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

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

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

(ii) immobilization of high level radioactive waste 
(HLW),  

(iii) separation of minor actinides from HLW, and  
(iv) radiation protection.  

All R&D activities of KIT-INE are integrated into the 
program Nuclear Safety Research within the KIT-
Energy Center. INE contributes to German provident 
research for the safety of nuclear waste disposal, 
which is the responsibility 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 nuclear 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 up 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 reprocessing 
(HLW glass). The disposal of low- and intermediate 
level waste present in much larger quantities likewise 
needs to be addressed. 

Over the last decades, a consensus within the inter-
national scientific/technical community was estab-
lished, clearly emphasizing that storage in deep geo-
logical formations is the safest way to dispose of high 
level, heat producing radioactive waste. Disposal 
concepts with strong inherent passive safety features 
ensure the effective protection of the population and 
the biosphere against radiation exposure over very 
long periods of time. The isolation and immobilization 
of nuclear waste in a repository is ensured by the  
appropriate combination of redundant barriers (multi-
barrier system).  

Long term safety research for nuclear waste dis-
posal at KIT-INE establishes geochemical expertise 
and models to be used in the disposal Safety Case, 
focusing primarily on the detailed scientific descrip-
tion of aquatic radionuclide chemistry in the geochem-
ical environment of a repository. Work concentrates 
on the disposal of spent fuel and HLW-glass in the 
relevant potential host rock formations currently con-
sidered: rock salt, clay and crystalline rock formations. 
Actinides and long-lived fission products play a cen-
tral role, as they dominate HLW radiotoxicity over 
long periods of time. Long-lived anionic fission prod-

ucts are likewise investigated as significant contribu-
tors to the maximum radiation dose projected for rele-
vant scenarios.  

Relevant long term scenarios for nuclear repositories 
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 caverns  
is assumed to cause waste form corrosion and eventu-
ally radionuclide release. Radionuclide mobility is 
then determined by the various geochemical reactions 
in complex aquatic systems: i.e. dissolution of the 
nuclear waste form (HLW glass, spent fuel), radiolysis 
phenomena, redox reactions, complexation with inor-
ganic and organic ligands, colloid formation, surface 
reactions at mineral surfaces, precipitation of solid 
phases and solid solutions.  

Prediction and quantification of all these processes 
require fundamental thermodynamic data and compre-
hensive process understanding at the molecular scale. 
Radionuclide concentrations in relevant aqueous sys-
tems typically lie in the nano-molar range, which is 
exceedingly small in relation to main groundwater 
components. Quantification of chemical reactions 
occurring in these systems require the application and 
development of advanced sophisticated methods and 
experimental approaches, to provide insight into the 
chemical speciation of radionuclides at trace concen-
trations. Innovative laser and X-ray spectroscopic 
techniques are continuously developed and applied to 
this end. A specialized working group performing 
state-of-art theoretical quantum chemical calculations 
for actinide chemistry support both interpretation of 
experimental results and optimized experiment design.  

The long-term safety of a nuclear waste repository 
must be demonstrated by application of modelling 
tools on real natural systems over geological time 
scales. Geochemical models and thermodynamic data-
bases are developed at INE as basis for the description 
of radionuclide geochemical behaviour in complex 
natural aquatic systems. The prediction of radionu-
clide migration in the geosphere necessitates coupled 
modelling of geochemistry and transport. Transfera-
bility and applicability of model predictions are exam-
ined by designing dedicated laboratory experiments, 
field studies in underground laboratories and by study-
ing natural analogue systems. This strategy allows to 
identify and analyze key uncertainties and continuous-
ly optimize the developed models.  

Within the R&D topic immobilization of high level 
radioactive waste, INE contributes to the decommis-
sioning of nuclear facilities. The core process technol-
ogy for the Vitrification Plant (VEK) on the site of the 
former Karlsruhe Reprocessing Plant (WAK; located 
at KIT Campus North) has been developed by INE. 
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INE was involved in functional testing of process 
systems, as well as in the performance of the cold test 
operation and played a leading role in the highly suc-
cessful hot operation of the VEK plant. The vitrifica-
tion technology developed at INE is highly competi-
tive on an international level. This is evidenced by the 
strong interest of countries like China or the Russian 
Federation in establishing technology transfer.  

The Partitioning & Transmutation (P&T) strategy is 
pursued and developed in many international research 
programs. INE research activities in P&T are focused 
on the partitioning step, i.e. separation of minor 
actinides from HLW. The R&D aims to develop 
efficient separation processes for minor actinides for 
subsequent transmutation into short-lived or stable 
fission products. INE develops highly selective ex-
tracting agents and performs experiments to derive 
kinetic and thermodynamic data to assess and opti-
mize extraction reactions. R&D spans experimental, 
analytical and theoretical work, dedicated to under-
standing extraction ligand selectivity on a molecular 
scale.  

The R&D topic radiation protection at INE focuses 
on the assessment of radiation exposures on 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 beyond 
the current approach of applying reference models in 
dose assessments. Both the specific anatomical and 
physiological features of the exposed individual and 
the specific effective 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 necessary 
infrastructures to perform radionuclide/actinide re-
search, including hot cells, alpha glove boxes, inert 
gas alpha glove boxes and radionuclide laboratories. 
State-of-the-art analytical instruments and methods are 
applied for analysis and speciation of radionuclides 
and radioactive materials. Advanced spectroscopic 
tools exist for the sensitive detection and analysis of 
radionuclides. Trace element and isotope analysis is 
made by instrumental analytical techniques such as 
X-ray fluorescence spectroscopy (XRF), atomic ab-
sorption spectroscopy (AAS), ICP-atomic emission 
spectroscopy (ICP-AES) and ICP-mass spectrometry 
(Quadrupole-ICP-MS and high resolution ICP-MS). 

Methods available for surface sensitive analysis and 
characterisation of solid samples include X-ray dif-
fraction (XRD), atomic force microscopy (AFM) and 
laser-ablation coupled with ICP-MS. A modern X-ray 
photoelectron spectrometer (XPS) and an environmen-
tal scanning electron microscope (ESEM) are in-
stalled. INE has direct access to a TEM instrument on 
the KIT Campus North site (Institut für Angewandte 
Materialien). Laser spectroscopic techniques are de-
veloped and applied for sensitive actinide and fission 
product speciation such as time-resolved laser fluores-
cence spectroscopy (TRLFS), laser photo acoustic 
spectroscopy (LPAS), laser-induced breakdown detec-
tion (LIBD) and Raman spectroscopy. A tuneable 
optical parametric oscillator (OPO) laser system with 
TRLFS-detection is used for high resolution spectros-
copy at liquid helium temperature. Structural insight 
into actinide species is obtained by extended X-ray 
fine structure (EXAFS) spectroscopy at the INE-
Beamline at the Karlsruhe synchrotron source ANKA. 
The INE-Beamline, in the direct vicinity of INE  
hot laboratories and in combination with the other 
analytic methods, represents a world-wide unique 
experimental and analytic infrastructure, which both 
profits from and contributes to INE’s 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 processors. A 400 MHz-NMR spec-
trometer adapted to measuring radioactive liquid sam-
ples adds to the analytical and speciation portfolio of 
INE. Additional facilities at INE include a glass lab 
for development of glass matrices for immobilization 
of highly radioactive waste. The INE CAD work-
stations enable construction and planning of hardware 
components, process layout and flow sheets  for 
HLLW vitrification facilities. The institute workshop 
is equipped with modern machine tools to manufac-
ture components for specific experimental and analyt-
ical devices in hot laboratories. 

In 2013 the Institute for Nuclear Waste Disposal 
had 115 employees working in the seven depart-
ments, which reflect the R&D and organizational tasks 
of the institute (Fig. 1): (i) safety of nuclear waste 
disposal, (ii) geochemistry, (iii) radiochemistry,  
(iv) actinide speciation, (v) vitrification of high level 
waste, (vi) radiation protection research and  
(vii) scientific/technical coordination and analytical 
chemistry.  
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Fig. 1: Organisational chart of the Institute for Nuclear Waste Disposal (INE). 
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2 Education and training 
 

 
Teaching of students and promotion of young scien-
tists is of fundamental importance to ensure 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, 
Berlin, Jena and Mainz.  

Prof. Dr. Horst Geckeis, director of INE, holds a 
professorship for radiochemistry at KIT Campus 
South, Department Chemistry and Biosciences. He 
teaches fundamental and applied radiochemistry for 
chemistry students in bachelor, master and diploma 
courses. A radiochemistry module consisting of basic 
and advanced lectures on nuclear chemistry topics and 
laboratory courses has been set up for diploma 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 University of Heidelberg. A 
basic course in radiochemistry is offered for bachelor 
and/or master students. An advanced course com-
prised of chemistry of f-elements and medical applica-
tions of radionuclides is also offered. The advanced 
radiochemistry lectures are supplemented by scientific 
internships at the INE radioactive laboratories.  

Nearly 35 students from Karlsruhe and Heidelberg 
participated in two 3-week radiochemistry laboratory 
courses in 2013 held at KIT-CN in the FTU  
radiochemistry and hot laboratories at INE.  
Some students are intensifying their knowledge in 
nuclear/radiochemistry topics during scientific intern-
ships at INE. Obviously 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 miner-
alogical characterization of these fine materials and 
the importance of quantifying surface reactions. In the 
second part of the lectures sound, practical advice  
on powder X-ray diffraction in general is provided,  
as well as a useful set of step-by step instructions for 
the novice.  

Lectures and practical units taught by Dr. Thorsten 
Schäfer at the Freie Universität Berlin, Institute of 
Geological Sciences, Department of Earth Sciences, 
focused in 2013 on a master degree course on labora-
tory and field methods in hydrogeology, including 
performance and analysis of tracer tests using con-
servative, weakly sorbing tracers and colloids, pump-
ing tests and determination of hydraulic parameters 
(Applied Hydrogeology III).  

Dr. Thorsten Stumpf gave lectures at the KIT 
Campus South, Department Chemistry and Bio-
sciences, in the field of chemistry of f-elements and 
inorganic chemistry and Dr. Tonya Vitova gave lec-
tures in the field of instrumental analytics. 

Dr. Bastian Breustedt gave a lecture on biokinetics 
of radionuclides as well as a lecture on physiology and 
anatomy at KIT Campus South, Department Electrical 
Engineering and Information Technology. Moreover 
he organized the EURADOS WG7 - KIT Training 
Course on Monte Carlo Methods for calibration of 
body counters, November 25-27, 2013 at KIT. 

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: 

- Bernd Schimmelpfennig, Robert Polly, Peter 
Kaden, ACTINET-I3: The ThUL Spring School 
in Actinide Chemistry, KIT, January 14-18, 2013 

- Horst Geckeis, Petra Panak, The 7th Summer 
School on Actinide Science, KIT, July 16-19, 
2013 

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

PhD-students  
In 2013 24 students worked at INE on their doctoral 
dissertations; seven of them were awarded their doc-
torate. Topics of the theses are:  

- Investigation of solubility and redox chemistry 
of Neptunium and Plutonium 

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

- Development of anthropomorphic models for in-
vivo measurements in radiation protection.  

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

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

- Interaction of human serum transferrin with acti-
nides and lanthanides  

- Structural study on Cm(III) and Eu(III) com-
plexes with ligands relevant to partitioning  

- Sorption of trivalent actinides on iron oxides 

- Technetium redox processes and Tc(IV) solubili-
ty studies Redox-speciation of repository rele-
vant and redox-sensitive elements in aqueous so-
lutions by capillary electrophoresis coupled to 
ICP-MS  
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- Release and speciation of actinides by the fabri-
cation and dissolution of Mo- and Zr-based nu-
clear fuel oxides 

- Study of repository relevant carbon compounds 
and their influence on the 14C-respectively acti-
nide immobilization  

- Investigation of the solubility and complexation 
of trivalent actinides: hydrolysis and complexa-
tion with organic ligands  

- Influence of anions on the lanthanide/actinide in-
teraction with mineral surfaces 

- Characterization of actinide species in systems 
relevant for safety assessment of a nuclear waste 
repository by high-resolution X-ray emis-
sion/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 precipitation 
kinetics on the incorporation of trivalent acti-
nides/lanthanides in sulfate/carbonate minerals 
and CSH phases  

- The effects of Porosity Clogging on Transport 
Properties of Porous Materials under Geochemi-
cal Perturbation 

- Advanced spectroscopic and microscopic struc-
tural investigations of nuclear waste glass forms 

- Bentonite erosion and colloid mediated radionu-
clide transport in adection controlled systems 

- Investigation of solubility and complexation of 
Plutonium and Neptunium in highly reducing 
aquatic systems 

- Tc migration in advection/diffusion controlled 
natural systems: Influence of ferrous iron pool 

- Investigation of the retention of actinides, lan-
thanides and long-lived fission products on sta-
ble solid phases within the system Mg – Na ± Cl 
± CO2 – H2O 
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3 National and international cooperation, conferences and 
workshops 

 

 
INE R&D involves numerous national and interna-
tional collaborations and projects. These are described 
in the following.  

National  
INE is involved in various bi- and multilateral collab-
orations with national research centers, universities 
and industrial partners on different topics. The pro-
jects are partly supported by the German Federal Min-
istry for Economics and Technology (BMWi), the 
Federal Ministry for Education and Research (BMBF), 
the Federal Ministry for the Environment, Nature 
Conservation, Building and Nuclear Safety (BMUB), 
the German Research Foundation (DFG) and the 
Helmholtz Association (HGF).  

Primary goal within the collaborative project  
VESPA with partners GRS, HZDR-IRE and FZJ-
IEK 6 is to reduce the conservatism in the assumptions 
currently made in performance assessment calcula-
tions concerning the radionuclides 14C, 79Se, 129I and 
99Tc. There is reasonable evidence that sorption values 
for radionuclides on organics, clay surfaces, layered 
double hydroxides or steel corrosion products are 
significantly higher than currently used in modeling 
approaches. This could, in “what if” scenarios, lead to 
significantly lower radionuclide release rates than 
currently predicted. The project VESPA focuses on 
the reduction of these uncertainties.  

