-EXAFS spectra of 1 mM Am(lll)
in the presence of 5mM lactate at
20 and 90°C are depicted in Fig. 3 (solid lines).
Their best fits to the EXAFS equation are
shown as symbols and related structural pa-
rameters given in Tab. 1. EXAFS analysis shows
that the amount of complex formed is re-
duced with increasing temperature, indicated
by a decrease in number of carbon neighbours
in the second coordination sphere at 90°C.
Hence, the related complex formation reac-
tion is an exothermic process. Furthermore,

T T T
154 —— Experimental data
Fit

K % chi(k)
w

Fig. 3: k3-weighted high-temperature EXAFS spectra of
1 mM Am(lll) in 0.1 M NaCl solution in the presence of
5 mM lactate at 20 and 90°C.

Table 1: Structural parameters related to the fit curves in
Fig. 3.

. Am-O Am-C*
T/ Ty R/A| /A | N | R/A AEo/ eV
20 | 105 | 2.46 | 0.010 | 2.8 | 3.40 2.2
90 | 100 | 245 | 0.012 | 1.8 | 3.35 -0.6

Errors of N = 1, R = 0.01 (Am-0) and 0.04 A (Am-C), &° = 0.001 A®
(Am-0), AE, = 1 eV, *o’ set to 0.003



the Am-C distance of 3.35-3.40 A clearly indi-
cates that lactate is bound through its carbox-
yl- and a-hydroxyl-function, forming a chelate
complex with Am(Ill).

High resolution X-ray emission
spectroscopy (HRXES)

In 2012 the design and manufacture of the
multi-analyzer crystal (MAC) spectrometer for
high energy resolution X-ray emission spec-
troscopy (HRXES) have been completed
(Fig. 4). The spectrometer assembly comprises
a mobile and a stationary positioning unit,
both supplied by HUBER Diffraktionstechnik
GmbH (Rimsting, Germany). The five analyzer
crystal positioning stages possess four degrees
of freedom each. The crystal stages are
mounted on a common granite block, which is
installed on a mobile rack, hosting power sup-
plies and motion controllers for all 23 spec-
trometer motors. The stationary detector po-
sitioning unit comprises three degrees of
freedom (a long and a short linear stage and a
rotation stage), which allow the detector to be
moved along the Rowland circle. Initial me-
chanical spectrometer performance tests and
adaption of the control software were started
in the 2012/2013 ANKA winter shutdown.

In 2012 benchmark calculations of lanthanide
(Ln) and actinide (An) L3 edge high energy
resolution X-ray absorption near edge struc-
ture (L3-HR-XANES) and Ln L3 edge core-to-
core resonant inelastic X-ray scattering (L3-CC-
RIXS) spectra have been performed with the
ab initio quantum chemical code FEFF9.5 in
collaboration with the group of Prof. John
Rehr, Washington State University, USA [6,7].
Both a 4f (Yb,05) and a 5f system (the natural
mineral schroeckingerite) were considered.
The experimental and calculated Yb L3-HR-
XANES spectra of Yb,03 and the corresponding
experimental and calculated Yb L3-CC-RIXS,
are plotted in Fig. 5a & 5b, respectively. The
FEFF9.5 code successfully reproduces all spec-
tral features at energies differing only a few
eV from the experimental values for Yb; some
intensity differences are also observed.

Yb,0; is characterized by Yb1l and Yb2 sites in
octahedral and distorted octahedral coordina-
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Fig. 4: 3D CAD model (left) and photo of the MAC spec-
trometer during initial mechanical performance tests
(right).

tion, respectively. The weighted Yb1l and Yb2
calculated spectra including only dipole or
guadruple transitions are shown in Fig. 5a.
The Yb L3-HR-XANES spectrum is a linear
combination of the two calculated spectra
(1/4xYb1 + 3/4xYb2). The Al (Yb2) and A2
(Yb1) regions in the pre-edge feature originate
mainly from 2p;,,—>4f electronic transitions. In
contrast, 2p3,—>5d transitions lead to broad-
ening of the Al peak (Yb2). The calculated en-
ergy difference between features Al and B2
(15.7eV) and B1 and B2 (4eV) is larger,
whereas the distance between B2 and C
(12.1 eV) is smaller, compared to the experi-
mental  spectrum (B2-Al1=13.4eV, B2-
B1=3.3 eV, B2-C= 16.7 eV). In Fig. 5b the Yb
La; emission is plotted on the energy transfer
scale as a function of the excitation energy
(Yb L3-CC-RIXS). The Yb L3-CC-RIXS of Yb,O;
displays an intense pre-edge structure at
about 8935 eV and a double structure in the
WL region. The left RIXS plot shows the
FEFF9.5 calculation result using only dipole
transitions (2p3/,,—>5d), the middle plot the re-
sult obtained including quadrupole transitions
(2p32>4f). The pre-edge absorption reso-
nance is weak in the left plot but the middle
plot has much stronger intensity and both
have positions comparable to the experi-
mental spectrum (right), thus suggesting
2ps3,,~>4f transitions dominate this part of the
spectrum, with an admixture of 2p;,—->5d
transitions. This interpretation is in accord-
ance with previous atomic multiplet calcula-
tions restricted to the pre-edge region [8], at-
tributing the pre-edge feature to 2p;,—>4f
electronic transitions. The experimental and
theoretically calculated U L3-HR-XANES, as
well as the U unoccupied f and d angular mo-



mentum projected density of states (d- and
f-DOS) for the mineral schroeckingerite are
depicted in Fig. 5c. In this case the FEFF9.5
code successfully reproduces spectral features
at correct energy positions. The results reveal
that 2p3/, electronic transitions to 5f valence
states contribute to the pre-edge region at ~-
9 eV relative energy, indicated by the pro-
nounced calculated U f~-DOS maximum in this
energy region. The WL and post-edge regions
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Fig. 5: (a) experimental Yb L3-HR-XANES of Yb,03; com-
pared to FEFF9.5 calculation; (b) FEFF9.5 calculation of
Yb L3-CC-RIXS for Yb,0; including dipole (left) or dipole
and quadrupole transitions (middle) compared to the
experimental Yb L3-CC-RIXS (right); (c) experimental U
L3-HR-XANES of schroeckingerite compared to FEFF9.5
calculation and the calculated d- and f-DOS.
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of the U L3-HR-XANES spectrum are well de-
scribed by dipole 2p;/,,—~>6d transitions and re-
semble the U d-DOS as expected.

The capability of the HR-XANES and RIXS tech-
niques to measure the relative energy differ-
ence between An/Ln f and d states in materi-
als with small structural variations s
extremely valuable for fine-tuning theoretical
approaches. These techniques will also shed
light onto the degree of stabilization of the An
5f valence orbitals across the actinide series
and onto the amount of orbital mixing be-
tween An/Ln valence and ligand molecular or-
bitals.

Outlook

The MAC spectrometer will be commissioned
and exhaustively tested in various pilot exper-
iments at the INE-Beamline in 2013. In addi-
tion, further milestones towards realization of
the new high-energy / high-flux CAT-ACT
beamline at ANKA (cf. Annual Report 2011)
will be achieved. After finishing the necessary
ANKA hall east extension in 2012, construction
of the control cabin has commenced. Once the
beamline front-end and optics design is final-
ized, ordering of all components and the radi-
ation protection hutches will follow (summer
2013). Fabrication of the wiggler source began
in November 2011. Its delivery and installa-
tion, along with the front-end section, is
planned for the 2013/14 ANKA winter shut-
down.
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9.2 Laser spectroscopy

S. Biichner, S. Eidner®, C. Garcia-Perez, H. Geckeis, A. Geist, R. Gétz, W. Hauser, C. Hille®, M. Kumke®, T.
Kupcik, J. Laber, U. Miillich, P. J. Panak, C. M. Ruff, T. Schdfer

“Universitdt Potsdam, Institut fiir Physikalische Chemie, UPPC, Karl-Liebknecht-Str. 24-25, 14476 Golm, Germany

Introduction

Development of new and existing analyti-
cal/instrumental methods is crucial in en-
deavours to understand the environmental
behaviour of actinide and lanthanide ele-
ments. Development of laser spectroscopic
methods, including laser induced breakdown
detection (LIBD) and time-resolved laser fluo-
rescence spectroscopy (TRLFS), play an im-
portant role in the INE R&D program. Recent
efforts are devoted to improve LIBD capabili-
ties for detection of colloidal nanoparticles.
Building upon years of experience of INE sci-
entists both in the laboratory and infield ex-
periments, the first portable commercial LIBD
system is currently under development. Re-
cent TRLFS activities at INE include use of con-
focal fluorescence microspectroscopy for Eu
speciation in highly compacted clay systems
and fundamental studies devoted to identify-
ing reasons for selectivity in complexation of
An(lll) over Ln(lll) with partitioning relevant
extraction ligands.

Development of a commercial mobile
nanoparticle analyzer

In a technology transfer project between KIT-
INE, KIT-IMA (Innovation Management) and
the industrial partner Cordouan Technologies
(Bordeaux, France), a nanoparticle analyzer
named MAGELLAN has been designed and a
prototype assembled. The aim of the project is
to develop a commercially available, mobile
instrument, which is robust enough to be used
for colloid detection under field conditions.

MAGELLAN uses LIBD to measure the size dis-
tribution (size range: 10 nm to 1 um) and con-
centration of colloids with high sensitivity
(ng/L). The complete nanoparticle analyzer
prototype with its cover plate removed is
shown in Fig. 1 showing the upper portion of
the instrument containing optical compo-
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Fig. 1: First prototype of a commercially available nano-
particle analyzer. Inset: close-up of the sample cuvette.
The photoacustic sensor head is seen at the lower left.

nents: a diode-pumped solid-state laser, a
pulse-energy setting polarizer, two 90 degree
mirrors, an energy detector and lenses to fo-
cus the laser beam into a standard flow-
through cuvette. The breakdowns are detect-
ed with a photoacoustic sensor developed at
INE. The 19” module contains the complete
instrument, including the electronic compo-
nents in the bottom portion of the instru-
ment; only the controlling computer is an ex-
ternal part.

The next steps of the project are calibration of
the prototype, optimization of the evaluation
software and assembly of further instruments.