Within the national THEREDA project, INE gener-
ates a centrally managed and administered database of 
evaluated thermodynamic parameters in cooperation 
with the GRS, HZDR-IRE, TU-BAF and AF-Consult 
Switzerland Ltd., Baden (Switzerland). Thermody-
namic data are required for environmental applications 
in general and radiochemical issues in particular. This 
database is to be developed to a national (reference) 
standard and will be the basis for performance as-
sessment calculations for a national nuclear waste 
repository. More information about this project can be 
obtained from the web page: www.thereda.de. 

The National HATT project focuses on the migra-
tion of radionuclides in natural clay formations and in 
bentonite, considered as technical barrier. Within this 
project not only the mechanism of radionuclide sorp-
tion onto clay is studied, but also the influence of 
organic matter naturally occurring in the clay stone on 
the radionuclide migration is a matter of interest. 
Here, the interaction of actinides with humic sub-
stances and small organic molecules are examined. 
Additionally, the influence of borate, a component of 
the high-radioactive waste, on the solubility of acti-
nides is one important issue of the project. Besides 
INE, the members of this collaborative project are 
GRS, HZDR-IRE, University of Mainz, University of 
Potsdam, Technical University of Munich, University 
of Dresden and University of Saarland.  

The bilateral GRS-INE project KOLLORADO-e 
started in March 2013 with a duration of three years as 
a successor of the KOLLORADO-2 project, focusing 
on the erosion stability of compacted bentonite (geo-
technical barrier) as a function of the contact water 
chemistry/hydraulics and the formation of near-field 
colloids/nanoparticles as potential carriers for acti-
nides/radionuclides. Both, a detailed experimental 
program quantifying the bentonite erosion and inves-
tigating the influence of surface roughness/charge 
heterogeneity on nanoparticle mobility and actinide 
bentonite nanoparticle sorption reversibility, as well as 
approaches to implement the acquired process under-
standing in reactive transport modeling codes com-
prise the project activities.  

The general aim of the BMWi Joint Project on “Im-
provement of tools for the safety assessment of 
underground repositories” is directed towards relia-
ble constitutive models for predicting correctly rele-
vant deformation phenomena in rock salt. Benchmark 
calculations on various influencing processes increase 
the confidence in the models and numerical simula-
tions and thereby enhance the acceptance of results. 
Another aim is to identify possibilities for further 
model developments and improvements.  

In the BMBF-project Radiation and Environment 
II, INE is responsible for the work package “Efficien-
cy calibration of in-vivo counters with anthropo-
morphic models adapted to individuals”. In this work 
package, the influence of different anatomies on the 
calibration of in-vivo counters and subsequent dosime-
try measurements are studied and quantified. By mod-
ifying the models, a better agreement between the 
geometries of measurement and calibration shall be 
reached. Different biometric parameters of the indi-
vidual are measured 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. Immo-
Rad concentrates on application-based fundamental 
research on retention processes in deep geological 
environments. Within this project, structural incorpo-
ration/entrapment or formation of solid solutions of 
radionuclides into host minerals in aquatic environ-
ments is studied. National (KIT-INE, HZDR, Univer-
sity Frankfurt, University of Bonn) and international 
partners (PSI-LES; Switzerland and University Ovie-
do; Spain) collaborate within this project. For more 
information please visit http://www.immorad.eu/. 

The project “Untersuchungen zum grundlegenden 
Verständnis der selektiven Komplexierung von 
f-Elementen (f-Kom)“ funded by the German Federal 
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Ministry of Research and Education in the field of 
Basic Energy Research 2020+ aims at establishing a 
fundamental understanding of the separation of long-
lived radionuclides from nuclear waste. The participat-
ing project partners from KIT-INE, KIT-CS, Universi-
tät Erlangen, Universität Heidelberg and For-
schungszentrum Jülich are combining their expertise 
and activities in synthesis, spectroscopy, technology 
and theory, in order to be able to describe and ulti-
mately predict and optimize liquid-liquid extraction 
separation 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.  

The BMWi funded project “Disposal options for ra-
dioactive residues: Interdisciplinary analyses and 
development of evaluation principles (ENTRIA)” 
aims to develop evaluation principles for three options 
for management of highly radioactive waste: pro-
longed surface storage, emplacement in deep geologi-
cal formations without retrievability measures and 
with monitoring retrievability measures, respectively. 
A major goal of ENTRIA is the strong interaction 
between young and senior scientists of various disci-
plines (civil engineering, law, natural sciences, philos-
ophy, and social sciences). Within the project,  
KIT-INE is responsible for work packages on devel-
oping radionuclide source terms and developing indi-
vidual dosimetry for personnel with respect to the 
three options. Detailed information about ENTRIA 
can be found on the webpage: http://www.entria.de/. 

The Helmholtz young investigator group (HYIG) 
“Advanced synchrotron-based systematic investi-
gations of actinide (An) and lanthanide (Ln) sys-
tems to understand and predict their reactivity” 
started July 2011 and will systematically investigate 
in-situ the electronic and coordination structure of 
actinides and chemical homologue lanthanide systems 
with novel synchrotron-based high resolution X-ray 
emission/inelastic scattering techniques. The experi-
mental results are supported by theoretical calcula-
tions 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 coordi-
nation structures of, e.g., actinide/lanthanide extrac-
tion ligand complexes will find application in optimi-
zation of separation technologies of lanthanide cations 
from minor actinides (partitioning), while at the same 
time provide basic insight into structure-reactivity 
relationships of actinide elements, which is a present 
scientific frontier.  

International  
Two international projects focus on the stability of the 
bentonite buffer/backfill in contact with water con-
ducting features and the influence of colloids on radi-
onuclide migration in crystalline host rock: the Colloid 
Formation and Migration (CFM) experiment, coordi-

nated by NAGRA (National Cooperative for the Dis-
posal of Radioactive Waste, Switzerland), and 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 in the controlled zone at the 
Grimsel Test Site (Switzerland). Additional partners 
involved are from Japan (JAEA, AIST, CRIEPI), 
South Korea (KAERI), Finland (POSIVA Oy and 
Helsinki University), Switzerland (NAGRA, PSI-
LES), Spain (CIEMAT), Sweden (SKB, KTH), United 
Kingdom (NDA RWMD) 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 7th Framework Program  
The 7th framework Collaborative Project (CP) “Cation 
diffusion in clayrocks” (CatClay) began in June 2010 
and continued this year. The aim of CatClay is to 
improve understanding of the phenomena governing 
migration of radionuclides in clayrocks as potential 
host rocks for the deep geological disposal of nuclear 
waste. The project focuses on the diffusion-driven 
transport of cationic species, Sr2+, Zn2+, Co2+ and Eu3+, 
which are more or less strongly sorbed on clay mineral 
surfaces. CatClay, coordinated by CEA, combines 
model and experimental developments from the part-
ners, ANDRA, BRGM, CEA, SCK·CEN, PSI-LES, 
Appelo Hydrochemical Consultant and KIT-INE.  

INE continues to be a core member in TALISMAN 
(Transnational Access to Large Infrastructure for a 
Safe Management of ActiNide), the follow-up project 
to the European “Network of Excellence for Actinide 
Sciences” (ACTINET-I3) which will run until January 
2016. TALISMAN aims to reinforce networking and 
facilitating the use of existing European infrastruc-
tures in actinide sciences in order to keep a leading 
position in the field of nuclear energy. TALISMAN 
pooled facilities are accessible as a multi-site user 
facility for selected joint research activities (JRP). The 
pooled facilities offer includes: CEA (France), 
CHALMERS (Sweden), EC-JRC-ITU (EU), HZDR-
IRE, KIT-INE (both Germany), Micro-XAS beamline 
at the Swiss Light Source, PSI, Paul-Scherrer-Institut 
(Switzerland) and NNL, National Nuclear Laboratory 
(United Kingdom). These pooled facilities are labora-
tories licensed and equipped with infrastructure and 
know-how for handling radioactive material at various 
levels of activity and under controlled conditions, with 
access to analytical techniques and characterization 
methods. 

TALISMAN pooled facilities are the sites of JRP’s 
proposed by European institutions and organizations. 
These research projects potentially address all the 
major fields of basic actinide sciences, keeping in 
mind the potential applications for the production of 
nuclear fission energy and the safety of nuclear waste 
disposal, and include: 

 Actinide separation chemistry 
 Actinides in the geological environment 
 Actinide materials 
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Further, these activities are complemented by two 
so-called Joint Research Activities (JRA). The objec-
tive of these JRA is to improve the quality of the ser-
vices offered to the Users. One JRA is dedicated to the 
implementation of spectroscopic databases giving 
each user access to reference data. The second JRA is 
continuing to develop the fundamental understanding 
of actinides in order to give more elaborated model-
ling based tools for the analyses and the understanding 
of experimental results acquired within the JRPs 
(ThUL; Theoretical User Laboratory). 

Detailed information about this project can be found 
on the webpage http://www.talisman-project.eu/. 

The EURACT-NMR project is a 32 month coordi-
nation and support action starting in February 2011 
and is established to provide transnational access to 
the Karlsruhe Actinide NMR Center of Excellence 
with state-of-the-art nuclear magnetic resonance facili-
ties at the KIT-INE and JRC Institute for Transurani-
um Elements (ITU). These institutes have two 
400 MHz NMR spectrometers, which have been 
adapted to allow advanced nuclear magnetic reso-
nance experiments on radioactive 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 resonance exper-
tise and awareness amongst the European nuclear 
research community, in order to develop new experi-
mental validation methods for complex models of the 
behaviour in nuclear materials and processes. End of 
June 2013 the program ended with a final workshop in 
Karlsruhe bringing together beneficiaries of the 
EURACT-NMR program and researchers in the field 
from Europe and beyond. During three days with four 
sessions and a poster section the results of the numer-
ous research projects of the EURACT-NMR program 
were presented and a link to theoretical calculations in 
the field was established in an own dedicated session.  

Activities of the collaborative project SKIN (Slow 
processes in close-to-equilibrium conditions for radio-
nuclides in water/solid systems of relevance to nuclear 
waste management) began upon its establishment in 
February 2011. Solid/liquid chemical equilibrium 
hypotheses (sorption, solubility, solid-solution for-
mation) are key concepts in the assessment of nuclear 
waste safety. The project intends to assess the 
use/misuse of solubility data of sparingly soluble 
tetravalent actinides, to understand the coupling of 
major and trace element chemistry in radionuclide 
migration behaviour considering the extremely large 
exchange pool of natural minerals present in the dis-
posal sites and to include irreversibility in models on 
the mobility of radionuclides in the repository envi-
ronment. Ultimately, the goal is to assess to what 
degree the ignorance/non-inclusion of these studied 
slow processes leads, in performance assessment 
(PA), to over-conservative, or in few cases, even too 
optimistic evaluations. 

The Collaborative Project Crystalline Rock Reten-
tion Processes (CROCK) which was coordinated by 

KIT-INE was established with the overall objective to 
develop a methodology for decreasing the uncertainty 
in the long-term prediction of the radionuclide migra-
tion in the crystalline rock repository far-field. The 
project (January 2011 – June 2013, duration: 30 
months) is implemented by a consortium of 10 benefi-
ciaries consisting on 5 large European Research Insti-
tutions, 2 Universities and 3 small and medium enter-
prises from six different countries with dedicated 
crystalline host-rock disposal programs and particular 
competence in this field. National Waste Management 
organizations (WMO) also participate in the project 
contributing with co-funding to beneficiaries, infra-
structures, knowledge, information and reviewing the 
work program. WMO participate together with Na-
tional Regulators to guidance with respect to applica-
tion of the project to the disposal Safety Case. A com-
pilation of the outcome of the project is documented in 
the two workshop proceedings: KIT Scientific Reports 
7629 and 7656. Detailed information can also be 
found on the webpage: http://www.crockproject.eu/. 

The BOOSTER project (BiO-dOSimetric Tools for 
triagE to Responders) addresses the requirement  
of effective management of an incident 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 conse-
quences, allow an efficient triage of exposed people, 
integrate a useful and usable toolbox, train civil pro-
tection operators and define commercial exploitation 
potentialities.  

Within the EURATOM 7th FP, INE coordinates the 
Collaborative Project “Fast / Instant Release 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 radionu-
clides from high burn-up UO2 fuel is investigated 
experimentally. Furthermore, models will be devel-
oped to predict the time-dependent mobilization 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 reAc-
tors: Reprocessing and Dissolution; 1/2012–12/2015) 
is a EURATOM FP7 Large Scale Integrated Project 
focusing on advanced/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 between the reactor design 
on one hand, and the technological feasibility of fabri-
cating, dissolving and reprocessing the selected fuel 
on the other hand. ASGARD is an integrated effort of 
16 institutions from 9 European countries. It is coordi-
nated by Chalmers Technical University.  

SACSESS (Safety of ACtinide SEparation proceSS-
es; 3/2013–2/2016) is a EURATOM FP7 Collabora-
tive Project dealing with safety aspects of hydrometal-
lurgical and pyrometallurgial actinide separation pro-
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cesses developed in previous EURATOM projects. 
SACSESS provides a structured framework to en-
hance the fuel cycle safety associated to P&T. In addi-
tion, safety studies are performed to identify weak 
points to be further studied. These data are used  
to optimise flowsheets and process operation condi-
tions. 26 Partners from 10 countries (plus JRC-ITU 
and Japan) contribute to SACSESS. The project is 
coordinated by CEA; KIT is in charge of the hydro-
metallurgy domain.  

Recent safety assessments of nuclear waste reposito-
ries in crystalline formations have shown that the 
formation and stability of colloids may have a direct 
impact on the overall performance of the repository. 
The main aim of the 7th framework collaborative pro-
ject BELBaR is to increase the mechanistic under-
standing of the processes that control bentonite ero-
sion, clay colloid stability, and ability to transport 
radionuclides. The final outcome is to examine how 
colloids and related phenomena can be considered in 
the long-term safety case and to make recommenda-
tions on the quantitative and qualitative approaches 
that a safety case could pursue to adequately address 
this potentially very significant issue. BELBaR coor-
dinated by SKB consists of a consortium of 14 part-
ners from Sweden, Finland, Spain, Czech Republic, 
Great Britain, Russia and Germany with KIT-INE 
leading WP3 on “Colloid radionuclide & host rock 
interaction”. 

The 7th FP Collaborative Project (CP) "CAST (CAr-
bon-14 Source Term)" was started in 2013. The CP is 
coordinated by NDA (UK) and has a duration of 
54 months. 33 research and waste management organ-
isations contribute to the CP which is structured in 
7 work packages. KIT-INE participates in 3 work 
packages: “Steels”, “Zircaloy” and “Dissemination”. 
INE’s contribution to the project covers the determina-
tion of the inventory of 14C in irradiated stain-less 
steel and zircaloy-4 as well as the analysis of the spe-
ciation of 14C compounds which may be released from 
these materials in contact with aqueous solutions.  

Conferences and workshops  
INE has organized a series of workshops and con-
ferences or has contributed significantly to the organi-
zation:  

- ABC-Salt Workshop III, Actinide Brine Chemis-
try, Santa Fe, USA, April 15-17, 2013 

- EURACT NMR workshop, Karlsruhe, Germany, 
July 17-19, 2013  

- ACTINIDES 2013, Karlsruhe, Germany, July 
21-26, 2013 

- Migration 2013, Brighton, UK, September 8-13, 
2013 
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4 Fundamental Studies: Process understanding on a molecular 
scale 

Fundamental studies on radionuclide chemistry and geochemistry ensure a detailed understanding and reliable 
quantitative prediction of aqueous chemistry. In order to allow a comprehensive assessment of radionuclide 
behaviour and mobility in aquatic systems relevant for nuclear waste disposal, studies with actinides and long-
lived fission products are performed. The investigated aqueous systems cover from dilute solutions to highly 
saline salt brine systems and establish essential site-independent data and process understanding. Work is focus-
sing both on detailed experimental investigations using the unique facilities available at KIT-INE and subse-
quently developing reliable chemical models and consistent thermodynamic data. This combined approach al-
lows a systematic and reliable evaluation of key processes such as radionuclide solubility, radionuclide specia-
tion, radionuclide retention and transport processes in relevant near- and far-field scenarios. The work summa-
rized in this section is related to the (i) chemistry and thermodynamics of actinides and fission products in aque-
ous solution, (ii) radionuclide sorption on mineral phases, (iii) radionuclide diffusion in clays, and (iv) retention 
of radionuclides by secondary phase formation. The studies aim at identifying relevant radionuclide reten-
tion/retardation mechanisms on a molecular level and their robust thermodynamic quantification in support of 
the Nuclear Waste Disposal Safety Case. Fundamental studies on aqueous radionuclide chemistry are giving 
support to the applied studies (see Chapter 6) performed at KIT-INE. 
 

4.1 Chemistry and thermodynamics of actinides and fission products in 
aqueous solution 

M. Altmaier, N. L. Banik, A. Baumann, M. Böttle, K. Dardenne, D. Fellhauer, D. R. Fröhlich, X. Gaona, 
M. Herm, K. Hinz, M. Lagos, P. Lindqvist-Reis, M. Maiwald, R. Marsac, P.J. Panak, J. Rothe, J. Runke, 
J. Schepperle, A. Skerencak-Frech, Th. Rabung, E. Yalcintas  
In co-operation with: 

B. Baeyensa, Th. Fanghänelb,c, R. Janickid, M. Marques Fernandesa, T. Wissb 
a Paul Scherrer Institut, Villigen, Switzerland;  b JRC-ITU, European Commission, Karlsruhe, Germany,  c Heidelberg University, 
Heidelberg, Germany;  d Faculty of Chemistry, University of Wrocław, Wrocław, Poland 
 

 
Introduction 
A detailed knowledge on the aquatic chemistry and 
thermodynamics of actinides and fission products is 
mandatory for the safety and performance assessment 
of repositories for nuclear waste disposal. Several 
thermodynamic databases are developed and main-
tained worldwide with this aim (e.g. NAGRA–TDB, 
ThermoChimie, JAEA–TDB, THEREDA), most of 
them strongly relying on the thermochemical database 
project of the Nuclear Energy Agency (NEA–TDB). 
Fundamental research in this field is needed to derive 
comprehensive chemical, thermodynamic and activity 
models of specific, relevant systems. These models 
provide the basis for a good reliability of these data-
bases and resulting thermodynamic calculations.  

In 2013, the scientific research developed at KIT–
INE in this field focused on actinides solubility, redox 
behaviour, hydrolysis and complexation with strong 
ligands (e.g. carbonate, oxalate). Further attention was 
dedicated to long-lived fission products and investi-
gating the effect of temperature on aqueous actinide 
chemistry, research activities which will be intensified 
at KIT–INE in the coming years. Furthermore, for-
mation of “weak complexes” and the challenge of 
their thermodynamic interpretation were tackled with-
in a comprehensive experimental approach for the 
system LnIII/AnIII–OH–NO3. 

Reflecting its expertise and high international repu-
tation in the field of aquatic chemistry and thermody-
namics, KIT–INE participates in a number of NEA–
TDB activities. INE is co-initiator of the state-of-the-
art report on “Pitzer Modelling of Aquatic Chemistry 
in Saline Systems” and of the “Update Book on the 
Chemical Thermodynamics of Actinides and Fission 
Products”. In 2014, KIT–INE organizes the 16th In-
ternational Symposium on Solubility Phenomena and 
Related Equilibrium Processes (ISSP-16) in Karlsruhe 
within ongoing IUPAC activities. 

Solubility of Tc(IV) in dilute to concentrated 
NaCl, MgCl2 and CaCl2 solutions 
99Technetium is a β–emitting fission product highly 
relevant for the safety assessment of nuclear waste 
repositories due to its significant inventory in radioac-
tive waste, long half-life (t½ ~211.000 a) and redox 
sensitivity. Due to the very reducing conditions ex-
pected under repository conditions, an appropriate 
knowledge of the Tc(IV) solubility and aqueous spe-
ciation in dilute to concentrated NaCl, MgCl2 and 
CaCl2 solutions is required in the context of nuclear 
waste disposal. 

A Tc(VII) stock solution was electrochemically re-
duced in 1.0 M HCl and precipitated as TcO2xH2O at 
pH12 in 5 mM Na2S2O4. After an aging time of two 
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months, about 5 mg of Tc from the resulting solid 
phase were added to each independent batch sample 
pre-equilibrated in (0.5 M – 5.0 M) NaCl, (0.25 M – 
4.5 M) MgCl2 and (0.25 M – 4.5 M) CaCl2 with 2  
pHc  14. Na2S2O4, SnCl2 or Fe powder were used to 
maintain reducing conditions. Tc concentration, pHc 
and Eh were monitored with time. After reaching 
equilibrium conditions, solid phases of selected sam-
ples were characterized by XRD, SEM–EDS and 
quantitative chemical analysis.  

Tc(IV) solubility data obtained in NaCl 
(t  350 days) and MgCl2/CaCl2 (t  300/180 days) 
are shown in Figure 1a and 1b, respectively. Experi-
mentally measured solubility in dilute NaCl and 
MgCl2 solutions agree very well with thermodynamic 
calculations considering the speciation scheme and 
log *K° values selected by the NEA–TDB [1]. 

In the acidic pH range, a very significant increase in 
the solubility is observed with increasing ionic 
strength for all considered salt systems. In concentrat-
ed alkaline NaCl solutions, the same speciation as for 
diluted systems is retained (e.g. predominance of 
TcO(OH)3

–), although a decrease in solubility com-
pared to dilute systems takes place due to ion interac-
tion processes. In concentrated MgCl2 and CaCl2 

solutions, a steep increase of solubility with slope +2 
takes place at pHc ≥ 8. This increase is attributed to 
the formation of the ternary species 
Mgx[TcO(OH)y]

2x–2–y and Cax[TcO(OH)y]
2x–2–y, simi-

lar to those ternary species previously reported for 
An(IV) and Zr(IV) [2]. XRD, SEM–EDS and chemi-
cal analysis confirm that TcO2xH2O(s) is the solid 
phase controlling the solubility of Tc(IV) in NaCl and 
MgCl2 systems. Longer equilibration time and solid 
phase characterization are needed for CaCl2 system at 
pHc ≥ 11. Chemical, thermodynamic and activity 
models (SIT, Pitzer) will be derived for the system 
Tc4+–H+–Na+–Mg2+–Ca2+–OH––Cl––H2O based upon 
the newly generated experimental solubility data. 

Investigation of the Np(V) / Np(IV) redox 
equilibrium in aqueous solutions 
One of the major characteristic of the early actinide 
elements (U to Am) in aqueous solution is their com-
plex redox chemistry: within the thermodynamic 
stability field of water, up to four An oxidation states 
An(III) to An(VI) can exist or even co-exist. All of 
them show a markedly different behavior regarding 
the basic chemical reactions in solution e.g. solubility 
equilibria, complex formation, sorption processes etc. 
The An oxidation state distribution and speciation is 
thermodynamically a function of pH value and redox 
potential pe (pe = 16.9 Eh for T = 25°C) and can 
therefore be calculated for a system with defined 
redox conditions pe+pH. In the present study we sys-
tematically investigated the redox behavior of Np in 
redox-neutral to reducing aqueous solutions as func-
tion of the redox potential pe and pH value, and com-
pared the results to thermodynamic calculations. 

Batch experiments were performed with 237Np in 
0.1 M NaCl solutions under Ar atmosphere and at 
room temperature. The pH in the sample solutions 
were fixed to values of 4 to 10 using pH buffers. The 
redox potentials pe were controlled by additions of 
1-3 mM of chemically different organic or inorganic 
(homogenous and heterogeneous) reducing agents: 
hydroquinone, 9,10-anthraquinone / anthrahydroqui-
none-2,6-disulfonate (AQDS/AH2QDS), FeCl2/FeCl3, 
synthetic magnetite, Fe powder, Na2S2O4. The inac-
tive matrix solutions were spiked with aliquots of a 
3 mM 237NpO2

+ stock solution to obtain [Np]tot = 
(4 ± 1)·10-5 M (oversaturation approach). In four 
additional samples approx. 2 mg of NpO2(am) was 
added initially (undersaturation experiments). The 
samples were analyzed for pH, pe, and aqueous Np 
concentration after 10 kD ( 2 nm) ultrafiltration by 
LSC and HR-ICPMS as function of time (typically for 
100 d; partly up to five years). Under the pH condi-
tions investigated Np(V) is quantitatively soluble 
whereas Np(IV) forms sparingly soluble NpO2(am) 
with a solubility of log [Np] = -9 ± 1. The redox equi-
libration Np(V)/Np(IV) can therefore be monitored by 
the concentration of dissolved Np in solution.  

In presence of AQDS/AH2QDS, Fe powder, Na2S2O4 
and FeCl2/FeCl3 (for pH > 6), the initial Np(V) was 
quantitatively reduced to sparingly soluble NpO2(am) 

 
Fig. 1: (a) Solubility of Tc(IV) in 0.5 M and 5.0 M NaCl. (b) 
Solubility of Tc(IV) in 0.25 M – 4.5 M MgCl2 and 0.25 M –
4.5 M CaCl2. 
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within 1 to 200 d. This observation is in agreement 
with thermodynamic considerations: the redox condi-
tions pe+pH of all these samples (red symbols in 
Figure 2) are in the thermodynamic pe+pH region, 
where the Np solubility is expected to be controlled 
by the equilibrium reaction 

 NpO2(am)  Np(IV)(aq) (a). 

The corresponding Np(IV)(aq) equilibrium concentra-
tion was successfully determined by high-resolution 
ICPMS (log [Np] = –9.5±0.5). A reliable value for the 
equilibrium constant for reaction (a) was evaluated 
which confirms the recommended value from NEA–
TDB [1] and reduces the reported uncertainties. 

In the samples with more positive redox potentials 
(hydroquinone, FeCl2/FeCl3 pH < 6; green symbols in 
Figure 2), the reduction of the initial Np(V) (oversatu-
ration approach) was covered by very slow kinetics. 
Within the time of investigation (partly up to 5 years), 
no steady state was reached. In the analogue samples 
with initial NpO2(am) instead of Np(V) (undersatura-
tion approach; blue symbols in Figure 2), the equili-
bration  processes were faster: partial oxidation of the 
initial NpO2(am) to aqueous Np(V) was observed, and 
an equilibrium was attained within approx. two years. 
The final level of dissolved Np(V) was directly corre-
lated to the redox potential pe in the systems, as ex-
pected for the thermodynamic equilibrium 

 NpO2(am)  NpO2
+ + e- (b). 

The equilibrium constant derived for reaction (b) is in 
very good agreement with previous work by Rai et al. 
[3]. 

The behaviour of Np in redox-neutral and reducing 
aqueous solutions investigated in this study clearly 
can accurately be understood and quantitatively be 
described in terms of equilibrium thermodynamics. 
Constants for the two most relevant Np equilibrium 
reactions under these conditions were evaluated, 
which support the recommended values and reduces 

uncertainties. For some redox systems the equilibra-
tion between Np(V) and Np(IV) was found to be very 
slow indicating that for a comprehensive description 
of the aqueous Np redox behaviour the consideration 
of kinetic aspects might be necessary for certain sce-
narios. 