Eu speciation in a compacted Na-illite
sample: a confocal microscopy study

Clay mineral-rich sedimentary formations are
currently under investigation as host for-
mations for disposal facilities for high-level
nuclear waste in several countries (e.g., Boom
Clay (BE), Opalinus Clay (CH) and Callovo-
Oxfordian argillite (FR), see [1] and reference
therein). In addition, compacted bentonites,
mainly composed of smectite-type clay miner-
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Fig. 2: Experimental setup for the confocal microscopy
experiments.

al montmorillonite, are proposed as geotech-
nical barriers. Thus, a thorough understanding
of the migration processes of radionuclides in
compacted clay systems is an important re-
qguirement for a quantitative assessment and a
long-term safety analysis of such a repository
in deep geological formations. In contrast to
neutral (HTO) and anionic species (e.g., ClI') [2]
or cations sorbed by outer-sphere complexa-
tion (cation-exchange; e.g., Sr*) [3], only little
is known about the diffusion of cations sorbed
by inner-sphere complexation (surface com-
plexation; e.g., Zn*, Eu*").

In order to describe trivalent actinide/lantha-
nide speciation in highly compacted clay sys-
tems (here Na-illite), Eu speciation (i.e. its hy-
dratation state) of an illite-filled column fol-
lowing an in-diffusion experiment was
investigated by confocal fluorescence micro-
spectroscopy.

Experimental description and results

[llite de Puy used in this study was purified ac-
cording to a procedure agreed on within the
EC project CP CatClay (www.catclay.org). A Eu
in-diffusion experiment with a compacted, cy-
lindrical Na-illite sample lllite de Puy (8.18 g,
d=2.54mm, h=10mm, compaction factor =
1.61 g/cm®) was performed at a background
electrolyte concentration of 0.2 M NaCl. The
experimental set-up comprises a diffusion cell
made of PEEK material after the design of [2],
a peristaltic pump and two reservoirs, one
containing the Eu solution (10° M), the other
the background electrolyte. The solutions
were circulated through the end plates and
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the Eu concentration was monitored in regular
time intervals. While the Eu concentration de-
creased slowly for < 60 d, it dropped to almost
zero for longer reaction times. This steep de-
crease can be attributed to an increase of pH
from 5.3 to 6.4, as no additional buffer was
added. After 150 days, the contact solution
was exchanged by different methanol/water
ratios, followed by epoxy resin (LRwhite") im-
pregnation. Analysis of the various alco-
hol/water mixtures and the epoxy resin re-
vealed no mobilization of Eu during this
preparation step. After drying, the clay core
was cut and investigated by confocal micros-
copy (Fig. 2) at UPPC (Universitat Potsdam, In-
stitut fur Physikalische Chemie). Images of the
sample surface were recorded both in fluores-
cence, as well as in incident light mode.

In Figure 3a an image of the compacted Na-
illite recorded in fluorescence mode is pre-
sented, showing the core edge in contact with
the Eu containing reservoir. Eu fluorescence is
detected near the sample edge, as well as in-
side the compacted Na-illite core. Fluores-
cence decay curves originating from two dif-
ferent areas (indicated in Fig.3a) are
presented in Fig. 3b. Both curves show biex-
ponential decay behaviour, which can be ap-
proximated by two Eu fluorescence lifetimes,
T, =46 us and 1, = 200 ps. Based on [4] the lat-
ter lifetime corresponds to ~5 bound H,0/0H’
entities, indicating a surface sorbed, inner-
sphere Eu, which has lost ~4-5 water ligands in
the original hydrate sphere of the aquo ion.
The relative short lifetime of 46 us points to
fluorescence quenching processes, which can
be due to Eu-Eu (short interatomic distances
of surface sorbed Eu) or Eu-Fe interactions [5]
(Fe is present at 6.8 wt.-% in the used Na-
illite).

By comparing these results with studies on
clay suspensions [6] and assuming a similar
sorption behaviour of Eu and Cm [7], we con-
clude that two different Eu species exist in the
compacted Na-illite sample under the given
experimental conditions (i.e. between pH 5.3
and 6.4): =S—Eu(H,0)s and =S—Eu(OH)(H,0),
(=S denotes the clay surface). However, a clear
diffusion profile was not obtained, which can
mainly be attributed to a rough sample sur-
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Fig.3: (a) Eu fluorescence in a compacted Na-illite sam-
ple. The sample edge as well as the Eu in—diffusion direc-
tion is indicated in the figure. (b) Eu fluorescence decay
at increasing delay times originating from two different
areas on the sample.

face and difficulties in focusing the emitted
fluorescence light.

In summary, confocal fluorescence microscopy
was successfully applied to investigate the Eu
speciation in a compacted Na-illite. Comparing
these Eu results with previous studies using
Cm [7] indicates a comparable metal ion spe-
ciation for trivalent lanthanides and actinides
in a compacted and dispersed Na-illite system,
under the given experimental conditions. Fu-
ture experimental optimization will reduce
surface roughness (including microtome slic-
ing or broad ion beam polishing).

TRLFS for studying the coordination
chemistry of f-ions (Cm(lll) and Eu(lll))
with ag-BTP molecules

The coordination chemistry and thermo-
dynamic properties of trivalent actinides and
lanthanides complexed with bis-triazinyl pyri-
dine-type ligands (BTPs) are of particular in-
terest to establish fundamental understanding
of the An(lll)/Ln(lll) separation processes with
BTP [8]. TRLFS can be applied to characterize
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metal complexation associated with extraction
processes on a molecular level.

In recent years a hydrophilic BTP molecule,
2,6-bis(5,6-di(sulfophenyl)-1,2,4-triazin-3-yl)-
pyridine (ag-BTP) was developed to be used in
the so called innovative SANEX process [9]. In
addition to ag-BTP’s excellent separation and
complexation properties towards trivalent
f-ions, ag-BTP also shows exceptionally strong
sensitization of the Cm(lll) and Eu(lll) lumines-
cence due to distinct antenna effects of the
extended aromatic ligand system [10]. In or-
der to calculate complex concentrations
needed to determine thermodynamic data,
these energy transfer processes in the sensiti-
zation must be quantified. This can be done by
introducing relative fluorescence intensity fac-
tors, f™, which connect the spectroscopically
determined peak areas y of the M(IIl) emis-
sion bands with the respective species con-
centrations.

[M(II)-complex i] = ]% [M(ID ] o

L

Since M(lll) forms complexes with one, two
and three ag-BTP-ligands [11], a linear regres-
sion of the relative fluorescence intensity /™
according to the following equation was per-
formed to determine the complex-specific

factors.
Irel — Z firel ‘X
i

The emission intensity of the solvated
f-element ion (Cm(lIl), Eu(lll)), which is the on-
ly species present in solution in absence of the
ligand, is used as an internal reference by de-
fining its fluorescence intensity factor to be
1.0. Figure 4 shows the spectroscopically de-
termined and calculated evolution of the rela-
tive fluorescence intensity I of Cm(lll) with
increasing [ag-BTP] in H,0 (pH 3.0). The inten-
sity contributions of the different [M(ag-
BTP),] (n =0-3) complexes are also displayed.
An identical regression procedure was also
performed for the evaluation of the Eu(lll) flu-
orescence intensities.
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Fig. 4: Spectroscopically determined and calculated evo-
lution of the relative fluorescence intensity of Cm(lll)
with increasing [ag-BTP] in H,0 (pH 3.0).

The resulting fluorescence intensity factors of
the [M(ag-BTP),] (n =0 - 3) complexes for M =
Cm(lll) and Eu(lll) in H,O are summarized in
Table 1. The sensitization of the f-ion lumines-
cence increases with increasing number of co-
ordinated ag-BTP ligands. Furthermore the
energy transfer processes are more effective
in the case of the Eu(lll) ion compared to
Cm(lll). As a consequence of the magnitude of
the FI factors, their consideration becomes
crucial for the calculation of thermodynamic
data.

Table 1: Relative fluorescence intensity factors of
the [M(aq-BTP),] (n = 0 - 3) complexes in H,0O

FI-factor f™
Complex Cm(IID) Eu(IIl)
[M(H,0)s]*" 1.0 1.0
[M(aq-BTP)] 33+1.0 9.0+2.0
[M(ag-BTP),] 21.0+4.0 96.5 + 25.0
[M(ag-BTP);]  165.0 + 30.0 1410 + 300
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These results clearly demonstrate the reliabil-
ity and significance of considering fluores-
cence intensity factors, when sensitizing lig-
ands such as ag-BTP are studied. Therefore,
the present work is of high relevance for fu-
ture spectroscopic studies of the coordination
chemistry of f-ions with BTP type molecules.
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9.3 New instruments for surface analysis

D. Bach, M.A. Denecke, H. Geckeis, D. Schild, E. Soballa

Introduction

Surface analysis of minerals and solids com-
prising the multi-barriers of a nuclear waste
repository is essential for microscopic descrip-
tion of chemical processes such as waste form
corrosion, precipitation of secondary phases,
redox-reactions of actinides at the solution-
solid interface and actinide retention by in-
corporation into minerals. The scanning elec-
tron microscope (SEM) and X-ray photoelec-
tron spectrometer (XPS) surface analytical
instruments at INE were recently modernized
to better serve the needs of present research
activities and to provide new state-of-the-art
analytical possibilities. The new SEM is a so-
called environmental scanning electron micro-
scope (ESEM), which enables analysis of wet
samples by an adjustable water atmosphere
inside the analytical chamber. Potential appli-
cations are analysis of gel layers on corroded
glass, clay materials in their hydrated state,
suspensions, hydration/dehydration phenom-
ena and phase transformation. The new XPS is
equipped with a scanning X-ray microprobe
for analyses of small sample amounts such as
radioactive particles. An argon glove-box is
available (equipped with a sputter and carbon

coater), which enables mounting of air-
sensitive and/or radioactive samples and
transfer to the instruments without air-
contact.

Environmental Scanning Electron
Microscopy (ESEM)

The ESEM of type FEI QUANTA 650 FEG (Figure
1) is equipped with a field emission gun to
generate a fine focused electron beam, with
ultimate resolution of 1.0 nm at 30 kV. Several
detectors are installed to analyse the signals
stemming from electron beam - sample inter-
action: a secondary electron detector for
sample surface imaging (Figure 2), a backscat-
tered electron detector for Z contrast imaging,
a scanning transmission electron microscopy

-88 -

=}
i<
=
-
=]
>
o
I
o
=
m
(4}

Fig. 1: Environmental scanning electron microscope sta-
tion in the surface analysis lab in INE active laboratories.
The ESEM itself is to the right; top: electron source and
column, middle: analytical chamber with docking station
for transfer vessel at far right.

(STEM) detector with bright and dark field
(Z contrast) imaging capabilities, a wet-STEM
detector combining a cold stage with a STEM
detector for observing thin liquid films in
transmission mode, a thermoelectric cooled
silicon drift X-ray detector for energy disper-
sive analysis of characteristic X-rays (EDX) ex-
cited by the electron beam and thereby
providing elemental analysis of samples.

Differential pumping stages within the elec-
tron optics column provide a pressure gradi-
ent between the analytical chamber and the
ultra-high vacuum at the field emission source
of about 10 orders of magnitude. The pressure
inside the analytical chamber can be selected
in the range from high-vacuum, about 6E-4 Pa,
to a maximum of 2600 Pa using water vapour
(Figure 3). An oil-free pumping system and a
plasma cleaner is applied to minimize the
presence of adventitious hydrocarbon in the
analytical chamber thus avoiding graphitiza-
tion of the surface due to electron beam in-
duced hydrocarbon cracking.



Fig. 2: Secondary electron image of a precipitate,
CaNpOz{OH)ZIECIOA * 2H,0.

Low-vacuum, to 130 Pa, enables charge-free
imaging and analysis of isolating samples
without any need for conductive coating.
However, under these conditions dehydration
may occur. By regulation of water vapour
pressure and temperature of the sample
stage, the phase boundary of water between
liquid and vapour can be achieved and sam-
ples can be analysed in wet state (ESEM
mode).

Imaging of samples with high surface sensitivi-
ty is performed using low energy electron
beams to minimize the electron penetration
depth into the sample. A well-defined electron
beam at low landing energy at the sample sur-
face is attained by beam deceleration using a
retarding potential up to 4 kV at the sample.

°T /
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L o- Liquid
=3 (Condensing)
o Vapour
é (Dehydrating)
AN e 850 Pa | ESEM
e m—— = 650 Pa J cold stage
——————————————————— 130 P
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Fig. 3: Phase diagram of water in the range rele-vant for
ESEM. Optimal pressure and temperature range for wet
sample analysis is indicated by green colour.

X-ray Photoelectron Spectroscopy

The new XPS (VersaProbe Il, ULVAC-PHI Inc.) is
a multi-technique instrument based on a
scanning X-ray microprobe for spatially re-
solved elemental and chemical analysis of sol-
id surfaces, Figure 4. The instrument can pro-
duce a focused, monochromatic X-ray beam
that can be scanned over the sample surface.
A point source of Al Koo X-rays (1486.6 eV) is
created by a focused 15 keV electron beam
from a LaBg scanning electron gun impinging
on an aluminum target. An ellipsoidal shaped
quartz crystal monochromator on a Rowland
circle collects the X-rays and focuses them on-
to the sample surface. When the electron
beam is scanned over the aluminum target,
the sample surface is scanned by an X-ray
beam of similar spot size. The X-ray beam size
can be computer controlled from less than
10 um diameter (for highest spatial resolution)
to 200 um diameter for highest sensitivity.
The field-of-view can be as large as 1300 um
by 1300 um. Most of the X-ray induced photo-
and Auger electrons are collected by the scan-
ning input lens of the analyzer, following the
scanning X-ray spot at the sample, using de-
flection plates. The electrons pass a ramped
retardation field (spectral scanning) before
entering the 180° hemispherical capacitor en-
ergy analyzer at constant pass energy, defin-
ing energy resolution. Finally, the electrons
are detected by a multi-channel plate with 16
discrete anodes, providing high sensitivity and
dynamic range. Because the analysed area is
defined by the X-ray probe instead of analyzer
apertures, potential X-ray induced sample
damage is minimized as only the area being
analysed is irradiated with X-rays. Multiple
analyses of a single sample are thus possible
by analysing fresh areas, previously not al-
tered by X-rays, which is especially useful for
sensitive samples.

Sample transfer and sample navigation

Samples are transferred into and out of the
analytical chamber via an introduction cham-
ber evacuated with a turbomolecular pump. A
magnetically coupled transfer rod guarantees
leak-free  movements. Inside the analytical
chamber a differential ion pump and a titani-



Fig. 4: X-ray photoelectron spectrometer. Right side:
sample intro with camera, mini-fume hood and cool-
ing/heating station. Middle: analytical chamber, ion gun,
X-ray microprobe source mounted at top flange. Left
side: VUV source and hemispherical analyzer.

um sublimation pump maintain an oil-free ul-
tra-high vacuum. Air-sensitive or radioactive
samples are mounted inside a glovebox on the
sample holder, introduced into a vacuum-tight
transfer vessel, and moved to the XPS where it
is attached to the introduction chamber. After
evacuation of the introduction chamber, the
vessel is opened and the sample holder is in-
troduced into the XPS using the transfer rod. A
special sample holder with built-in heater and
thermocouple is available for heating or cool-
ing samples to -120°C within the introduction
and analytical chamber. A mini-fumehood
around the attached transfer vessel enables
safe venting of the introduction chamber after
XPS study and detachment of the transfer
vessel.

Sample navigation is enabled by combining a
photograph of the sample in the sample hold-
er and X-ray excited secondary electron imag-
ing (SXI) with a raster scanned 10 um diameter
X-ray beam of the sample surface (in a man-
ner analogous to SEM generation of secondary
electron images and typically acquired in a
few seconds). Calibration of the photograph
by triangulation using SXI links the coordinates
of the photograph to sample stage coordi-
nates. This guarantees that spectroscopic data
is collected from the selected feature of inter-
est. SXI can be used for location of small sam-
ple features and definition of regions of inter-
est for micro- and macro-area spectroscopy,
Figure 5.
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Low voltage argon ion gun

A floating column argon ion gun integrated in
the XPS instrument provides ion beams with
energies from 5eV to 5keV. A beam bend
within the ion gun removes neutrals from the
beam for well-defined sputter rates, with
beam current measured by a Faraday cup.
Sputter depth-profiling of layered samples is
performed by cycling alternate ion beam sput-
tering and XP spectroscopy. High sputter rates
are attained at high ion energies, whereas
good depth resolution is provided at low ion
energies, typically at 500 eV. In addition, com-
pucentric sample rotation (Zalar rotation)
around the defined analysis position during
ion beam sputtering enhances depth resolu-
tion by uniform material removal.

Surface charge compensation

A dual beam (electrons, argon ions) charge
compensation technique is applied to com-
pensate charging of isolating sample surfaces
due to emission of photo- and Auger elec-
trons. Without neutralization, the small X-ray
spot at isolating surfaces generates a highly
positively charged sample surface area. An

Fig. 5: (Top) Photograph of uranium-oxide particles
pressed onto an indium foil and digital zoomed area of
interest. (Bottom left) Scanning X-ray image (SXI, spot @
9 um) and (bottom right) map of U 4f intensity (field-of-
view 350 um) with entire single spectra stored at each
pixel of the map (spot @ 12 um).



electron flood gun (1-2 eV) alone would nega-
tively charge the sample surface around the X-
ray spot deflecting subsequent electrons
needed for charge compensation. Low energy
argon ions (about 5-10eV) are applied to
compensate for this negative charging. The
dual beam charge compensation, in combina-
tion with a fully automated five axis precision
sample positioning stage, allows sequential,
multiple analyses of insulating samples with
no additional tuning using the queue function
of the instrument control software.

Additional X-ray source

A non-monochromatic standard twin-anode
X-ray source providing either MgKa
(1253.6 eV) or Al Ka (1486.6 eV) X-rays is at-
tached to the analytical chamber. Spectra with
Mg Ka. X-ray excitation are acquired if spectral
superposition of Auger and photoelectron el-
emental lines occurs using Al Ko, X-ray excita-
tion. In addition, Auger electron transitions in-
volving core electron shells, which are not

-91 -

accessible by Al Koo X-rays, are ionized by the
Bremsstrahlung of the non-monochromatic
source and used for Auger parameter studies
(e.g. kinetic energy of Si (KLL) 1610 eV, S (KLL)
2110 eV). The lateral analysis area is at mini-
mum 300 um by 800 um and defined by the
fixed aperture of the analyzer.

Ultraviolet photoelectron spectroscopy

Ultraviolet photoelectron spectroscopy (UPS)
for high-resolution, high-intensity valence
band spectroscopy is performed using Hel
(21.2 eV) and Hell (40.8 eV) vacuum ultravio-
let (VUV) photons generated by continuous
discharge (550 V, 80 mA) at about 5 Pa inside
a glass capillary, diameter 1.2 mm. The rela-
tive photon intensities of either Hel or Hell
depend on gas pressure and discharge cur-
rent. By means of two differential pumping
stages at the end of the window-less capillary,
the vacuum inside the analytical chamber is
maintained.
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Introduction

Nuclear Magnetic Resonance spectroscopy
(NMR) is one of the most commonly used
spectroscopic methods in chemistry, providing
valuable insight into the constitution, configu-
ration and conformation of organic and inor-
ganic compounds in solution and solid state.
NMR also provides facile access to important
dynamic information for molecules in solution
by probing magnetic relaxation and diffusion
behaviour. However, NMR has become availa-
ble as a speciation method in nuclear/radio-
chemistry only in recent years. The NMR in-
strument at INE is used for in-house research
of systems relevant for the safety assessment
of a nuclear repository and for partitioning
strategies, as well as for determining basic
physical parameters of the actinide series. This
instrument is also part of the “Actinide NMR
Centre of Excellence”, access to which is pos-
sible through competitive application to the
EURATOM FP7 funded EURACT-NMR transna-
tional access project. In the first two EURACT-
NMR calls, more than five times the available
spectrometer time was requested, a strong at-
test to the impact of this newly available
technique. Results of conducted research
projects from these calls are described in the
following.

Basic physical properties of the actinides

Coordination bonds in complexes of the early
actinide elements are thought to bear a signif-
icant degree of covalence. This is reflected in
their water exchange times in aqueous solu-
tions of the naked metal ions measured by re-
laxation experiments and induced paramag-
netic shifts on O nuclei of the solvent [1].
Thus, a covalence scale for the actinides, anal-
ogous to that scale available for the lantha-
nides [2-4], could be established. A different
approach to access this scale is the measure-
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ment of the 'H relaxivity in similar samples in
a range of different magnetic fields (nuclear
magnetic relaxation dispersion, NMRD) [2, 5,
6]. A prerequisite for a reliable interpretation
of these NMRD curves, however, is the
knowledge of exact water exchange times of
the naked ions determined in the aforemen-
tioned 0 experiments. To obtain reliable T,
(spin-latice relaxation) and T, data (spin-spin
relaxation) the effects of the nuclei’s para-
magnetism on the solvent have to be large
enough. As paramagnetism is a metal ion in-
trinsic property, only the concentration in so-
lution is left to scale the observed effects.