Solubility and hydrolysis of U(VI) at 80°C 
under acidic to hyperalkaline conditions 
Temperature is one of the parameters that will vary 
during the different phases of operation of a high level 
radioactive waste (HLW) repository. Elevated tem-
perature conditions (up to 200°C depending on 
hostrock system and repository concept) will affect 
actinide chemistry in the near-field of a HLW reposi-
tory. The hydrolysis of U(VI) has been thoroughly 
studied at 25°C. The thermodynamic data selection 
resulting from the NEA–TDB reviews is thus very 
complete (as log K°, rG°m or fG°m) and includes 
most of the hydrolysis species expected to form from 
very acidic to hyperalkaline pH conditions [1]. On the 
contrary, a very limited number of studies is dedicated 
to assess the effect of temperature on the hydrolysis of 
U(VI), which results in enthalpy and entropy data 
selection in the NEA–TDB being restricted to 
UO2OH+. Regarding solid phases, enthalpy, entropy 
and C°p,m data are selected in the NEA–TDB for 
UO32H2O(cr) based on calorimetric studies. No data 
are selected for ternary Na–U(VI)–OH solids reported 
to control the solubility of U(VI) in alkaline condi-
tions [1]. 

Undersaturation solubility experiments were con-
ducted with UO32H2O(cr) and Na2U2O7H2O(cr) 
solid phases synthesized and characterized in a previ-
ous solubility study at 25°C [4]. All samples  
were prepared in an inert gas (N2) glovebox under 
exclusion of O2 and CO2. U(VI) solid phases were 
distributed in several independent batch experiments 
(4–5 mg solid per sample), arranged in two series of 
0.5 M NaCl–NaOH solutions with 4  pHm  7 
(UO32H2O(cr)) and 8  pHm  12 (Na2U2O7H2O(cr)) 
and stored in an oven at 80°C (in a N2 glovebox). 
Samples were equilibrated for 1 year and monitored 
at regular time intervals for dissolved uranyl, [U], and 
pHm. Triplicate aliquots (supernatant, 0.1 m filtration 
and 10 kD ultrafiltration) were taken for the quantifi-
cation of [U] by ICP–MS. After reaching equilibrium 
conditions, solid phases of selected samples were 
characterized by XRD, SEM–EDS and chemical 
analysis. 

The results shown in Figure 3 indicate that the solu-
bility of U(VI) under weakly acidic conditions slight-
ly decreases (0.5 log–units) at 80°C compared to 
similar solubility experiments at 25°C. XRD, SEM–
EDS and chemical analysis confirm the transfor-
mation of UO32H2O(cr) into a Na-bearing solid phase 
with Na:U 0.5. No solid phase transformation takes 
place for Na2U2O7H2O(cr) under alkaline to hyper-
alkaline conditions. For this solid phase, a significant 
increase in solubility (1–2 log units) is observed at 
80°C above pHm = 9.5. Similar to 25°C, the solubility 

 
Fig. 2: Experimental (pe+pH)-values in the different Np 
redox samples. Red and blue symbols indicate samples 
where equilibrium (a) and (b) were attained, respectively. 
In samples marked with green symbols no equilibrium state 
has been reached. 
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of U(VI) as a function of pH shows a well-defined 
slope of +1 in the pHm region 9–12, corresponding to 
the equilibrium 0.5 Na2U2O7H2O(cr) + 2 H2O  Na+ 
+ UO2(OH)4

2– + H+. This observation is consistent 
with the expected increase of hydrolysis of metal ions 
with increasing temperature as a result of the increase 
of Kw of H2O.  

The combination of slope analysis with accurate sol-
id phase characterization (XRD, SEM–EDS, chemical 
analysis) allows the development of a thermodynamic 
model for the system UO2

2+–H+–Na+–OH––Cl– at 
80°C valid within 4  pHm  12. 

Solubility and TRLFS study of AnIII/LnIII in 
Na–Mg–Ca–Cl–NO3 solutions 
In repositories containing waste from nuclear fuel 
reprocessing, high concentrations of nitrate (≥ 1 M) 
and slow nitrate reduction kinetics may affect  
the aqueous speciation of radionuclides and thus im-
pact their mobilization into the biosphere. In this 
context, the solubility and speciation of Nd(III)  
and Cm(III) as chemical analogues of Am(III) and 
Pu(III) in dilute to concentrated NaCl–NaNO3, 
MgCl2–Mg(NO3)2 and CaCl2–Ca(NO3)2 mixed solu-
tions were investigated under repository-relevant  
pH conditions and 22 ± 2°C. 

Samples were prepared and stored in Ar glove  
boxes. Batch solubility experiments were performed 
from undersaturation with Nd(OH)3(am) (6–12 mg) in 
0.1–6.02 m NaCl–NaNO3, 0.25–5.2 m MgCl2–
Mg(NO3)2 and 2.91/4.02 m CaCl2–Ca(NO3)2 back-
ground electrolytes. Samples were monitored for pHm 
and mNd(III). Solid phases were characterized using 
XRD and SEM-EDX. Nd–LIII EXAFS spectra were 
recorded in fluorescence mode at the INE beamline at 
ANKA. Cm(III)–TRLFS measurements were per-
formed with ~10−7 M Cm(III) per sample in 
5.61/6.02 m NaCl–NaNO3, 0.25/4.1 m MgCl2–
Mg(NO3)2 and 4.02 m CaCl2–Ca(NO3)2. 

Figure 4 shows exemplarily the solubility of 
Nd(OH)3(am) in 4.06/4.02 m Mg–Ca–Cl–NO3 mix-
tures. No significant enhancement in Nd(OH)3(am) 
solubility occurs in CaCl2–Ca(NO3)2 and NaCl–
NaNO3 (data not shown) mixtures compared to ni-
trate-free systems [5]. On the contrary, a clear in-
crease in solubility occurs for MgCl2–Mg(NO3)2 mix-
tures with mMg2+ ≥ 2.83 m, mNO3

− ≥ 1.13 m and 
pHm = 8–9. Provided the solubility control exerted by 
Nd(OH)3(am) (confirmed by XRD and SEM-EDX in 
all systems with mCl− ≤ 5.82 m), the slope analysis of 
the experimental data in MgCl2–Mg(NO3)2 mixtures 
indicates the formation of aqueous species Mg–Nd–
OH–NO3 with stoichiometries Nd:OH 1:1 (pHm ≤ 8.3) 
and Nd:OH 1:2 (pHm > 8.3).  

Cm(III)–TRLFS and EXAFS data reveals the for-
mation of aquatic “AnIII/LnIII–OH–NO3” species un-
der weakly alkaline pHm conditions only in MgCl2–
Mg(NO3)2 systems, thus hinting towards the participa-
tion of Mg2+ in the complex formation reaction. 

The combination of slope analysis, solid phase char-
acterization, EXAFS and Cm(III)–TRLFS observa-
tions confirms the relevance of the equilibrium reac-
tions AnIII/LnIII(OH)3(am) + 2H+ + NO3

− + Mg2+  
Mg[AnIII/LnIII(OH)NO3]

3+ + 2H2O and 
AnIII/LnIII(OH)3(am) + H+ + NO3

− + Mg2+  
Mg[AnIII/LnIII(OH)2NO3]

2+ + H2O in concentrated 
nitrate-bearing Mg-systems and permits to further 
extend the chemical, thermodynamic and activity 
models described in [5] for Ln(III) and An(III)  
to Ln3+/An3+–H+–Na+–Mg2+–Ca2+–OH−–Cl−–NO3

− 
systems.  

The development of thermodynamic and activity 
models based on the chemical model proposed above 
using both SIT and Pitzer approaches is under way. 

 
Fig. 3: Solubility of U(VI) in 0.5 M NaCl at T = 25°C [4] 
and T = 80°C [p.w.]. 

 
 

 
Fig. 4: Solubility and aqueous speciation of Nd(OH)3(am) 
in 4.06 m MgCl2–Mg(NO3)2 and 4.02 m CaCl2–Ca(NO3)2 
mixtures with 5.81/5.75 m NO3

−. Reference data [5] in 
nitrate-free solutions included for comparison. Yellow 
square indicates the sample used for Nd–LIII EXAFS. 
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Structure and Spectroscopy of Eu(III) and 
Cm(III) tetracarbonates 
Carbonate is an important inorganic anion in natural 
ground waters, which can play a central role as 
O-donor ligand to actinide(III) ions upon water intru-
sion to a nuclear waste repository. A comprehensive 
understanding of An(III)-carbonate interactions is 
therefore required. Here, we report recent studies on 
Eu(III) and Cm(III) carbonate complexation in aque-
ous solution at different concentrations of potassium 
carbonate, metal concentrations, as well as the ionic 
strength, using absorption and luminescence spectros-
copies. Particularly, we addressed the unsettled ques-
tion whether the limiting complex [M(CO3)n]

2n+3 
(n = 1-4; M = Eu, Cm) is a tri- or tetracarbonate com-
plex [6-8]. [C(NH2)3]5[Gd(CO3)4(H2O)]2H2O (1) and 
[C(NH2)3]5[Y(CO3)4]2H2O (2) doped with Eu and 
Cm were used as structure models for the tetracar-
bonate complexes in solution at high carbonate con-
centration. Emission spectra and lifetimes of Cm(III) 
and Eu(III) in 1 and 2 were compared with the corre-
sponding data of the solutions. We present here se-
lected data on the limiting Eu(III)/Cm(III) carbonate 
complexes at ~2 M K2CO3. 

A detailed picture about the nature of the limiting 
species and its equilibrium species was obtained from 
the hypersensitive 7F0→

5D2 and 5D0→
7F2 transitions 

and by comparison of the oscillator strengths of the 
former transition. The intensities of these transitions 
are 4-5 times larger for 2 than for 1, while those of the 
solution are between these values (Figure 5). In addi-
tion, the center-of-gravity of the 5D2 level in 1 is blue-
shifted compared to the solution. These studies indi-
cate that the tetracarbonate complex at high carbonate 
concentration may be attributed to a [Eu(CO3)4]

5– 

complex and not [Eu(CO3)4(H2O)]5–. Although only 
minor changes were observed in the 7F0→

5D2 and 
5D0→

7F2 spectra at elevated carbonate concentrations, 
by comparing these transitions with those in 2 the 
molar fraction of [Eu(CO3)4]

5- was estimated to 
~20%. According to solubility studies the main spe-
cies in these solutions is probably a tricarbonate com-

plex, which points to an equilibrium between tri- and 
tetracarbonate complexes.  

[Eu(CO3)3(H2O)q]
3– + CO3

2– ⇌ [Eu(CO3)4]
5– + xH2O 

Figure 6 shows the emission spectra of Cm(III) in 
2 M K2CO2 and in 1 and 2. The peak maxima of the 
spectra of the crystals are red-shifted compared to the 
solution; though the difference in the peak positions 
between the [Cm(CO3)4]

5– complex in 2 and the solu-
tion is small. It is not possible to compare the intensi-
ty of the bands, thus no quantitative conclusions can 
be made. Nevertheless, the marked similarities 
between the spectra suggest the presence of both tri- 
and tetracarbonate complexes in concentrated carbo-
nate solution, as shown by Fanghänel et al. [9]. In 
summary, in concentrated aqueous carbonates soluti-
ons, Eu(III) and Cm(III) form limiting tetracarbonate  
species of [Eu(CO3)4]

5–, [Cm(CO3)4]
5– and/or 

[Cm(CO3)4(H2O)]5–. 

Thermodynamics of [Cm(Ox)n]3-2n complexes 
at T = 20 – 90°C 
The formation of [Cm(Ox)n]

3-2n (n = 1, 2, 3, 4) com-
plexes is studied by TRLFS at different ligand con-
centrations ([Ox2-]tot = 510-4 – 110-2 m) and different 
ionic strengths (Im = 1.0 – 4.0 (NaCl)) as a function of 
the temperature (T = 20 – 90°C). The total proton 
concentration is fixed at [H+]tot = 9.310-3 m. The 
experiments are conducted in a quartz cuvette which 
is embedded in a temperature controlled copper block. 

At room temperature three different complexed spe-
cies are formed with increasing ligand concentration. 
Using slope analysis, the species are identified as 
[Cm(Ox)n]

3-2n (n = 1, 2, 3) complexes. The emission 
bands of the different components are located at 
596.5 nm ([Cm(Ox)]+), 598.9 nm ([Cm(Ox)2]

-) and 
601.3 nm ([Cm(Ox)3]

3-) (Figure 7). For all samples a 
shift of the speciation towards the higher complexed 
species is observed with increasing temperature. Also, 
a fourth species appears at 604.7 nm at higher temper-
atures. According to the slope analysis, this species is 
a [Cm(Ox)4]

5- complex. No complexes of Cm(III) 

 
Fig. 6: Luminescence spectra of the 6D7/2→

8S7/2 transition 
of Cm(III) in 2 M K2CO2 and in 1 and 2. 