A 40 mM solution of NpO," in partially *’O-
enriched water was prepared to measure T,
and T, relaxation times over a temperature
range of 0°-100°C, whilst monitoring the 'O
chemical shift for correction purposes. The re-
sulting data is in good agreement with data
obtained at the University of Liege by Desreux
and co-workers. An extension of these exper-
iments to more concentrated samples (above
0.1 M) is planned for 2013 to obtain relaxation
data with even higher precision. These exper-
iments cannot be done elsewhere in Germany
and hardly anywhere globally. Interpretation
of previously acquired NMRD data based on
the newly obtained water exchange data is in
progress.

Paramagnetism and symmetry

Solution NMR spectroscopy is a powerful tool
in determining structural properties of axially
symmetric paramagnetic lanthanide com-
pounds (for example of DOTA, 1,4,7,10-
tetraazacyclododecane-N’,N”,N’”’,N"""’-tetra-

acetic acid and its derivatives)[7], provided the
origin of the chemical shift is purely dipolar in
nature. However, when the donor set anisot-
ropy changes or when the symmetry deviates
from an axial point group, NMR spectra be-
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Fig. 1: a) Structure of DOTA and DOTAm-like ligands with
Am(Ill). b) 1H spectrum of [Am(DOTA)]- showing moder-
ate signal dispersion and population of different iso-

mers(Ae).

come more complicated, and hence difficult to
interpret and predict. In the actinide series,
reliable assignment of the NMR spectra is an
even greater challenge, in part due to the pos-
sibility of a contact contribution to the bond-
ing model.

In funded EURACT-NMR placements to INE,
researchers from the University of Manches-
ter commenced development of a working
protocol to interpret paramagnetic NMR
(PNMR) spectra of the f-elements, in tandem
with luminescence spectroscopy and compu-
tational quantum chemistry. The long-term
goal is to provide an information-rich tool,
correlating experiment with theory in this ar-
ea, thereby providing a means to predict NMR
spectra of more geometrically complicated
systems (lower symmetry) and systems involv-
ing the actinides in different oxidation states.

To date aqueous and methanolic solutions of
Am(Ill) complexes of DOTA, Et,-DOTAm, Ph-
DOTAm, DO3A and DTPA (see Fig. 1) were fully
characterised by 1D and 2D NMR techniques,
observing the nuclei *H, **C and ®N. In the
case of the Am(lll)-Et,-DOTAm complex, 2D
'H-®N spectroscopy showed a correlation
peak, indicating a high coordination symmetry
for this complex in solution (C4,). In contrast,
either a deviation from averaged C, symmetry
due to coordination isomerism between the
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square antiprismatic and the twisted square
antiprismatic isomer or relatively fast apical
water exchange rates precluded observation
of an analogous correlation for all the other
tetra-substituted cases. The chemical shift of
this correlated resonance is in the range typi-
cal for diamagnetic compounds. In all cases,
variable temperature studies enabled obser-
vation of coordination isomerism exchange
dynamics. Measurements of spin-lattice relax-
ation times (T;) of protons in the complexes
corroborated complex formation. Comparison
to data for yttrium(lll) diamagnetic complexes
indicates that at room temperature there is
negligible excited state-ground state mixing of
the Russell-Saunders spin orbit coupling terms
that would result in an induced paramagnetic
contribution to the observed NMR chemical
shifts. Complementary time resolved laser in-
duced fluorescence spectroscopic studies
(TRLFS) on the Cm(lll) derivatives, with a time-
scale similar to the NMR experiments, con-
firmed the speciation inferred by NMR. Analy-
sis of NMR data for analogous uranium(lV)
complexes and estimation of relative contri-
butions of Fermi contact shifts (covalent,
through bond effect) versus pseudo-contact
dipolar effects (through space) compared
to the lanthanide(lll) series are currently
underway.
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Fig 2 a) Basic structure of N- and O-donor ligands of the
bipy(CH,SiR3), class (left) and TPIP (tetraphenylimido-
diphosphinate, right); b) Pseudo 2D 'H posy spectrum
(diffusion ordered spectroscopy) of [Np'O,(TPIP),]” and
[NpYO,(TPIP),(PhsPO)]".



Similar to the studies with aminocarboxylate
DOTA and DOTAm-like ligands, the dynamic
behaviour and symmetry of Am(lll) and
NpO,(V) complexes of N- and O-donor ligands
TPIP and bipy(CH,SiRs), (R = ‘BuMe,, 'Prs,
‘BuPh,, Fig 2a) was determined through full 1D
and 2D NMR characterisation using the NMR
active nuclei 'H, **C, N and *'P. In the case of
the ligand bipy(CH,Si'BuMe,), the presence of
a correlation peak in the *H-°N 2D spectrum
suggests that the complex possesses Cs-
symmetry, i.e. a 3:1 L:M complex. This is in
agreement with previous reports on Eu(lll)
complexes [7] and TRLFS studies of the
equivalent Cm(lll) complexes performed at
INE. NMR spectroscopic results on complexes
with more sterically bulky ligands suggest only
lower symmetry 2:1 M:L complexes form. 'H
and *'P DOSY (diffusion ordered spectroscopy)
NMR was used to investigate the coordination
and nuclearity of the NpO,(V) congeners in so-
lution. Previous work at Manchester showed
that UO,(VI) forms monomers, dimers and
trimers; in the case of the trinuclear species,
the (0=U=0)*" ions are connected in an unu-
sual fashion by uranyl-oxo-uranium orthogo-
nal interactions, a coordination type more
prevalent in actinyl(V) species. Addition of the
strong donor ligand Ph3;PO to solutions of TPIP
and NpO,(V) showed formation of a smaller
complex than for TPIP and NpO,(V) alone (Fig.
2b), indicating that NpO,(V) forms dimeric
units with this ligand in solution. If cation-
cation interactions are involved in this com-
plex is currently being investigated. T, meas-
urements were used to validate the oxidation
state of Np as +V in all of these compounds;
no reduction to Np(IV) was observed over a
four month time period.

NMR spectroscopy in separation
chemistry

NMR studies related to separation chemistry
of the SANEX/GANEX process [8] were per-
formed and aimed at characterizing solution
complexes of Am(lll) and Pu(lV) with CyMey-
BTBP and CyMe,;-BTPhen with and without
TBP as a modifier. Employing 1D and 2D NMR
techniques involving 'H, *C and *'P nuclei al-
lowed full characterization of all available res-
onances. Unfortunately, >N experiments were
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not successful [9] due to its low natural abun-
dance and the expected low symmetry of
these complexes. 'H and *'P DOSY results re-
veal there is no interaction of TBP with Am(lIl)
complexes. BTP and BTPhen Pu(lV) complexes,
synthesized in a monophasic medium, were
titrated with increasing amounts of TBP and
observed with 1H NMR. No replacement of
BTX ligands with added TBP was observed.
This is in contrast to EXAFS measurements on
these systems indicating that Pu®* is extracted
as a Pu(NOs), - 3.3 TBP complex. However, the
NMR titration was performed in a monophasic
(organic) solution and may not reflect the ac-
tual species extracted from a biphasic medi-
um.

Plans for 2013

Establishing a scale for paramagnetism in acti-
nide containing systems and its effect on NMR
spectra is of enormous importance to the es-
tablishment of this method in the field of nu-
clear and radio-chemistry. As mentioned
above, relaxivity measurements on concen-
trated actinide solutions will continue in 2013.
Results will be compared to those obtained at
CEA Marcoule by Berthon and co-workers us-
ing a different approach of acquiring spectra
following the Evans’ NMR protocol [10-12] di-
rectly assessing the magnetic properties of the
actinide series .

A EURACT-NMR funded workshop will be held
in Karlsruhe (July 17-19, 2013), covering all as-
pects of solution and solid-state NMR in acti-
nide research. This is the second in a series
and directly precedes the ACTINIDES 2013
Conference, also in Karlsruhe. The EURACT-
NMR workshop will highlight the potential of
NMR to characterize structure and bonding in
actinide materials through combination of ex-
periment and theory.
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Introduction

Computational chemistry developed to an ad-
ditional very powerful tool in many different
areas of chemistry. At INE, computational
chemistry has been used very successfully as a
further predicting and supporting tool for ex-
perimental investigations in various different
research areas such as studying chemical and
physical properties of mineral surfaces [1], ex-
traction chemistry [2], studies of oxo-hydroxo
systems ranging in size from small solution
species to nano-particles [3] and other aspects
of actinide solution behavior.

Accurately describing actinide elements by
means of quantum theory requires the inclu-
sion of relativistic quantum chemistry. There
are scalar-relativistic and spin-orbit effects.
Additional difficulties are the complicated cou-
plings in the open 5f-shell, which require a
balanced description of electron-electron cor-
relation beyond the mean-field approach
based on single-reference wave functions,
such as Hartree-Fock (HF) or Density Func-
tional Theory (DFT). We routinely apply DFT,
but always assess the accuracy of this ap-
proach by doing benchmark calculations on
small, but chemically similar, test systems with
high-quality wave-function-based ab initio
methods such as Mgller Plesset perturbation
theory (MP2) and Coupled Cluster Singles
Doubles with triple corrections (CCSD(T)). On-
ly, where good agreement with experimental
data is found, we are able to provide im-
portant additional and reliable information
such as structural parameters or reaction en-
ergies, which are experimentally not accessi-
ble.

There is a wide range of different computa-
tion-al tools utilized at INE, including high-
level ab initio methods and DFT, which treat
the electrons explicitty on a quantum-
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mechanical level. More approximate classical
Monte Carlo (MC) simulations and Molecular
Dynamics (MD) based on classical mechanics
complement the ab initio and first principle
methods. The main results applying these
tools to specific re-search activities at INE over
the last year are described in the following.

Interaction of selenite with the hydrated
calcite (104) surface

Sorption reactions with surrounding mineral
phases may have an essential impact on the
mobility and bioavailability of the oxidized se-
lenium species in soils and sediments. Both,
incorporation and surface sorption, are im-
portant retardation mechanisms of the trans-
port of radionuclides in ground water.

In the context of nuclear waste disposal, the
radioisotope "°Se is of special concern due to
its long half-life (1.1 10°a) and the expected
high mobility. Selenite (SeOs”) and selenate
(Se0,”) as anions interact only weakly with
common mineral surfaces. Therefore they
have been identified as crucial fission product
species for long term safety of disposed nu-
clear waste. Calcite is the most common pol-
ymorph of calcium carbonate. In the sur-
roundings of potential nuclear waste disposal
sites calcite is e.g. present as a mineral con-
stituent in clay formations (up to 20% in some
cases), as fracture filling material in granitic
rocks, or as a corrosion product of concrete
based materials in the technical barrier. Re-
cent studies showed that selenite can be in-
corporated into calcite.

We studied the incorporation of selenite into
the bulk phase as well as into the first surface
layer of calcite.

The DFT calculations are carried out with peri-
odic boundary conditions and plane-wave ba-



Fig. 1: Hexagonal 2x2x1 supercell used for the study of
the incorporation of selenite into calcite. Blue spheres:
calcium, red spheres: oxygen, white spheres: hydrogen,
green sphere: selenium.

sis sets as implemented in the Vienna ab initio
simulation package (VASP). Electron exchange
and correlation are described using the
Perdew-Burke-Ernzerhof (PBE) functional. The
ion cores are dealt with by the projector aug-
mented wave (PAW) method.

We employed an energy cut-off of 400 eV for
the kinetic energy of the plane waves for all
bulk and surface calculations. For these calcu-
lations we employed monoclinic and hexago-
nal unit cells.

For the study of the incorporation of selenite
into calcite we had to use a 2x2x1 supercell
based on the hexagonal unit cell of calcite.
This was necessary to retain the three-fold ax-
is. Fig. 1 shows the resulting structure. SeO;>
is not planar as CO5>. Therefore the incorpora-
tion of SeO;” into calcite leads to additional
required space within the bulk phase of
calcite. Compared to the gas phase
(rgasse-0 = 176 pm) the Se-O bond distance is
shorter in the bulk phase rpyise.0 = 173 pm.

The incorporation of Se0s” into the first sur-
face layer of calcite replacing one COs* was
studied with a 2x2x1 supercell based on the
monoclinic unit cell and containing five layers
of Ca/CO5>. A vacuum gap of 150 pm was in-
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Fig. 2: Incorporation of selenite into the calcite (104) sur-
face. Blue spheres: calcium, red spheres: oxygen, brown
spheres: carbon, white spheres: hydrogen, green sphere:
selenium.

troduced between the surfaces so the slabs
are well isolated from their periodic images.

Here, of course, the spatial limitations do not
hold anymore as in the case above and the Se
can protrude from the surface into vacuum or
the water phase (Fig. 2). The three calculated
Se-O bond lengths are rypykse01 =170 pm,
lbulkse-0,2,3 = 175 pm. Slightly longer as in the
bulk phase. Additionally the symmetry of the
Se05” is reduced from Cs, to C,.

Besides the structural characterization of the
selenite incorporation species in calcite, the
main focus of this study is the quantification
of the selenite incorporation into calcite at
standard conditions, and the phenomenologi-
cal thermodynamic description of selenite

Fig. 3: Outer-sphere complex of Eu’* at the hectorite
edge site. Blue spheres: silicon, red spheres: oxygen,
brown spheres: magnesium, white spheres: hydrogen,
yellow spheres: sodium, magenta sphere: europium.



doped calcite, and of selenite coprecipitation
with calcite. This was very successfully
demonstrated in [5].

These calculations were carried out with the
plane wave DFT programm VASP.

Interaction of Eu** with hectorite:
theoretical considerations of sorption
and incorporation

As described above, we used VASP for these
calculations. The energy cut-off was set to
400 eV and the vacuum gap was 140 pm.

We investigated sorption at the edge surface
of hectorite. In order to simulate neutral or
higher pH values we saturated the dangling
bonds of the oxygen’s with hydrogen atoms.

The subjects of this investigation were outer-
sphere complexes of Eu®* at the edge site of
hectorite, incorporation of Eu* into this sur-
face by replacing one Mg** ion and incorpora-
tion of Eu*" into the bulk phase of hectorite by
replacing one Mg** ion, as well.

For the outer-sphere complex of Eu®* we
found nine water molecules in the first coor-
dination sphere with rg,.o distances ranging
from 233-369 pm. Most values are in the
range 233-276 pm, but two distances are
somewhat larger levo,s = 363 and
rev-o,9 = 369 pm. The optimized structure is
shown in Fig. 3.

When an Eu®" replaces an Mg** ion at the sur-
face, the position of the Eu®* ion is 33 pm
above the Mg surface plane because of the
larger ionic radius of Eu®" (Fig. 4).

Another possibility is the replacement of an
Mg ion by an Eu®* jon in the bulk phase
(Fig.5). The Mg*-Mg* distances are
rmg-mg = 308-313 pm and the Mg2+—0 distances
fmg-o = 202 pm. This compares very well with
the experimental results of Seidle and Breu [6]
(rmg-mg = 304, ryg.0 =208 pm). Upon replace-
ment of a Mg®* ion by an Eu®* ion the corre-
sponding distances increase to rg,vg = 318-
326 pm and rg,.0 = 226 pm. The reason for this
is again the much larger ionic radius of Eu®**
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Fig. 4: Incorporation of Eu®" at the hectorite edge sur-
face. Blue spheres: silicon, red spheres: oxygen, brown
spheres: magnesium, white spheres: hydrogen, yellow
spheres: sodium, magenta sphere: europium.
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Fig. 5: Incorporation of Eu® into the hectorite bulk
phase. Blue spheres: silicon, red spheres: oxygen, brown
spheres: magnesium, white spheres: hydrogen, yellow
spheres: sodium, magenta sphere: europium.

Again these results fit very well to experi-
mental results of Finck et al [7]
(rew-mg = 326 pm and regy.o = 227 pm).

These calculations were carried out with the
plane wave DFT programm VASP.

Molecular Dynamics for actinide
complexes in aqueous solution

Detailed understanding of actinide complexes
in solution, including dynamic processes, has
been a key-topic of the theoretical work in the
past year. In close international collaboration



with groups in France (Lille and CEA-Saclay),
we have developed a new ansatz to parame-
terize the actinide — water interaction poten-
tial, including non-additive charge-transfer
terms. These force fields are implemented in
the POLARIS MD-software package. The main
motivation for this approach is to avoid the
limitations of static continuum models which
are parameterized for room temperature only
or Car-Parinello Molecular Dynamics (CPMD)
which is based on DFT, thus lacking the accu-
racy required for actinide complexes and lim-
ited to simulations in the picoseconds range. A
wide range of data, which is directly compara-
ble to experiment, can be extracted from the
trajectories, including

e coordination numbers,

e structural parameters,

e Gibbs Free energies,

e exchange rates and mechanisms,
e Qactivation volumina,

e thermodynamic properties and

e diffusion coefficients

o EXAFS spectra.

The work in the last year focused mainly on
technical issues as parallelization and general
improvement of the POLARIS software as well
as a detailed analysis of the force-fields devel-
oped for Th(IV) and Cm(lll) in aqueous solu-
tion [8]. Our main goal was here to estimate
the impact of the uncertainties and of the ar-
bitrary choices made as building classical wa-
ter/water and ion/water interaction models,
on the MD simulation results of actinide ions
in solution. In particular, we identify three
main sources of uncertainties affecting the
development ion/water classical models:

(1) the quantum ab initio level, which may
lead to uncertainties of few kcal mol™in
the ion/water BE;

the accuracy of the ion/water parame-
ter adjustment process, which points
out the limits of the chosen mathemati-
cal model to describe the interactions
within the system of interest; and

errors in the description of water/water
interactions, in particular for molecular
structures corresponding to water mol-

(2)

(3)
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ecules interacting in ion first hydration
shells.

To estimate the impact of the latter two
sources of uncertainties, we built four
ion/water classical models, including a coop-
erative charge-transfer energy term. These
models differ from the analytical form chosen
to account for cooperative character of the
charge-transfer term (the so-called models
Maens and Mspoqy). They differ also from their
parameter adjustment protocol. The parame-
ter set of two models Mgens and Mspoqy are as-
signed using the common protocol, that is,
their parameters are adjusted to reproduce
the full BE of ion/water clusters in gas phase
(the corresponding models are noted M). In
that case, the possible drawbacks of the water
model to accurately describe water/water in-
teractions for water molecules interacting in
ion first hydration shells are then tentatively
corrected. The parameters of the remaining
two models “Mgens and ~Msyoqy are assigned to
reproduce the latter BE, from which the wa-
ter/water interaction energies are subtracted.

These models have been used to simulate, at
the 10 ns scale, the actinide ions Cm(lll) and
Th(IV) in liquid water at ambient conditions
(however, by omitting their counter ion
cloud). The model predictions along the solv-
ated MD trajectories are very close in terms of
ion hydration pattern, temporal properties,
and water electrostatic properties at the ion
vicinity.

Our computed data usually match the availa-
ble theoretical ones concerning these two
ions. However, the spread in our theoretical
results are smaller compared to the earlier
ones, derived from molecular simulation pro-
tocols based on quantum or classical ap-
proaches (with the ion considered as solvated
alone in a water box). Moreover, by compar-
ing our model predictions to those derived
from a model for which the cooperative ef-
fects affecting the ion/water charge-transfer
term are neglected, we exhibit the latter ef-
fects to tend to reduce the coordination of
both ions in solution, to strongly destabilize
the ion/water interactions, and thus to weak-
en the mean residence time of water mole-
cules in ion first hydration shell. Hence, these



effects appear to be pivotal for an accurate
modeling of desolvation process at interfaces
or of ligand competitive reactions involving
the present two actinide ions, even if the in-
fluence of such effects vanishes as soon as the
ion second hydration shell.

Lastly, our four cooperative charge-transfer
models provide a very close picture for the
solvation of Cm(lll). In particular, its hydration
pattern is predicted to be the result of a 1:1
equilibrium between 8- and 9-coordinated
ion/water clusters. Concerning Th(lV), the
models M and ~M provide an overall similar
picture for its solvation, however, these mod-
els predict either a 9- or an 8-coordination
species in solution.

Additionally to this systematic study the wa-
ter-water force field was systematically im-
proved such that M and “M models can in fu-
ture studies be treated as one model and the
refinement of the model by including counter
ions will be conceptually straightforward.