 

 
Fig. 5: Vis-absorption and emission spectra of the 7F0 → 
5D2 and 5D0 → 7F2 transitions, respectively, of 1, 2, and 
0.0185 M Eu(III) in 2.045 M K2CO3. 
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with H2Ox, HOx- and NaOx- are found under the 
present experimental conditions. The conditional 
stability constants (log K’n(T)) are calculated accord-
ing to the law of mass action and extrapolated to zero 
ionic strength with the specific ion interaction theory 
(SIT). At 25°C, values of log K0

1(25°C) = 6.78 ± 0.20, 
log K0

2(25°C) = 4.45 ± 0.38 and log K0
3(25°C) = 2.34 

± 0.35 are determined. These results are in very good 
agreement with the analogous values for Am(III) 
oxalate complexes [10]. The individual log K0

n(T) 
values show different behavior with increasing tem-
perature. The log K0

1(T) decreases slightly by 0.1 
logarithmic units. Contrary to this, the log K0

2(T) and 
log K0

3(T) values increase with temperature. While 
log K0

2(T) increases by approximately 0.5 logarithmic 
units, the log K0

3(T) values show a distinctively 
stronger temperature dependency. It increases by 
about 1.4 orders of magnitude in the studied tempera-
ture range. Additionally, for the [Cm(Ox)4]

5- complex 
a value of log K0

4(90°C) = 1.31 ± 0.35 is determined. 
The thermodynamic stability constants are linearly 
correlated with the reciprocal temperature. Thus, the 

temperature dependent change of the standard reac-
tion enthalpy (ΔΔrH

0
m) is negligible and the log 

K0
n(T) values are fitted by the integrated van’t Hoff 

equation over the entire studied temperature range. 
The results of the thermodynamic data of the individ-
ual complexation steps show a small negative value 
for the standard reaction enthalpy of the [Cm(Ox)]+ 
complex (ΔrH

0
m,1 = -7.54 ± 3.98 kJ/mol). In contrast 

to this, the formation of the 1:2 and 1:3 complexes is 
endothermic (ΔrH

0
m,2 = 21.74 ± 3.98 kJ/mol; ΔrH

0
m,3 = 

-7.54 ± 3.98 kJ/mol). This indicates a different coor-
dination mode of the second and third oxalate ligand 
compared to the first one. Furthermore, the stepwise 
complexation reactions show positive and successive-
ly increasing standard reaction entropies (ΔrS

0
m,1 = 

106.3 ± 11.9 J/molK; ΔrS
0

m,2 = 157.6 ± 10.5 J/molK; 
ΔrS

0
m,3 = 176.5 ± 21.0 J/molK). 
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4.2 Sorption on mineral surfaces 
A. Schnurr, N.L. Banik, K. Dardenne, A. Diascorn, H. Geckeis, T. Kupcik, J. Lützenkirchen, C. Marquardt, 
R. Marsac, T. Rabung, J. Rothe, T. Schäfer, D. Schild 
 

 
Introduction 
Radionuclide retention onto mineral surfaces is a key 
aspect which has to be considered in performance 
safety calculations for nuclear waste repositories. In 
this respect, fundamental studies are essential to un-
derstand the (sorption) reactions and mechanisms at 
the mineral-water interface. In this annual report, we 
want to especially highlight the work regarding An/Ln 
retention onto clay minerals. 

Besides pure and well defined laboratory systems 
also natural and site specific samples have to be stud-
ied. By combination of a top down / bottom up ap-
proach and a quantitative description of sorption reac-
tions by the means of thermodynamic constants rele-
vant sorption data can be provided for performance 
assessment. 

Trivalent actinide and lanthanide sorption 
onto clay minerals under saline conditions 
Due to their high sorption capacity, their swelling 
properties and their low water permeability in the 
compacted state, clay minerals are of great interest as 
suitable components of geotechnical and geological 
barriers. Illite, smectite and illite/smectite mixed lay-
ers are the most important components of the pro-
posed claystone host rocks and often amount up to 50 
or more wt. % of the material [1]. Previous detailed 
sorption studies were typically carried out up to I = 
0.1 molar ([1-4]). Nevertheless, clay rock pore water 
chemistry can also be characterized by high salinity 
up to ~ 5 molal [5] as e.g. in the Jurassic and lower 
Cretaceaous clay rock in Northern Germany. 

Saline conditions are not only restricted to the pres-
ence of rock salt formations. For instance, in Canada 
sedimentary rocks in contact with brine solutions up 
to 6.5 M are considered as potentially suitable host 
rock formations for high level waste. In all cases, 
detailed sorption investigations are necessary under 

the prevailing (saline) conditions. 
Illite and montmorillonite (smectite) are layered 

alumino-silicates with a repetition of TOT (tetrahe-
dral-octahedral-tetrahedral) layers. Ismorphous substi-
tutions within the lattice cause a permanent negative 
charge. In illite, which has a higher negative layer 
charge compared to smectites, the charge compensa-
tion is mainly induced by facile desolvating potassium 
cations located in the inter-layers. As a consequence 
the swelling properties in pure illite are completely 
absent and a lower cation exchange capacity com-
pared to smectites is measured. Both types of clay are 
characterized by permanently negatively charged 
basal planes and pH dependent protonated or deproto-
nated hydroxyl groups on the edge planes. As a con-
sequence, cations are predominately bound on the 
basal planes as outer-sphere complexes (Fig. 1 left) 
via cation exchange reactions at low pH and low ionic 
strength. By increasing pH, prevailing inner-sphere 
complexation (Fig. 1 right) at the edges is clearly 
verified by spectroscopic methods ([6], [7]). 

A frequently applied model to describe the interac-
tions of various radionuclides with clay minerals has 
been developed by Bradbury and Baeyens ([2], [8]). 
This quasi mechanistic 2 site protolysis non-
electrostatic surface complexation and cation ex-
change (2SPNE SC/CE) model was developed to 
describe titration, sorption edge and sorption isotherm 
data over a wide pH range (3-12) up to background 
electrolyte concentrations of about 0.1 molar (mono-
valent salt). 

The non-electrostatic nature of the surface complex-
ation part avoids one of the potential complications 
arising with high salinity. Therefore, one of the aims 
of the present work is to test the applicability of the 
2SPNE SC/CE model at highly saline conditions. 

Batch sorption edge experiments were carried out 
with three different background electrolytes (NaCl, 
CaCl2 and MgCl2) at different ionic strengths ([NaCl] 
up to 4.4 mol/kg, [CaCl2] and [MgCl2] up to 
2.1 mol/kg), at fixed metal concentration ([Eu]total = 
2×10-7 M, spiked with 152Eu for γ-counting and at 
constant solid to liquid ratios (S:L = 2 g/L purified 
illite du Puy and SWy-2) over a wide pHm range 
(3-12). 

In the case of illite (Figs. 2 and 3), the extent of Eu-
ropium uptake approaches > 99.5% at pHm > 8 for all 
investigated electrolyte solutions. The same has been 
observed in other systems, i.e. the high salt content 
clearly does not suppress the strong uptake of trivalent 
metal cations.  

In general, sorption edges shift to higher pHm-values 
with increasing ionic strength up to a pHm value 
where the ionic strength dependency is no longer 

 
Fig. 1: Trivalent actinide/lanthanide sorption mechanism 
onto TOT clay minerals. Outer-sphere sorption at the basal 
planes (left) and inner-sphere sorption at the edges (right). 
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obvious (pHmNaCl ~ 6.5, pHmMg/CaCl2 ~ 8). In presence 
of divalent cations, however, actinide/lanthanide sorp-
tion is much stronger suppressed than observed for 
NaCl solutions. 

A possible explanation for this might be the stronger 
competition of divalent cations with acti-
nide/lanthanide sorption to cation exchange sites but 
maybe also to inner sphere sorption sites at the edges 
of the clay particles. 

The present work clearly demonstrates that clay 
minerals represent strong retardation barriers for triva-
lent metal ions even under highly saline conditions. 

Neptunium redox speciation at the surface of 
illite 

Neptunium (Np) is an important element in the con-
text of high level radioactive waste disposal. Under 
oxidizing conditions, Np exists in its pentavalent 
oxidation state as the neptunyl ion (NpO2

+), which is 
rather weakly sorbed to minerals surfaces and is, as a 
consequence, considered as rather mobile. Under 
reducing conditions, Np(IV) prevails and is consid-
ered as rather immobile because of its strong sorption 
to minerals and its low solubility [7].  

Most of the studies on Np sorption onto clay miner-
als were performed under aerobic conditions, where 
the Np(V) oxidation state is dominant, or under inert 
atmosphere but without monitoring or controlling the 
redox potential [9]. However, slightly oxidizing to 
reducing conditions are frequently found in soil or 
natural clay rocks, where Np(V) reduction to Np(IV) 
is relevant.  

The present study is dedicated to NpO2
+ sorption to 

purified illite du Puy (reference material used within 
the CP CatClay project) under inert (Argon) atmos-
phere, which is expected to lead to slightly reducing 
conditions. Classical batch experiments are performed 
in 0.1 M NaCl, 2 g/L of illite, at various pH (4-10), 
total Np concentrations ([Np]tot=3×10-8-3×10-4 M) and 
reaction times (2-63 days). The Eh is monitored. X-ray 

absorption near edge structure spectroscopy (XANES) 
is applied to determine the Np redox state at the illite 
surface. Finally, Np sorption and redox speciation are 
described using a surface complexation model. 

The total amount of Np sorption to illite does not 
increase after 7 days reaction time showing a relative-
ly fast uptake process. Figure 4a compares the present 
Np-illite pH-edge for [Np]tot=3×10-8 M under anaero-
bic conditions (log KD versus pH) with literature pH-
edges for Np-illite under aerobic conditions [9] and 
Th(IV)-illite [10]. Measured partition coefficients 
(KD) are intermediate, though, which suggests a par-
tial reduction of Np(V) to Np(IV) in our experiments.  

Significant differences in white line intensity and 
the first post-edge oscillation with the Np(V) refer-
ence support the presence of a significant amount of 
Np(IV). Np L3-edge XANES obtained on a wet paste 
at pH=7.4, 20 g/L of illite and [Np]tot=3×10-4 M is 
compared with literature Np(V) and Np(IV) refer-
ences [11] in figure 4b. 

The XANES spectrum is analysed by a linear com-
bination fit of the two references and based on this 
14% of the sorbed Np would be Np(IV).  

Given the experimental Eh (0.40±0.05V) and ac-
cording to the Nernst equation, the redox potential of 
the Np(V)/Np(IV) couple at the surface (at equal 
concentrations of Np(V) and Np(IV)) for pH=7.4 is 
equal to 0.35±0.05V, i.e. approximately 0.25V above 
the corresponding one in solution.  

The unknown Np(IV)-illite surface complexation 
constants for the 2 SPNE SC/CE model [10] are fitted 
to our results using PhreePlot [12]. Np(IV) surface 
complexation constants are consistent with the estab-
lished linear free energy relationship [10]. A pH-
pe(Eh) diagram for Np is plotted on figure 4c using 
our data. The diagram distinguishes Np redox specia-
tion in solution (black) and at the surface of illite 
(grey). It shows that, although Np(V) is the dominant 
state in solution, relatively high KD values are meas-

 
Fig. 2: Sorption edges for Eu (mEu total ~ 2 x 10-7 mol/kg), S:L 
2 g/L onto Illite du Puy as a function of pHm against loga-
rithm of distribution ratio at different NaCl concentrations. 
The solid lines represent the calculations using the 2SPNE 
SC/CE model considering the Pitzer approach for the activity 
coefficient calculations. 

 
Fig. 3: Sorption edges for Eu (mEu total ~ 2 x 10-7 mol/kg), 
S:L 2 g/L onto Illite du Puy as a function of pHm against 
logarithm of distribution ratio at different Mg(open)/ 
Ca(closed)Cl2 concentrations. Solid lines are calculated 
with the 2SPNE SC/CE model with some slight modifica-
tions for the surface complexation constants. 
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ured because Np(IV) is thermodynamically favoured 
at the surface of illite. 

Clay adsorbed or structural Fe(II) is known as an 
efficient redox partner for actinides [13], which might 
explain the fast surface mediated reduction of Np(V). 
However, both sorption data and XANES analysis 
point to a limited amount of available Fe(II) in our 
illite with respect to Np(V) reduction (~1% of the 
total Fe(II) content). Further studies are required to 
elucidate the role of Fe(II). 

The present findings have important consequences 
concerning Np mobility in the environment, since 
surface complexation reactions enlarge the stability 
field of the rather immobile Np(IV). Our interpreta-
tion might be applicable to other elements as well as 
other adsorbing phases. 

Hexavalent actinide sorption onto clay 
minerals under saline conditions 
In the present work, hexavalent uranium (U(VI)) 
sorption onto illite (illite du Puy) under saline condi-
tions and exclusion of carbon dioxide (glove box) was 
studied. Batch sorption edge measurements were 
carried out in three different background electrolytes 
(NaCl, CaCl2 and MgCl2) at different ionic strengths 
(varied up to [NaCl] = 4.37 mol/kg and [M(II)Cl2 = 
2.11 mol/kg), at fixed metal concentration ([U]total ~ 
4x10-7 mol/kg) and at constant solid to liquid ratio 
(S:L = 2 g/L) over a wide pH range (3-12). At pH > 
11, uranium (VI) sorption decreases due to competiti-
on with negatively charged aqueous uranium(VI) 
hydroxide species (Fig. 5). 

The pHm dependent sorption of uranium onto illite is 
presented in Fig. 6 at different NaCl background elec-
trolyte concentrations. Unlike previous studies on 
trivalent actinide sorption onto clay minerals under 
saline conditions there is only a very small or even no 
impact of the NaCl concentration on the uranium 
sorption behaviour. The variation of the NaCl content 
between 0.1 and 4.37 mol/kg does not significantly 
change the distribution ratio of uranium. Also the 
variation of the initial uranium concentration by one 
order of magnitude from ~ 1.0 – 10.0 x10-7 mol/kg 
does not have a significant effect and indicates that 
the experiments are performed in the ideal sorption 
range. Small differences are within the range of the 
experimental uncertainty. 

It is important to note that in the pure NaCl system 
there is a high uptake (>99.5%) of uranium sorbed 
onto the illite du Puy in the environmentally most 
relevant pH range (6.5 < pH < 11.0). 

The same observation is found for CaCl2 and MgCl2 
solutions. The comparison between 1:1 and 2:1 back-

 
Fig. 4: (a) Np sorption to illite (KD) versus pH and reaction 
time, compared with literature Np(V) [9] and Th(IV) [10] 
data. (b) Np-illite XANES for pH=7.4 compared with Np(V) 
and Np(IV) references [11]. (c) Np pH-pe(Eh) diagram in 
solution (black) and at the surface of illite (grey), with the 
experimental results (black symbols). 