An(ll1)/Ln(INl) separation with heterocyclic
ligands

For more than a decade heterocyclic N-donor
ligands have been in the focus of international
researchers involved with the partitioning of
spent nuclear fuels. Since the discovery of
BTPs' excellence in the separation of
An(ll)/Ln(l1) [9], as required for efficient
transmutation of An(lll), numerous ligand
classes have been derived from the BTP back-
bone, of which only few produced satisfactory
separation factors [10]. With the 2,6-bis-
pyrazolylpyridines (BPPs, see Fig. 6) one prom-
ising ligand class has recently been developed.
As valid for all highly selective extractants for
An(II)/Ln(lll) separation, the molecular driving
force of their selectivity is insufficiently under-
stood yet, hampering their optimization with
regard to process requisites and, hence, man-
dating intense research activities.

From extraction and spectroscopic data BPPs
are known to form 1:3 complexes with both
An(lll) and Ln(lll) ions [11]. It is understood
that under acidic conditions both N-1 posi-

-100 -

tions of the two pyrazolyl moieties remain
protonated upon complex formation.

The protonation of free HBPP was investigat-
ed, in order to provide information on the
prevailing ligand species and their confor-
mation and, hence, shed light on the protons
role on complex formation. Thus, structures of
the various planar protonated species
(HBPPH2, HBPPH- and HBPP2-) are calculated
at MP2 level. For HBPP- the tt conformation is
favored by -76.7 klJ/mol compared to the
cc conformere, whereas a stabilization
of -33.2 kJ/mol is found between tt and ct
conformation. The energetic preference of the
tt conformere is in line with the reduction of
sterical hindrance between ring protons of
pyridine and pyrazole. Three monoprotonated
isomers HBPPH- (protonation at N-1, N-2 and
pyridine) can be formed. The protonation of
N-2 is favored in both cc (-68.2 kl/mol) and tt
(-9.3 kl/mol) conformation over the respective
N-1 protonated isomers, which is due to the
pyridine nitrogen's vicinity (cc only) and reso-
nance stabilization. For cc-HBPPH- protonated
at the pyridine nitrogen, a 34.8 kJ/mol higher
energy is obtained compared to N-2 protona-
tion. The trend found for cc-HBPPH- is sus-
tained for HBPPH2 with N-2 protonation at
both pyrazole moieties being favored
by -33.0 kiJ/mol and -45.5 kJ/mol over N-1/N-2
and N-2/N-2 protonation, respectively. How-
ever, lower energies are found for N-1/N-1
protonation in the tt conformation compared
to N-2/N-1 (10.8kJ/mol) and N-2/N-2
(26.0 ki/mol), respectively, reflecting the ste-
rical hindrance between both protons for the
latter isomer. N-2/N-2 protonation in cc con-
formation renders the lowest energy. Hence,

Fig. 6: Molecular structure of HBPP; cis (c) and trans (t)
refer to the dihedral orientation of pyridine and pyrazole
nitrogens.
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Fig. 7: Relative energies of cc-N-1/N-1-HBPP as a func-
tion of the dihedral angle between pyridine and pyrazole
nitrogens (0-180°: ring 1; 181-360°: ring 2).

the highly acidic process solutions used for
An(lll)/Ln(ll1) separation shift the molecular
equilibrium towards the preferential for-
mation of cc-HBPPH,, which appears to be fa-
vorable for complex formation.

However, in cc-N-2/N-2-HBPP the protons
might hamper bond formation between nitro-
gen an An(lll)/Ln(lll). The thermodynamically
disfavored cc-N-1/N-1-HBPP isomer thus rep-
resents a reasonable alternative ligand species
for complex formation with both protons
bond as in the final complex and readily acces-
sible nitrogen atoms. The previous results
showed tt to be the favored conformation of
N-1/N-1-HBPP. To investigate on the availabil-
ity of the cc isomer, the rotational barriers of
N-1/N-1-HBPP are calculated at MP2 level.
Starting from the tt isomer, one pyrazole ring
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is gradually rotated, while the two remaining

rings are fixed in a planar conformation. Once

the ct conformation is reached the second py-

razole ring is rotated as described before, to

finally obtain cc conformation (Fig. 7).

17.7 kJ/mol and 24.8 kl/mol, respectively, are

required to converge tt to ct and subsequently

obtain the cc conformation. The activation

energies showed to be only less than 5 kJ/mol

higher. Hence, the rotation of the cyclic frag-

ments of HBPPH, is only moderately hindered

and a significant concentration of cc-N-1/N-1-

HBPP is available in equilibrium.
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The main task of the INE analytical group is providing, operating and continuously improving (radio-)
chemical and analytical methods. These activities largely contribute to the INE R&D projects. Addi-
tionally, analytical service is provided for various external clients. Routine samples are analysed for
waste disposal technical facilities of WAK-HDB including samples from decommissioning of nuclear
installations. Other external clients are in the fields of quality control of separation resins for radio-
analytical applications and quality control of radiopharmaceuticals. Furthermore, analytical support
and collaborations are provided for various partners inside and outside of KIT. For all these purposes
analytical methods are developed and adapted. Advanced techniques are especially developed and
improved for trace element analysis and speciation studies of actinides. Sector Field (SF)-ICP-MS and
collision cell quadrupole CC-Q-ICP-MS are coupled to species sensitive methods, i.e. to capillary elec-
trophoresis (CE-SF-ICP-MS) and field-flow field fractionation (FFF-Q-ICP-MS, cf. chapter 6.3). Fur-
thermore, the analytical group supports the INE infrastructure, is involved in various educational ac-
tivities and is responsible for teaching of chemical laboratory assistants.

Routine Analysis Table 1: Analytical techniques available at INE.

Several tens of thousands of samples are ana- Elemental and Isotope Analysis

lysed each year providing data for the INE Quadrupol Inductively Coupled Mass Spectrometry (Q-ICP-
R&D projects and external clients. Both profits Ms)

Collision Cell Q-ICP-MS (CC-Q-ICP-MS)
Sector Field ICP-MS (SF-ICP-MS)
Inductively Coupled Optical Emission Spectrometry (ICP-OES)

from a pool of advanced analytical techniques,
well-developed procedures and competence

in the fields of radiochemical sample prepara- Flame Atomic Emission Spectrometry (F-AES)

tion and separation techniques, elemental and X-Ray Fluorescence Spectrometry (XRF)

isotope analysis, chromatographic methods S e L haE

and nuclear spectroscopic techniques. In addi- Alphaspectrometry

tion, our personnel are trained in handling of Liquid Scintillation Counting (LSC, conventional and high sen-
nuclear samples and in the operation and sitivity)

maintenance of instruments adapted to glove Gammaspectrometry (with auto-sampler)

boxes. Several analytical techniques listed in Further Methods

Table 1 are available both in inactive and ra- lon Chromatography (IC)

dio-analytical labs in the INE controlled area. Gas Chromatography (GC)

Carbon Analysis (TOC, DOC, TIC)
Specific Surface Area Analysis (BET)

AnaIVSIS for External Clients Differential Thermal Analysis (DTA)

Dilatometry
Radiochemical analysis is accomplished for Fusion and Microwave Digestions
various external clients on the basis of formal Gravimetry and Titrations

contract agreements. Data are recorded, doc-
umented and quality controlled according to

) . can be classified according to their origin in
the requirements of the clients.

samples from the HDB incineration (ashes) or
LAW evaporation plants (liquid concentrates),

WAK-HDB samples from decommissioning of nuclear fa-
Samples delivered from the WAK-HDB (Wied- cilities (e.g., KNK, MZFR, VEK) and special
eraufarbeitungsanlage  Karlsruhe = GmbH, samples (e.g., samples taken from selected
Hauptabteilung  Dekontaminationsbetriebe) waste canisters). Samples are processed by
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radio-analytical separation methods and then
analysed using elemental, isotope and nuclear
spectroscopic techniques. The nuclides rou-
tinely determined include (but are not limited
tO): 238'239'240'241'242PU, 233,234,235,236,238U' SSFe,
63Ni, 90Sr, 242'243*244Cm, 21Am. Around 80 sam-
ples are analysed this year with an upward
trend.

Quality Control of Separation Resins

INE is the first quality control lab of the TRIS-
KEM Sr separation resin and the secondary lab
for actinide separating TRU and TEVA resins.
The analytical service comprise the determi-
nation of the capacity of the Sr resin, column
tests (loading, washing, elution), determina-
tion of possible interferences and the deter-
mination of eluted organic material by carbon
analysis. Around 50 samples are analysed this
year.

Quality Control of Radiopharmaceuticals

In a confidential collaboration a Ra containing
alpha-radiopharmaceutical is regularly ana-
lysed with regard to the content of toxic heavy
metal trace impurities. This pharmaceutical is
developed for patients suffering from bone
metastases. This year a method for the quan-
titative ICP-MS analysis of specified heavy
metals and other elements of interest is de-
veloped and a batch of samples is measured
approximately each week. Additionally, a
method validation procedure adopting the
guidelines of the USP (United States Pharma-
copedia) is developed.

Projects

The analytical group contributes to the organi-
sation and development of analytical proce-
dures for INE research projects.

The sorption behaviour of Sorel concrete
based construction material and salt backfill
material originating from the ASSE under-
ground mining was investigated. The aim of
this project is to get preliminary information
concerning the retention potential of these
materials for radionuclides. In batch sorption
experiments Sorel concrete, salt backfill mate-
rial and a mixture of Sorel concrete and salt
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backfill were contacted with Eu(lll) in under-
saturated salt brine. From these experiments
conducted over a period of 3 month sorption
coefficients could be determined.

Similar radionuclide retention experiments
with heat treated concrete were performed in
simulated seawater. These batch type sorp-
tion experiments covered the nuclides I(-1),
Cs(l), Co(ll), and Eu(lll). The concrete samples
originate from the COMET-L1 experiment
where the situation of basement attack by a
simulated corium melt was investigated previ-
ously [1]. For more details concerning the
concrete projects cf. chapter 6.2.

For the FIRST NUCLIDES project an experi-
mental setup for the collection of the volatile
radionuclide *C, which is part of the inventory
of instant release fractions of nuclear spent
fuel, is designed. The development of analyti-
cal procedures for the sensitive determination
of *C from the gas phase and from leaching
experiments is under way. For more details
concerning the FIRST NUCLIDES project cf.
chapter 6.

Development of Speciation Methods

Sector Field Inductively Coupled Plasma Mass
Spectrometry (SF-ICP-MS) — High Selectivity
and low Detection Limits

Modern SF-ICP-MS, installed at the INE radio-
active laboratories, is a very powerful and
widely used tool for trace element and isotope
ratio analysis with the benefit of relatively
high sample throughputs requiring at the
same time only relatively small sample vol-
umes (uL to mL range). SF-ICP-MS offers very
low detection limits (lower ppq range,
~10™ mol/L) for transuranium elements (Pu,

Fig. 1: Element XR SF-ICP-MS setup.



Np, Am) with almost zero backgrounds. In
combination with advanced sample introduc-
tion (i.e. desolvation) systems even detection
limits in the sub ppg (10" mol/L) range have
been reported [2]. In addition to superior sen-
sitivity sector field instruments also provide an
improved mass resolution up to ~10.000
which strongly enhances the selectivity and,
therefore, the accuracy of measurements. This
is especially beneficial for isotopes in the me-
dium mass range that suffer from molecular
interferences (e.g.  “°Ar'®0O interfering on
®re, or “Ar¥Ar on %Se). The Element XR
(Thermo Fisher Scientific, Bremen) at the INE
radioactive laboratories is adapted to a glove
box system for handling of active material
(Figure 1).

Combined with species selective techniques
such as capillary electrophoresis (CE)-SF-ICP-
MS can be also used for speciation and com-
plexation studies of actinides in solution tak-
ing advantage of the high sensitivity of mod-
ern SF-ICP-MS instruments. Studies using
CE-SF-ICP-MS have reported species detection
limits of ~10™ mol/L for Pu [3] which is also
confirmed by investigations recently conduct-
ed at INE.

SF-ICP-MS - Exploiting high Sensitivity and
Selectivity for the Detection of Actinides and
Lanthanides

One of the main tasks of the mass spectrome-
ter is the detection and quantification of ele-
ments especially actinides at very low concen-
trations (i.e. in the ng/L and pg/L range).

Figure 2 shows the results obtained for the
detection of ***Pu and ?’Np in samples from a
radionuclide migration experiment conducted
at the underground Grimsel Test Site in 2012
(run 12-02). Both radionuclides together with
28Am, Ni doped montmorillonite and several
other radionuclides were injected into a shear
zone at the beginning of the migration test.

The concentrations that were obtained for
2’Np and **Pu lie in range of several 10" of
ppg up to 3 ppt for 2**Pu with detection limits
of ~10-20 ppg. The results demonstrate the
excellent sensitivity of SF-ICP-MS for transura-
nium elements.
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Fig. 2: Breakthrough curves of 3 Np and “*“Pu obtained

from a radionuclide migration experiment conducted at
the Swiss Grimsel Test Site (GTS, run 12-02, cf. chapter
6.3).

An important feature of the SF-ICP-MS tech-
nique is the adjustment of medium and high
mass resolution whereby polyatomic mass in-
terferences can be reduced very efficiently.
Lanthanides which are often used as homo-
logues for trivalent actinides such as Cm ex-
hibit distinct mass interferences at low mass
resolution (commonly available in quadrupole
instruments). Most of these interferences can
be strongly reduced to an analytical accepta-
ble level using medium or high mass resolu-
tion combined with proper plasma tuning
conditions. Figure 3 depicts lanthanide con-
centrations that were obtained for a certified
river water reference material (SLRS-4) com-
pared to the elemental concentrations pub-
lished for this specific reference material [4].
Both data sets show excellent agreements for
all lanthanides within the experimental error.
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Fig. 3: Relative elemental concentrations of lanthanides
in a river water standard reference material (SLRS-4) de-
termined by SF-ICP-MS at medium mass resolution;
comparison between published [4] and own data (nor-
malized to Chondrite meteorite concentrations).



CE-SF-ICP-MS — Hyphenated Technique for
the Determination of Actinide and Iron Redox
Species

At INE special attention is currently drawn to
the development of hyphenated techniques in
order to determine the distribution of redox
species in aqueous solution with special em-
phasis on actinides (Pu, Np), fission products
(Se, Tc), and also Fe. Iron is of particular inter-
est because a variety of actual studies are fo-
cusing on sorption of actinides on Fe min-
eral phases (especially Fe-oxides and Fe-
hydroxides).

The redox state is a key property which de-
termines not only the solubility of elements in
aquatic systems but also the sorption on min-
eral surfaces. Both solubility and retention
due to sorption have a strong impact on the
potential mobility of elements. In order to
trace and quantify redox species in aqueous
solution at very low concentrations (which is
required for the study of processes below the
solubility limit) we chose capillary electropho-
resis coupled to the SF-ICP-MS. Several studies
have already demonstrated that CE-SF-ICP-MS
is a very suitable tool for speciation studies at
concentrations < 10™° mol/L [2,5] particularly
for transuranium elements such as Pu.

At INE we applied a CE method similar to the
approach of Kuczewski et al. [6] to separate
different Pu redox species using 1 M acetic ac-
id as background electrolyte. All separations
were carried out with bare fused silica capil-
laries (50 um ID, 70-75cm length), with hy-
drodynamic sample injection, a separation
voltage of 30 kV, and at various Pu concentra-
tions. Integrated peak areas show a linear re-
lationship over several orders of magnitude
and detection limits between 10™
to 10 mol/L for the higher valence states
Pu(VI) and Pu(V). These results are consistent
with measured CE detection limits for penta-
valent Np of ~10™ mol/L and published values
[3]. However, detection limits determined for
Pu(lV) are in analogy to Th(IV) significantly
higher (~10° mol/L). So far this has been ex-
plained by possible sorption of tetravalent ac-
tinides at the surface of silica fused capillaries.
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Although the CE method allows the separation
of different Pu valence states (Pu(lll), Pu(lV),
Pu(V) and Pu(VI)) at concentrations lower than
10™ mol/L (if all Pu redox species are consid-
ered) there still remains the challenge to over-
come the limited stability of the different Pu
redox states during the course of the meas-
urements. In order to avoid any oxida-
tion/reduction reactions taking place during
the separation we are planning to modify our
method by using different ligands to stabilize
the different valence states.
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Fig. 4: Electropherograms of Fe(ll)/Fe(lll) capillary elec-
trophoresis separations. a) sample: Fe(ll) and Fe(lll)
(each 1.6 x 10° mol/L) plus PADAP (1.2 x 10™* mol/L),
BGE: 12.5 mM HAc, 12.5 mM KAc, hydrodynamic sample
injection for 10 s at 2 psi, separation at 30 kV. b) sample:
Fe(ll) and Fe(lll) (each 2.5 x 10° mol/L) plus EDTA and o-
phen (each 2.5 x 10 mol/L), hydrodynamic sample in-
jection for 10s at 2 psi, BGE: 5.0 mM K3PO,, pH=12.3,
separation at 25kV c) sample: Fe(ll) and Fe(ll) (each
0.6x10° mol/L) plus DCTA and ferrozine (each 5x
10 mol/L), BGE: 100 mM HAc plus DCTA (0.5x 10
® mol/L) and ferrozine (0.9 x 107 mol/L), hydrodynamic
sample injection for 10 s at 1 psi, separation at -30 kV.



A similar approach has been already used for
the determination of Fe(ll)/Fe(lll). So far we
tested several potential ligands to complex
and stabilize the two Fe redox species. Among
those are o-phenanthroline , disodium 4-[3-(2-
pyridinyl)-6-(4-sulfophenyl)-1,2,4-triazin-5-yl]
(ferrozine), EDTA, DCTA, 2-(5-bromo-2-pyridyl-
azo)-5-diethylaminophenol (PADAP), 4-(2-pyri-
dylazo)resorcinolat (PAR), and 1,2 Dihydroxy-
benzene-3,5-disulfonic acid (Tiron). Figure 4
depicts the electropherograms of 3 different
separations which were conducted with vari-
ous background electrolytes (acetic acid,
KsPO,, NaH,P0O,) and ligands (o-phenan-
throline, ferrozine, PADAP, DCTA, EDTA). Ap-
plying hydrodynamic sample injection both Fe
redox species are successfully separated by all
three methods with detection limits around
10”7 mol/L.

Using electrokinetic injection of samples con-
taining 40 vol% methanol even a detection
limit of ~10”° mol/L was achieved for Fe(ll) us-
ing o-phen as complexing agent and NaH,PO,
as background electrolyte. The advantage of
organic solvents is based on the reduced elec-
troosmotic flow and the lower conductivity of
the sample zone, both leading to stronger fo-
cusing of ions during separation.
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Further improvements and developments are
in progress, particularly related to 1) improved
detection limits of the CE separations and 2)
the determination of redox species in solu-
tions with elevated ionic strength (>100 mM
salt content) which are prerequisites for our
fundamental research objectives.
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Introduction

Radiation Protection Research at INE is focus-
ing on assessing radiation exposures by esti-
mation of doses either from external radiation
fields or from intakes of radionuclides. Besides
measurements, the modeling and simulation
of radiation fields and their interaction with
tissues of the human body or detectors meas-
uring the field are the techniques applied in
the work of the group. Basic vision of the work
is to provide techniques and models for an in-
dividualized dosimetry, which goes beyond
the current approach of applying reference
models in the dose assessments. The exposed
individual with his or her anatomical and phys-
iological properties as well as the radiation
fields — properly characterized — are taken into
account in an individualized dosimetry. In
2012 we again focused on the three main top-
ics

Dosimetry in external radiation fields
Dosimetry after intakes of radionu-
clides

Modeling and Simulation of Radiation
Protection Scenarios

The ASF group is collaborating with national
and international partners in several research
projects funded by BmBF (e.g. Projects “Strah-
lung und Umwelt” in Competence Alliance Ra-
diation Research KVSF) or EC (e.g. Project
“BOOSTER” in FP7Sec). Our group is also en-
gaged in the European Radiation Dosimetry
Group (EURADOS e.V.,
http://www.eurados.org), which promotes
and develops research and European Collabo-
ration in radiation dosimetry.

Selected results from the 2012 work of the ra-
diation protection research group at INE are
presented in this chapter.
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Dosimetry for CT fluoroscopy staff

Simulation supported dosimetry is mainly em-
ployed for cases where measurements are dif-
ficult or not feasible. This includes research on
CT fluoroscopy staff dosimetry, which is cur-
rently investigated in one of the task groups of
EURADOS WG12 [1]. Analyses of measure-
ments performed at CT devices at the Coimbra
hospital and at the Klinikum Karlsruhe, as well
as corresponding feasibility studies of simula-
tions were finalized

In figure 1 simulated dose values at different
positions (red spots) on a hand phantom are
illustrated. The cross line indicates the beam
position and the rotation axis of the CT scan-
ner with the thick and thin line, respectively. A
strong dose gradient is observed; within a few
mm away from the beam spot the dose is re-
duced by at least an order of magnitude The
benchmark for simulations with the two dif-
ferent simulation programs MCNPX [2] and
GMctdospp [3] were completed [4,5]. Hence-
forth it is planned to compare accomplished
and ongoing measurements of handling sce-
narios with simulations.