 
Fig. 5: Calculated aqueous speciation of U (mU,total ~ 
4.0·10-7 mol/kg), as a function of pHm against the relative 
amount of each species in 0.1 mol/kg NaCl. 
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ground electrolytes exhibits slightly lower sorption in 
CaCl2 and MgCl2 solutions and a small dependence 
on 2:1 electrolyte total concentration might be derived 
from experimental data. (Fig.7). Nevertheless, consid-
ering the experimental uncertainties, this effect is not 
very pronounced. 

In the pH range from 7 – 11 there is also in the pure 
CaCl2 and MgCl2 system an almost quantitative retar-
dation (>99.5) of U(VI) onto the clay mineral similar 
as has been found for the NaCl system. At very high 
pH values (>11.0) uranium sorption decreases again 
in all investigated systems. 

The general pH dependent trend for uranium sorp-
tion can be explained considering the calculated ura-
nium aqueous speciation (Fig. 5). Up to pH values < 8 
positively charged or neutral complexes dominate the 
uranium speciation. The strong sorption of the formal-
ly negatively charged UO2(OH)3

- complex dominating 
the speciation between pH 8.1 and 12.1 could be ex-
plained by the increased effective charge of uranium 
due to its linear oxo-complex structure. For the UO2

2+ 

ion an effective charge in the equatorial plane of +3.3 
is documented. The presence of 3 additional hydrox-
ide ligands might therefore not completely compen-
sate this charge. At higher pH (pH > 11) the negative-
ly charged tetrahydroxo complex predominates the 
speciation and subsequently uranium sorption de-
creases. 

The present work clearly demonstrates that clay 
minerals represent strong retardation barriers for hex-
avalent metal ions even under highly saline condi-
tions. 
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Fig. 6: Sorption edges for U (mU,total ~ 1.0, 4.0 and 
10.0·10-7 mol/kg), S:L 2 g/L, on Illite du Puy as a function of 
pHm against logarithm of distribution ratio at different NaCl 
concentrations. 

 
Fig. 7: Sorption edges for U (mU,total ~ 4.0·10-7 mol/kg), S:L 
2 g/L, on Illite du Puy as a function of pHm against logarithm 
of distribution ratio at different Mg(open)/Ca(closed)Cl2 
concentrations between 0.06 and 2.11 mol/kg. 
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Introduction 
Clay rich sedimentary formations are currently inves-
tigated in several European countries as potential host 
rocks for a radioactive waste repository: Callovo-
Oxfordian argillite (F), Opalinus Clay (CH), Boom 
Clay (B), Boda Claystone (HU). In Germany, suitable 
(thick and homogeneous) claystone formations can be 
found both in Northern (Lower Cretaceous and the 
Middle and Lower Jurassic) and Southern Germany 
(Middle Jurassic) [1]. In general, clayrocks can be 
characterized as fine-grained porous materials, mainly 
composed of clay minerals (illite, smectite, kaolinite), 
carbonate phases (calcite, dolomite), together with 
accessory mineral phases (pyrite, feldspar, quartz) and 
organic matter [2]. Due to the small hydraulic conduc-
tivity (10-14 – 10-13 m/s) diffusion is the main transport 
mechanism for solute contaminants in argillaceous 
rocks. For neutral and charged tracers, the diffusive 
transport (i.e. the effective diffusion coefficient De) 
was observed to decrease for cations > neutral species 
> anions [3-6]. The reduced diffusivity of anionic 
compared to neutral species is well understood and 
can be related to a repulsive interaction of anions with 
the negatively charged clay surfaces leading to a re-
duced accessibility of the total pore space (anion ex-
clusion). In contrast, cationic species sorbing by cation 
exchange are able to move through the whole pore 
space. Although being electrostatically attracted to the 
negatively charged clay surfaces, cations retain their 
mobility and the higher effective diffusion coefficient 
compared to HTO can be related to their enrichment in 
the interlayer (surface diffusion). Values for De were 
observed to decrease for cationic and increase for 
anionic tracers with increasing ionic strength [5,6], 
thus indicating that an electrostatic shielding of the 
surface charge (by an increase in ionic strength) is 
affecting the diffusion properties of charged solutes. 
An interesting question related to this subject is, how 
these properties are altered if negative surface charge 
is occupied by a high selective index complex. Organ-
ic ligand-metal complexes such as copper-
ethylenediamine Cu(en)2

2+ are reported to block effec-
tively the planar surface charge in montmorillonites 
and reduce considerably the access of alkaline-earth 
metals to these exchange sites [7,8]. Thus, Cu(en)2

2+ 
exchanged montmorillonite and illite were prepared, 
the former representing low-charged clays capable of 
swelling, while the latter is taken as a model for high-
charged clay minerals with collapsed interlayers not 
accessible for solutes. Subsequently multi-tracer 
(HTO, 36Cl‒ and 85Sr2+) diffusion was performed in 
cooperation with the Laboratory for Waste Manage-
ment (LES), Paul Scherrer Institute, Villigen PSI, 

Switzerland within a delegation in the framework of 
the EU Project CP CatClay. 

Experimental 
In case of illite, 13.5 mmol CuSO4·5H2O were dis-
solved in 2 L Milli-Q-H2O. Subsequently 30 mmol 
ethylenediamine was added and the mixture stirred for 
1 h. The solution was transferred in a 2 L Kautex 
bottle containing 100 g Na-illite (CEC= 225 meq/kg) 
and shaken end-over-end overnight. Hereafter, the 
supernatant was separated and discarded by a gentle 
centrifugation (2000 rpm for 1h) and the solid was 
suspended in a neutral Milli-Q-H2O (pH 7). This pro-
cedure was repeated until the solution was colourless. 
The fine grained material was obtained by freeze dry-
ing and sieving (< 63 µm). In case of montmorillonite 
the experimental procedure was adapted to the higher 
CEC of Na-montmorillonite (CEC= 850 meq/kg): 
51.5 mmol Cu(II), 2 L MilliQ water, 112.2 mmol 
ethylenediamine. After compacting (bulk dry density 
ρdb ~ 1700 kg m-3) the samples were pre-equilibrated 
against 0.1 M NaClO4 / 10-4 M KCl / 5·10-3 M MES 
solutions (pH 5) from both sides. After one month the 
solutions were replaced against new ones. The solu-
tion in one reservoir was spiked with HTO, 36Cl (both 
at ~ 1000 Bq/cm3) and 85Sr (~ 100 Bq/cm3), while the 
other one contained the background electrolyte solely 
(representing the high (HCR)- and low-concentration 
(LCR) reservoir, respectively). The diffusion experi-
ments were performed according to published proce-
dures [9]. In deviation to [9], diffusion cells with ad-
vective flushed filters were used (for details see [10]).  

Results and Discussion 
Fig. 1 shows the results for the diffusion of HTO (a), 
36Cl‒ (b) and 85Sr2+ (c) through Cu(en)2-mnt., both as 
flux (Bq·d-1·cm-2) and evolution of activity (Bq·g-1) in 
the high concentration reservoir. The data are also 
representative for Cu(en)2-il. For HTO and 36Cl‒ a 
steady state (indicated by a constant flux) is reached 
after ~8 days, while for 85Sr2+ the flux is still increas-
ing after 32 days. Due to a limited experimental time, 
the experiments were terminated after this period. 
In case of a steady state (indicated by a constant flux), 
the effective diffusion coefficient De and the rock 
capacity factor α can be calculated by an analytical 
method (for details see [9]). 

The rock capacity factor is defined as  
α = ε + ρ·Kd   (1) 

with ε the porosity (-), ρ the bulk dry density (kg·m-3) 
and Kd the sorption coefficient. For non-sorbing trac-
ers (i.e. HTO and Cl‒) Kd equals 0 and α = ε.  
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Values for De and α determined analytically are only 
robust, if the boundary conditions cHCR ~ const. and 
cLCR ~ 0 are fulfilled throughout the experiment. For 
the present work, this is true in case of  Cu(en)2-mnt., 
where the loss in activity in the high-concentration 
reservoir with respect to the initial activity was 1.9% 
for HTO and 0.6% for 36Cl‒. However, a decrease in 
activity of 13.4% and 5.9% (HTO and 36Cl‒, respec-
tively) is observed for Cu(en)2-il., which can lead to 
biased values for De and α. Therefore, De and α were 
also determined by modelling the experimental data 
by numerical methods, where the above mentioned 
restrictions are not applicable (for details see [5]). The 
results for Cu(en)2-il. and Cu(en)2-mnt. together with 
literature data for Na-il. and Na-mnt. are summarized 
in Table 1.  

For HTO, the values for the effective diffusion coef-
ficient De and α for both Cu(en)2-il. and Cu(en)2-mnt. 
are in good agreement with literature data on Na-il. 
and Na-mnt., indicating that the geometrical properties 
(i.e. tortuosity, constrictivity) were not altered by 
Cu(en)2

2+-exchange. In case of Cu(en)2-mnt., the ef-
fective diffusion coefficient as well as the porosity for 
36Cl‒ are significantly higher compared to the Na+-
exchanged mineral. While ε increased by a factor of 
~7, De changed by two orders of magnitude. This 
effect is also apparent though less pronounced in case 
of Cu(en)2-il. For 85Sr2+, an decrease in De of one 
order of magnitude is apparent in case of Cu(en)2-il., 
with a value similar to the one determined for neutral 
HTO. An analogous result is not observed in case of 
Cu(en)2-mnt., where De for 85Sr2+ is found to be higher 
than for HTO. Unfortunately, literature data on Sr2+ 
diffusion in homoionic montmorillonites are scarce, 
and not available for highly compacted systems to the 
best knowledge of the authors.  

These results indicate a reduced influence of the 
negative surface charge, affecting the transport prop-
erties of cationic and anionic tracers. In detail, De and 
α increase for 36Cl‒, as anions are no longer repelled 
form the vicinity of the clay surface. An inversed 
trend is apparent for 85Sr2+ in Cu(en)2-il., where De 
and α decrease by Cu(en)2

2+-exchange, pointing to a 
distribution of cations in the whole pore space (as 
indicated by the lower α values). 

 
Fig. 7: Diffusion of HTO (a) 36Cl‒ (b) and 85Sr2+ (c) through 
compacted Cu(en)2-montmorillonite (background electrolyte 
0.1M NaClO4) as mass flux in the low concentration reser-
voir (J) and evolution of the source reservoir concentration. 
The solid lines are the best fit parameter (Tab. 1). 

Tab. 1: Summary of De (m
2·s-1) and α (-) values for HTO, 36Cl‒ and 85Sr2+ in Cu(en)2-illite and -montmorillonite at a bulk dry  

density (ρdb) of 1700 kg·m-3, together with literature data for the Na-exchanged clays. 

 
Values in normal type have been calculated using an analytical method [9]. Values in italics are the best-fit parameter using the flux data. 
a  [10], ρdb = 1700 kg·m-3; b [11], ρdb = 1564 kg·m-3, salinity 1.0 M NaClO4; 

c [5] ρdb = 1900 kg·m-3, salinity 0.1 M NaClO4. 
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This effect is more apparent for montmorillonites, 
where diffusion properties of solutes are mainly influ-
enced by interlayer water. As these interlayers are not 
accessible in case of illite, the diffusion only takes 
place in the external layer water and water present in 
the free pore space [12]. González Sánchez et al. [12] 
reported that the amount of water layers between two 
clay particles is smaller for Na-montmorillonite com-
pared to Na-illite (~2 and ~9, respectively). Since only 
the water molecules in the first nanometres next to the 
clay surface (~2 water layers) are affected by the clay-
water interface [13], the effect on Na+ ↔ Cu(en)2

2+-
exchange on the diffusion properties is more pro-
nounced in case of montmorillonite compared to illite.  

Summary 
Our results on the multi-tracer diffusion experiments 
in Cu(en)2-illite and -montmorillonite show a signifi-
cant change of the transport parameter for charged 
solutes. The observed trends are in line with a (partial-
ly) neutralized clay surface. 
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Introduction 
Secondary phases may form upon contact of the High 
Level nuclear Waste (HLW) matrix with ground water 
over geological time scales. Such alteration phases 
represent a significant retention potential for the radio-
toxic and long-lived radionuclides (RNs), acting as an 
additional barrier to the migration of RN. The pres-
ence of RN released from the corroding waste matrix 
during the (co)precipitation of such neoformed phases 
in aqueous environment opens the possibility to struc-
turally incorporate them in the bulk solid. The for-
mation of such solid solutions may result in an effec-
tive long-term immobilization. The molecular scale 
incorporation mechanism of actinides and long-lived 
fission products in selected mineral phases is currently 
investigated at INE. The combination of advanced 
complementary spectroscopic techniques provides 
such molecular scale information. Together with quan-
tum chemical calculations, the ultimate goal is to 
obtain a thermodynamic description of the solid solu-
tion formation. 

Structure of the calcite-water interface in 
presence of NaNO3 
The interaction of trivalent lanthanides and actinides 
with the mineral phase calcite is of high importance 
for the safety assessment of deep geological reposito-
ries for high level nuclear waste (HLW). A strong 
influence of NaNO3 upon calcite surfaces and hence 
their reactivity has been reported recently [1]. A soft 
surface layer, seen by high resolution AFM and SEM, 
is formed in presence of NaNO3 even at trace concen-
trations. The formation of this surface layer governs 
surface reactions with Ln(III) and An(III). To further 
study the surface structure, in situ surface X-ray scat-
tering techniques have been applied. 

By means of high-brilliance X-ray beams from a 
synchrotron radiation facility, studies of solid/liquid 
interfaces can be conducted. Using crystal truncation 
rod (CTR) measurements, structural and electronic 
properties of surfaces can be obtained and changes 
due to ion adsorption or morphological transfor-
mations can be observed. For this experiment, natural 
calcite single crystals have been freshly cleaved and 
put into contact with calcite saturated solution contain-
ing 1 mM NaNO3. The crystals are fixed on a sample 
holder and measured after one, three, 30 and 
330 hours of contact time. These studies are per-
formed at beamline 13-IDC, Advanced Photon 
Source, Argonne National Laboratory. 