Two studies on CT-fluoroscopy have been fin-
ished in 2012. A collaboration between ITN
and KIT comprised measurements at Coimbra
hospital and Klinikum Karlsruhe and the ac-
cording MCNPX simulations [4], as well as a
three month research stay at KIT (Visiting Re-
searcher Scholarship of the Karlsruhe House of
Young Scientists (KHYS). The second study [5]
applied the Monte Carlo code GMctdospp to
simulate measurements taken at Klinikum
Karlsruhe. The two studies showed that Mon-
te Carlo codes are useful tools to investigate
the complex radiation field for exposure sce-
narios in CT fluoroscopy. It is confirmed that
CT fluoroscopy is among the highest exposure
scenarios for medical staff — in the considered
scenarios, the annual skin dose limit would be



Fig. 1: DICOM-File of a CT scanned hand phantom with
Hp(0,07) dose values in mSv as obtained from simula-
tions with GMctdospp.

exceeded within a few tens of identical irradi-
ations.

Monte Carlo Simulation of electron
transport in thin layers of tissue

The simulation of classical radiation transport
has become an important method for analys-
ing absorbed doses or detector response func-
tions among others. In the following, we ap-
plied the Monte Carlo Nuclear-Particle
transport code (MCNP) and simulated ab-
sorbed doses in layers of tissue-equivalent
materials. The layers were so thin that their
thicknesses were comparable with the aver-
age diameter of human cells (i. e. 0.001 cm).
Determining the dose in such thin layers is at
the border of the scope of MCNP, since small-
er cells do not encompass enough collisions so
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that the underlying multiple-scattering theory
is still applicable. The explicit scenario consist-
ed of a Sr-90/Y-90 area source, implemented
in the Beta Secondary Standard BSS2 [6], and
a cuboid phantom made of tissue-equivalent
material. A pike of lead was located inside the
phantom. The slabs of the scoring cell were
subdivided into rings or, to be more precise,
hollow cylinders. A drawing of the simulation
scenario is given in figure 2. This task formula-
tion is part of the more comprehensive work
of Ref. [7] and described in more detail there-
in as well.

The dose amplification factor referring to
depths between 0.001 cm and 0.007 cm has
been calculated. Looking at the curve for the
tiny slab (radius: 0.03 cm), a distinct amplifica-
tion over all depths is obvious. The bump of
this curve is due to the build-up factor. The
build-up factor also causes the curve to rise
considerably for the first hollow cylinder
(radii: 0.03 cm —0.06 cm) and for the second
one (radii: 0.06 cm—0.09 cm). Dose en-
hancement is most obvious for the tiny slab
and the first two hollow cylinders. The tiny
slab and the first two hollow cylinders togeth-
er form a slab with radius of 0.09 cm which
has a cross-sectional area of about 1/40 of
1 cm?. For this slab, dose enhancement ranges
between 68% and 88%, whereas hardly any
dose enhancement results for the big slab (ra-
dius: 0.6 cm) with a cross-sectional area of
about 1cm?. The maximum dose enhance-
ment of about 113% is reached for the first
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Fig. 2: Simulation scenario. Left: rings of the cuboid are
presented enlarged. Right: Cut-out of the enlarged rep-
resentation of the cuboid. Some hollow cylinders and
parts of the cylindrical pike are displayed at the bottom
as well.



hollow cylinder at a depth of 0.007 cm. Hardly
any dose enhancement is obvious for the
curve which refers to the big slab (radius:
0.6 cm) having an area of about 1 cm?, while it
is the case for the slab with a radius of
0.09 cm. The almost lacking dose enhance-
ment of the big slab is remarkable, since the
dose is normally related to an area of 1 cm?” in
operational radiation protection.

Partial body counter calibration using
Voxel2MCNP and the JAERI phantom

Modelling for radiation transport simulation is
an essential task for prospective and retro-
spective evaluation of radiation protection
scenarios. This task can be quite complex and
time-consuming when confronted with large
amounts of data from various sources that
may be frequently updated or are provided in
different file formats. One common scenario is
body counter calibration for the detection of
incorporated activity, where detector models
may change, new phantoms become available,
and large simulation series have to be created,
managed, and evaluated.

Voxel2MCNP [8] was enhanced to provide a
unified framework supporting users in model-
ling radiation transport scenarios using voxel
phantoms and other geometric models, gen-
erating corresponding input for the Monte
Carlo code MCNPX, and evaluating simulation
output. It offers a common interface for mod-
elling, visualization, and evaluation of data
and is compatible with several file formats,
such as Evaluated Nuclear Structure Data File
(ENSDF) [9] for nuclear structure properties
and radioactive decay data, SimpleGeo [10]
for solid geometry models, and MCNPX's
MCTAL for simulation results. The foundation
of Voxel2MCNP is formed by a generic, modu-
lar data model describing radiation transport
scenarios. It defines several independent data
structures for geometry, materials, sources,
simulation results, etc., which are linked via
cross-references. The data model is also avail-
able in an XML-based file format to facilitate
data exchange with other researchers or dif-
ferent software tools.
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For body counter calibration, a special module
implements the detector kinematics of KIT’s
partial body counter and allows detector posi-
tioning using its parameters. Voxel2MCNP can
automatically generate the according MCNPX
input for a scenario model, and also process
simulation results (e.g. detector spectra) after
computation. Simulation series can be pro-
duced with Voxel2MCNP by creating a tem-
plate common for all scenarios and then add-
ing or replacing certain features (e.g. different
detectors, phantoms, or sources).

A JAERI phantom [11] provided by the Interna-
tional Atomic Energy Agency [12] has been
used as a test case. A voxel model of the
phantom has been created by KIT in 2010.
Three HPGe detectors were used in the meas-
urements and positioned according to routine
measurements at KIT, i.e. at left lung, right
lung, and liver (see figure 3). In total, 21
measurements were taken, including two
background measurements with blank lungs.

After finishing the measurement setup, a cor-
responding scenario template was created
(see figure 3). It consists of three main com-
ponents: three HPGe detectors annotated
with individual tallies, the voxel model of the
basic JAERI phantom annotated with a desig-
nated source location (lungs), and an empty
source representing the inactive lung set. All
components were modelled individually and
then combined with the scenario template for
each overlay and lung set. Detector positions
were reproduced according to the records.
Simulation input was created, simulations

Fig. 3: Comparison of the real measurement scenario
(left) and its virtual representation in voxel2MCNP
(right).



were performed with MCNPX, and results
were evaluated using standard methods for
peak area estimation.

In general, the measurements could be repro-
duced. However, differences in counting effi-
ciencies between simulations and measure-
ments are up to 20%. Due to the systematic
over- or underestimation for certain radionu-
clides, it is suspected that the main causes are
high uncertainties in the certified activities
and possible inhomogeneous distributions in-
side the lungs. Also, imprecise detector posi-
tioning due to tolerances in mechanics and
measurements, and missing details in detector
and phantom models (e.g. air inclusions in the
lung material of the active lung set) may have
an effect.

The framework presented here has proven to
be capable of handling modelling and evalua-
tion tasks related to body counter calibration
efficiently. Updating simulation data and de-
tector models or adding new phantoms is
straightforward and intuitive. Development is
ongoing, and support for other applications
related to radiation transport will be added in
the future.

Evaluation of dose conversion factors
using Voxel2MCNP

Since Voxel2MCNP is built as a tool for radia-
tion protection, the calculation of dose con-
version factors will be soon implemented in
the code. The dose conversions factors allow
assessing effective dose. In case of body irra-
diation from outside dose conversion factors
are given in terms of absorbed dose normal-
ized to air kerma, while in the case of internal
contamination one speaks about specific ab-
sorbed fraction SAF, defined as the fraction of
energy emitted from the source organ ab-
sorbed from the target organ, normalized to
the mass of the target organ. Those coeffi-
cients depend on the anatomy of the phan-
toms, on the kind and the energy of the radia-
tion, on the direction of the radiation in case
of external irradiation. They can be calculated
only making use of Monte Carlo simulations
and of voxel model phantoms. The reference
ICRP adult male has been used; the values of
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the conversion factors have been compared
with the published ones [13] in several scenar-
ios both for external and internal contamina-
tion. The values have been correctly repro-
duced in order to validate our methods. This
latter will be implemented in the software in
order to automatize the calculations. Once
this step will be concluded, it will be possible
to automatically calculate the dose conversion
factors for any voxel phantom available in
Voxel2MCNP.

Implementation and quality assurance of
recent ICRP biokinetic models

Within the biokinetic task group of EURADOS
WG7 [14] test calculations have been per-
formed with the new biokinetic models of
ICRP. These models represent the biokinetic
behaviour of radionuclides and are applied in
interpretation of bioassay measurements and
dose assessments after incorporation of radi-
onuclides. ICRP recently published a draft of
their new document “Occupational Intakes of
Radionuclides” [15] for consultation. Here the
new models of several radionuclides are de-
scribed. In the task group several nuclides and
scenarios have been selected for comparison.
These tests by independent users are per-
formed to test if the description of the models
shows ambiguities and might be refined. They
also show the ability of the users to apply the
models. At KIT the new models for the radio-
nuclides H-3, Fe-59, Co-60, Sr-90, I-131 and
Cs-137 have been implemented in the in-
house developed SABiM Code [16]. The reten-
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Fig. 4: Comparison of the daily urinary excretion of 1-131
predicted by the draft OIR document (OIR) and the re-
cent ICRP models (IRCP78) taken from [5].



tion for blood, the main retention organs and
total body as well as daily excretion values for
urine and faeces have been calculated. Fig-
ure 4 shows exemplary the daily urinary excre-
tion of I-131 calculated with the new models
(OIR) and the existing models (ICRP78) taken
from [17]. The slight difference between the
predictions of the new and the recent models
can be seen. The next step will be to study the
influence on the predicted doses.

A comparison with first calculations from oth-
er groups showed that all descriptions have
been interpreted the same and only minor
numerical discrepancies whose sources are
recently under investigation were observed.
The analyses of the whole set of calculations
of all partners is still to follow.
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