The hydration structure of the calcite (104) solution 
interface in presence of NaNO3 with increasing con-
tact times is studied by specular CTR measurements. 
Reaction solutions contained 3 mM NaNO3 and 
10 µM Y(NO3)3. The CTR data were collected by 
measuring X-ray reflectivity, the fraction of the inci-
dent X-ray beam reflected by the calcite (104) surface, 
as a function of vertical momentum transfer Q = 4π/λ 
sin(2Θ/2), where 2Θ is the incident angle and λ is the 
wavelength of the monochromatic X-ray beam, at 
fixed photon energy (E) [2]. 

The CTR data from the first three scans presented in 
Fig. 1 (red, black and blue data points) are very simi-
lar in shape and show no changes of intensity with 
increasing contact time within measurement accuracy. 
Intensity values vary up to 5 orders of magnitude with 
highest values close to corresponding Bragg reflec-
tions (Q = 2, 4, 6 Å-1). The similarities between these 
samples and calcite references from the literature [3] 
imply that the effect caused by NaNO3 does not 
change surface reflectivity and hence the surficial 
structure significantly within 30 hours. However, after 
330 hours (two weeks, green data points) contact time, 
the calcite (104) surface shows different reflectivity 
behavior. The flanks near the Bragg peaks, especially 
at Q ~ 2 and 4 Å-1, drop off more rapidly which can be 
interpreted directly as an increase in surface rough-
ness. 

The interfacial structure is determined after normali-
zation of the CTR data and consecutive fitting of the 
atomic structure of the surface. The resulting electron 
densities can be plotted as a function of atomic dis-
tances with sub-Å resolution. A representative elec-
tron density profile for the unchanged calcite surface 
is presented in Fig. 2. The data are fitted by surface 
relaxation of the first two calcite layers with only 
water adsorbed to the surface. This interfacial struc-
ture is in good agreement with the literature [3, 4]. 

The change in reflectivity after 330 hours corre-
sponds to significant changes in the interfacial struc-
ture. We observe a broad surface species without 
internal structure. The layer thickness of ~ 8 Å is also 
in good agreement with AFM and SEM results. This 
approach results in a good fit to the data and conse-
quently gives account of the non-crystalline surface 
layer whose formation is induced by the presence of 
NaNO3. It should be noted that the angles of the first 
CaCO3 layer are somewhat distorted in comparison to 
the underlying layers of the calcite crystal, showing 
that stronger surface relaxation is necessary for con-



 

- 25 - 

vergence of this system. This destabilisation might be 
the reason for the partial dissolution observed by mi-
croscopic techniques. 

Trace amounts of NaNO3 have a significant influ-
ence on the calcite surface and hence its interactions 
with metal ions such as adsorption and incorporation. 
The effect seen by AFM in [1] has been reproduced by 
surface-sensitive X-ray measurements (CTR). Also 
the observation of frayed and rounded step edges, 
supposedly caused by a partial dissolution of the Ca-
CO3 matrix, is supported by the necessity of strong 
surface relaxation for CTR fitting. Due to non-
observable sorption of trivalent yttrium with this ex-
perimental setup, upcoming studies will concentrate 
upon the interaction of metal ions with the changed 
surficial structure including the location of e.g., Y3+, 
Am3+ within the found surface layer. For this, resonant 
anomalous X-ray measurements (RAXR) will be per-
formed providing more detailed and element-specific 
information. 

Factors influencing the nucleation kinetics of 
celestite 
The nucleation of celestite (SrSO4) was studied for 
supersaturation ratios (Ω) ranging from 1.26 to 31.63, 
temperatures (T) between 278.15 and 348.15 K and 
ionic strength (I) up to 3 mol/l. Induction times (tind) 
were determined by laser induced breakdown detec-
tion (LIBD). Interfacial tension, γs,hom, of 27 mJ/m2 

was determined for the homogeneous nucleation of 
celestite. tind was shortened by the increase of super-
saturation, ionic strength, temperature and by the 
presence of spherical glass particles as heterogeneous 
seed material. Contrarily, dissolved silicon acts as a 
nucleation inhibitor, thus contributing to the prolonga-
tion of induction times. 

Effect of solution supersaturation 
Experimental data show two different straight lines 
(Fig. 4). This behavior was also reported for the ho-
mogeneous precipitation of calcium carbonate [5], 
nickel ammonium sulfate [6] and strontium sulfate [7]. 
The change of slope at ሺ݈݊	ߗሻିଶ~0.3 corresponds to the 
threshold between homogeneous and heterogeneous 
nucleation [8]. 

At low Ω, the nucleation is predominantly het-
erogeneous whereas at high Ω homogeneous nuclea-
tion prevails. From literature data, it is known that γ 
decreases with decreasing Ω (see Fig. 5). Our data 
expands the data found in the literature to lower super-
saturations. 

Effect of ionic strength 
In general, for solutions with I < 0.1 M, the effect of 
the background electrolyte depends only on the ionic 
strength and not on the nature of the electrolytes ions. 
At high ionic strength, this independence with respect 
to the nature of electrolytes disappears [9]. Factors 
contributing to the electrolyte effect derive from the 

 
Fig. 3: Electron density profile of the sample in contact with 
NaNO3 for 330 hours. Adsorbed first and second water layer 
indicated by arrows. 

 
Fig. 1: Electron density profile of calcite in contact with 
NaNO3 for 1, 3, 30 and 330 h. 

 
Fig. 2: Electron density profile of the sample in contact with 
NaNO3 for three hours. Ca, C and O in red and surface 
water structure in blue. Adsorbed first and second water 
layer indicated by arrows. 

 
Fig. 4: Induction period as function of supersaturation at 
22°C. 
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electrostatic attractive and repulsive forces that exist 
between the ions of an electrolyte and the ions in-
volved in an equilibrium. The direct consequence of 
these forces is the surrounding of each ion from the 
dissociated reactant by a shell of solution containing a 
slight excess of electrolyte ions of opposite charge. 

At lower ionic strength, the induction times decrease 
with increasing ionic strength. This dependence is less 
pronounced at I > 1.0 M sodium chloride. The mor-
phology of precipitates is also influenced (Fig. 6). The 
characterization of the precipitates is ongoing. 

Effect of temperature 
The effect of temperature on the induction times of 
celestite nucleation was studied at Ω = 7.94. Fig. 7 
shows a linear relationship between the logarithms of 
tind and the inverse of the absolute temperature. The 
size of crystals increase with increasing temperature 
(Fig. 8). 

Effect of dissolved silicon 
The effect of dissolved silicon on the crystallization of 

SrSO4 was reported by Pina et al. [10]. In this study, 
we quantify the effect of dissolved silicon on the nu-
cleation kinetics of SrSO4 for contents up to 1.5 ppm. 

Results of the experiments are plotted in Fig. 9. At 
[Si] < 0.8 ppm, the effect of dissolved silicon can be 
neglected. We observed an inhibition of nucleation at 
[Si] > 1 ppm. In general, the inhibition of nucleation 
results from an increase in the interfacial crystal-
solution free energy due to the modification of the 
crystal surface properties by the inhibiting agents. 
Such a modification can occur by adsorption of the 
inhibitors onto the crystal surfaces or by their incorpo-
ration into the crystal structure [10]. 

Effect of heterogeneous seeding 
Different amounts of seeds were added to freshly 
prepared supersaturated solutions and the changes in 
induction times recorded. Experimental data are plot-
ted in Fig. 10. A linear relationship is observed be-
tween tind and the surface of seeds. At lower Ω, where 
the heterogeneous nucleation prevails, the promoting 
effect of seeding material on nucleation is more pro-
nounced compared to areas where homogeneous nu-
cleation plays an important role as can be seen from 
the slopes of the linear interpolations. Furthermore, 
the critical supersaturation state is lowered in the pres-
ence of glass particles. 

Outlook 
The experimental determination of induction times is 
the fundament to establish reliable predictive model-
ing hypotheses of secondary phases formation in pores 
media of the host rock in deep geological repositories 
for nuclear waste. The data determined experimentally 
can be implemented in codes for geochemical calcula-

    
 

Fig. 8: SEM of homogeneously precipitated celestite at 
278.15 K (left) and 338.15 K (right). 

 
Fig. 7: Effect of temperature on tind of celestite. 

 
Fig. 5: Interfacial tensions calculated for celestite as a func-
tion of solution supersaturation. 

    
 

Fig. 6: SEM of celestite at I = 0.1 M (left) shows orthorhom-
bic crystals while peanut-like crystals are observed at 3.0 M 
(right). 

 
Fig. 9: Inhibition of celestite precipitation in the presence of 
dissolved silicon. 



 

- 27 - 

tions (e.g. in the case of reactive transport modelling). 
Experimental results demonstrate that the mechanism 
of nucleation depends strongly on the supersaturation 
state of the solution. Further, the ionic strength, tem-
perature increase and use of glass beads as seed was 
found to promote nucleation of celestite. However, 
many additives present in natural pore water, such as 
silicon, act as inhibitors thus increasing the induction 
times of nucleation. 

Yttrium retention by clay minerals: structural 
investigation 
Clay minerals may play an important role in the safe 
disposal of HLW. Depending on the concept, the 
waste disposal site may be located in clay rock and the 
retention properties of the engineered barrier may be 
improved by using bentonite, which is mostly made of 
Al-rich smectite. Furthermore, hectorite, an Mg-rich 
smectite, has been identified in HLW glass corrosion 
experiments [11]. RN released from the waste matrix 
may be retained either by surface adsorption onto such 
secondary phases and/or by entrapment in the bulk 
structure. 

The retention of yttrium by hectorite was investigat-
ed. Trivalent yttrium having a size between that of 
Lu(III) and Eu(III), was used as surrogated for triva-
lent actinides. Previous data showed that the smaller 
Lu(III) can occupy clay-like octahedral lattice site 
[12], and data for Eu(III) showed that very little 
amount can certainly enter the structure [13]. Yttrium 
adsorption and coprecipitation experiments were car-
ried out and the samples were analyzed by XAS to 
elucidate the retention mode(s). 

Experimental 
Hectorite was crystallized from a brucite precursor 
[12] precipitated in the presence of Y(III) (sample 
YcopHec). Separately the aqua ions were adsorbed on 
pure hectorite (sample YadsHec) and a brucite precur-
sor (YcopBru) was prepared under identical condi-
tions as in YcopHec. XRD data indicated that the 
samples consist either of brucite (YcopBru) or smec-
tite (YcopHec). These samples were prepared as ori-
ented films to collect polarized Y K-edge XAS data 
[12] at various angles (α) between the layer plane and 
the electric field of the X-ray beam [12]. Powder XAS 

data were collected for the references Y(III)aq, Y2O3, 
Y(OH)3 and Ycarbo (synthesis adapted from [14]). 

Results and discussion 
The XANES (X-ray absorption near-edge structure) 
regime in a XAS experiment is dependent on the local 
environment (structure, geometry, valence…) and the 
features can be used as fingerprint. The data collected 
for the references (Fig. 11) exhibit all distinct features. 
These are also different from those of the samples 
under investigation, meaning that the samples do not 
contain any of the reference phases. Furthermore, the 
polarized data exhibit a significant angular depend-
ence, pointing to an anisotropic Y chemical environ-
ment. This can be explained by the presence of several 
atomic shells having different orientation. This result 
also attests for the quality of the textured samples. 

Accordingly, the Fourier transforms (FT) exhibit a 
significant angular dependence (Fig. 12). The ampli-
tude and sometimes the position of the FT contribu-
tion varies with α. This attests for the presence of 
several atomic shells having distinct orientations and 
corroborates the conclusions of the XANES data. 

Information on the chemical environment was pro-
vided by the fits to the EXAFS data. Yttrium is 5- to 
6-fold coordinated by O atoms in YcopBru and ~6 Mg 
atoms are detected as next nearest neighbors. The 
types of neighbors, the coordination numbers and the 
angular dependence strongly point to Y located in an 
octahedral brucite-like environment. 

The Y chemical environment changed upon hec-
torite crystallization. The first shell consists in two O 
subshells and Mg atoms are detected at a distance 

 
Fig. 10: Induction times of celestite as function of surface 
area of the heterogeneous seed material (glass beads). 

 
Fig. 11: Yttrium K-edge XANES of the reference compounds 
and of the samples collected at various angles. 
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similar as in brucite, but with lower coordination 
numbers. These data suggest a more constrained lat-
tice site compared to brucite, and a Li(I) substitution 
for Mg(II) for local charge balance because Li is too 
light to be detected by XAS, respectively. Further-
more, the variation in Mg coordination number with α 
suggests that Y is located in the octahedral sheet. In 
contrast, Y forms inner-sphere surface complexes at 
the platelet edges in YadsHec. The Y polyhedra share 
edges with Mg octahedra and are tilted off the clay 
median plane. This behavior is similar to what has 
been reported for Lu [12]. 

Conclusion – outlook 
The present data show that Y(III) can be incorporated 
at clay octahedral sites. The actinides which are of 
similar size may then also be retained by structural 
retention in smectite secondary phases. Such infor-
mation is of paramount importance for safety perfor-
mance assessment because the strength of the 
(im)mobilization directly depends on the retention 
mode. However, the present data do not allow con-

cluding on the stability of such neoformed phases 
under repository relevant conditions. Nevertheless, 
data could show that Lu is still homogeneously dis-
tributed in the colloidal fraction mobilized from the 
“bulk” hectorite after two years of contact time [15]. 
The analysis of the colloidal fraction mobilized from 
YcopHec indicates that Y is also structurally retained 
in the hectorite nanoparticles (see Chapter 6.3 of this 
report). This indicates that the colloids correspond to 
miniatures of the bulk material. 
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Fig. 12: Polarized Fourier transforms of the three samples 
(left) with the fit to the data collected at 35° (right). 
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5 Applied studies: radionuclide retention in the multi-barrier 
system 

Radionuclide retention in the multi-barrier system requires a wide variety of investigations using specific materi-
als, approaches, methods, analytical techniques and models. The investigations presented in the following chap-
ter cover the quantification of radionuclide mobilization and immobilization from spent nuclear fuel, Zircaloy 
and irradiated metals, from vitrified high level waste, and from cemented waste forms. With respect to emergen-
cy measures for the Asse salt mine, retention of radionuclides onto Sorel based backfill materials was analyzed. 
Furthermore, sampling was organized to extend such studies for the overlying rocks of the Asse salt dome.  

The colloidal impact on radionuclide migration was studied with respect to the stabilization of polynuclear 
Pu(IV) species by humic acids, and by model systems, such as synthetic nanoparticles from (yttrium co-
precipitated hectorite). Measurements of interaction forces between nanoparticles and mineral surfaces under 
various pH and metal ion concentrations contribute to deeper understanding of sorption processes. 

Modelling studies include 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 crystalline host rocks. 
Coupled reactive modelling was applied for evaluation of long-term leaching experiments in order to quantify 
the effect of solution composition on diffusion processes as well as on sorption and diffusion processes in porous 
illite media investigating the effect of its intrinsic heterogeneity. 

 

5.1 Highly radioactive waste forms 
E. González-Robles, M. Herm, N. Müller, M. Böttle, E. Bohnert, V. Metz, B. Kienzler 
 

 
Corrosion behaviour of spent nuclear fuel in 
high pH solutions 
In Belgium, Boom clay is considered as host rock for 
disposal of high level wastes. For spent nuclear fuel 
(SNF) and vitrified HAW, a specific engineered barri-
er system the so-called “Supercontainer” was devel-
oped. With respect to SNF disposal, the “Supercon-
tainer” comprises of containers of fuel assemblies in 
carbon steel overpacks, which are surrounded by an 
overpack of a Portland cement concrete buffer and an 
outer stainless steel envelope [1,2,3].  

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)" solu-
tion (pH of 13.5) that represents a certain degree of 
concrete alteration. The YCWCa is composed mainly 
by KOH and NaOH, and a minor concentration of 
Na2SO4, Ca(OH)2 and CaCO3. 

Due to the slow corrosion rate of the canister mate-
rials under highly alkaline conditions [4], the SNF 
could come in contact with the evolved highly alka-
line solution. In parallel, a certain H2 partial pressure 
is formed by steel corrosion processes. Consequently, 
the aim of the experimental work is to study the cor-
rosion behaviour of the UO2 matrix of SNF in YCW-
Ca in presence of externally applied H2 overpressure.  

Studied spent nuclear fuel 
The studied SNF was irradiated during four cycles in 
the Gösgen pressurised water reactor located in Swit-
zerland. During irradiation the SNF achieved an aver-
age burn-up of 50.4 GWd/tHM. The SNF was dis-
charged in May 1989 that implies a cooling time of 
22 years prior to start of the experiments. More details 
about the SNF can be found elsewhere [5,6].  

Sample preparation and pre-treatment 
SNF fragments were obtained by decladding the clad-
ded pellet K11 which was previously leached during 
two years. The complete process followed is de-
scribed in references [5,7]. 

Five of the fragments obtained from pellet K11 were 
selected, and denoted as F1, F2, F3, F4 and F5. The 
fragments were weighted and their surface area was 
derived from optical microscope images (Table 1). 

After physical characterisations and prior to the 
leaching experiments, the fragments were submitted 
to a careful sample pre-treatment to remove potential-
ly adhering fine particles. In a first step, the five 
fragments were immersed in 200 mL of 1x10-3 M HCl 
over about 2 days. Afterwards, the SNF fragments 
were rinsed with Milli-Q-water to remove HCl and 
washed with 200 mL Milli-Q-water during 3 days. In 
a final step, the fragments were washed using 200 mL 
of fresh Milli-Q-water over 1 day.  

Experimental procedure 
Leaching experiments with the fragments were con-
ducted in autoclaves. In a multi-sampling experiment 
with fragment F1, samples were taken at different 

Tab. 1: Physical characterisation of used SNF fragments. 
Sample F1 F2 F3 F4 F5
m (g) 0.136 0.225 0.174 0.169 0.205 

V (cm3) 0.013 0.022 0.017 0.016 0.020 
Sa (m

2) 2x10-5 3x10-5 2x10-4 3 x10-5 2x10-5 
*S’spec 
(m2/g)  

4x10-4 4x10-4 4x10-4 5 x10-4 3x10-4 

**S’’spec 
(m2/g)  

5x10-4 5x10-4 4x10-4 6x10-4 4x10-4 

*correponds to roughness factor of 3. 
**correponds to roughness factor of 3.5. 
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time steps during a static period. Single point experi-
ments with fragments F2, F3, F4 and F5 were sam-
pled solely at the end of the static leaching period. 

Pre-leaching in YCWCa 
The five fragments were submitted to pre-leaching 
under Ar atmosphere. This so-called “wash cycle” 
was carried out with the main objective to reduce the 
quantity of an early contribution of Cs coming from 
open fresh grain boundaries. Each SNF fragment was 
placed together with a Ti plate in an autoclave, which 
was flushed with Ar for about 30 min to remove air 
out of the vessel. Under constant Ar flux, the auto-
clave was filled with ~100 mL of YCWCa using a 
syringe. Pre-leaching of the fragments was carried out 
for 15 to 41 days. After pre-leaching, the complete 
solution was removed and analysed. Characteristics of 
the wash cycle are reported in Table 2. 

Static leaching experiments 
After the wash cycle, each autoclave was refilled with 
~200 mL of fresh YCWCa solution by using the pro-
cedure described above. In the static leaching period a 
gas atmosphere of 92% Ar and 8% H2 with a total 
pressure of 40 bar was applied (i.e. pH2 = 3.2 bar). In 
the multi-sampling experiment F1, gas and solution 
samples were taken after 127, 180, 253, 341 and 
425 days. After each sampling, the remaining gas was 
purged with Ar, and afterwards the 92% Ar / 8% H2 
atmosphere was re-established within the autoclave. 
Gas and solution samples were taken at the end of the 
single point experiments F2, F3, F4 and F5 after 341, 
252, 182 and 59 days, respectively. Table 3 presents 
the initial and the final mass of the leachant at the end 
of the static period of the five autoclave experiments. 

Rinsing of reaction vessel 
After recovering of the SNF sample and the remaining 
solution at the end of each experiment the autoclave 
walls were rinsed. In a first step the autoclave was 

rinsed with Milli-Q water during 1 day. Afterwards, a 
second rinse of the autoclave was carried out with 
5 M HNO3 solution during 1 day. Aliquots of both 
rinsed solution were analysed. Detailed descriptions 
of sampling and analytical procedures are given else-
where [8]. 

Results and discussion 
Following radioisotopes were studied: 90Sr, 99Tc, 
134Cs, 137Cs, 154Eu, 155Eu, 238U, and 241Am. 

Fraction of inventory in the aqueous phase 
The fraction of inventory in aqueous phase (FIAP) 
was calculated to quantify how much of the initial 
inventory of the SNF sample was released to the solu-
tion. The FIAP is plotted in Fig. 3 as function of the 
contact time for the multi-sampling experiment and 
the four single point experiments. 

A comparison of the single point experiments shows 
that after relatively high FIAP values at 59 days, the 
FIAP of 134Cs, 137Cs and 238U remains virtually 
constant at 252 and 341 days (Fig. 1a). The high 
initial release of 238U is attributed to the presence of a 
oxidated layer. The 90Sr FIAP of the short term 
experiment F5 (59 days) is slightly lower than the 90Sr 
FIAP of the three longer single point experiments, 
which indicate a constant 90Sr FIAP between 182 and 
341 days. The FIAP of 99Tc seems to decrease after 
long leaching time, as indicated by the relatively low 
99Tc FIAP in the long term experiment F2 (341 days).  

 
Fig. 1: FIAP as a function of contact time a) single point 
experiments F2, F3, F4, F5; b) multi-sampling experiment 
F1. 

Tab. 3: Duration and solution mass change of the static 
leaching period. 

Exp. 
Duration 

(days) 

aInitial 
solution (g) 

aFinal 
solution (g) 

F1 440 205.025 126.827 
F2 341 205.532 200.187 
F3 252 204.681 200.573 
F4 182 201.986 191.520 
F5 59 203.819 198.665 

a The uncertainty of the value is (± 0.001). 

Tab. 2: Duration and solution mass change of the pre-
leaching “wash cycle”. 

Exp. 
Duration 

(days) 

aSolution 
(g) 

aSolution 
recovery (g)

F1 15 109.955 105.796 
F2 15 108.641 104.698 
F3 17 103.994 101.684 
F4 41 101.761 100.525 
F5 41 102.419 100.756 

a The uncertainty of the value is (± 0.001). 
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In the multi-sampling experiment F1, FIAP values 
of 134Cs, 137Cs and 238U remain virtually constant over 
440 days (Fig. 1b). In case of 90Sr and 99Tc the FIAP 
decrease after 253 days, which is attributed to sorp-
tion of these radionuclides onto the autoclave walls. 

Sorption onto autoclave walls 
Based on analyses of the solutions after rinsing of the 
autoclaves, amounts of radionuclides sorbed onto the 
vessel walls were determined. The amount of sorbed 
radionuclides (in %) relative to the total amount of 
released radionuclides (i.e. radionuclide inventories in 
leachant + radionuclide inventories in rinse solution) 
are given in Tab. 4. Since 154Eu, 155Eu and 241Am 
concentrations in the leachant were below detection 
limit and they were determined solely in the rinse 
solution of the autoclave walls, the fraction of the 
sorbed fraction is 100%. Except the short term exper-
iment F5, a considerable sorption of 238U (79 to 99%) 
and an increase of 90Sr sorption with time (4 to 82%) 
was observed in the experiments F1, F2, F3 and F4. 
Sorption values of 99Tc in the range of 11 to 56% 
scattered with time; relatively low sorption of 134Cs 
and 137Cs was observed (less than 11%).  

The results suggest the necessity to take into ac-
count sorption for comparing the mobilized nuclides 
in the different experiments and for calculating the 
dissolution rate and fractional release rate. 

Dissolution and fractional release rates 
Consequently, the fractional release rate (FRR) was 
calculated on basis of the fraction of radionuclides 
released into solution and the fraction of radionuclides 
sorbed on the autoclave walls. Figure 2 plots the frac-
tional release per day as function of the contact time 
in the five leaching experiments. 

The FRR of 241Am and the fission products are 
compared with the FRR of 238U to determine, whether 
they dissolve congruently with the UO2 fuel matrix. 
Since the ratio of the FRR of 90Sr, 155Eu and 241Am 
versus the FRR of 238U are close to unity, it is con-
cluded that these radionuclides dissolve congruently. 
Since the FRR values are relatively high for 99Tc, 
134Cs and 137Cs in comparison to 238U, it is concluded 
that these radionuclides were release faster and incon-
gruently with 238U.  

A molar release rate was calculated from the total 
amount (mol) of radionuclides dissolved in solution 

and radionuclides sorbed on the autoclave walls. For 
calculating the surface area related release rate  
(in terms of mol·m-2·s-1), the specific surface area 
values S’spec with a roughness factor of 3 was used 
(see Table 1). In Figure 3, the release rate of each 
radionuclide is plotted as a function of the contact 
time. 

After 440 days the release rates in (mol·m-2·s-1) are 
the following:  

 1.8·10-14 for 90Sr, 1.1·10-13  for  99Tc, 
   2.4·10-17 for 134Cs,  3.4·10-13  for  137Cs, 
   9.4·10-17 for 154Eu,  1.3·10-17  for  155Eu, 
  1.0·10-11 for 238U   and 1.8·10-14 for 241Am. 

Fission gas release under anoxic leaching of 
spent nuclear fuel  
Within the 7th FP CP FIRST-Nuclides, the fast release 
(IRF) of radionuclides from SNF is investigated. The 
IRF is a result of segregation of parts of the radionu-
clide inventory to (i) the gap interface between the 
cladding and the pellet, (ii) the fractures as well as to 
(iii) grain boundaries. Relevant for IRF are fission 
gases (Kr and Xe), volatile elements (129I, 137Cs, 135Cs, 
36Cl and 79Se) and segregated metals (99Tc, 107Pd and 
126Sn) [9].  

The degree of segregation of the various radionu-
clide is highly dependent on in-reactor fuel operating 
parameters (such as linear power rating, fuel tempera-
ture, burn-up, ramping processes) and interim storage 

 
Fig. 2: Fractional release rate at the end of each experiment 
as a function of the contact time. 

 
Fig. 3: Surface related release rate as a function of contact. 

Tab 4: Radionuclide sorption (%) onto the autoclave walls 
determined at the end of the experiments. 

Exp. F5 F4 F3 F2 F1
aTime (d) 100 223 269 356 440 

90Sr 10 4.1 8.2 44 82 
99Tc 56 31 26 46 11 

134Cs 0.29 ad.l. 0.35 0.25 7 
137Cs 0.40 1.5 0.16 0.70 10 
154Eu — 100 100 100 100 
155Eu — — — 100 100 
238U 45 93 79 97 99 

241Am — — 100 100 100 
aThe time is the sum of those given in Tables 2 and 3. 
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time. These effects cause diffusion of fission gases to 
grain boundaries, grain growth accompanied by grain 
boundary sweeping, gas bubble formation and inter-
linkage and intersection of gas bubbles by cracks in 
the fuel [10]. 

The aim of the present study is the quantification of 
instant release fraction from irradiated high burn-up 
UO2 during leaching of fuel pellets under anoxic 
condition in a diluted NaCl-NaHCO3 solution. As a 
first step, emphasis is given to the release of fission 
gases during the leaching experiments. 

Sample preparation  
From the spent nuclear fuel rod segment SBS1108-
N0204 a cladded fuel pellet was cut by JRC-ITU [11]. 
The procedure was carried out using a cutting ma-
chine equipped with a diamond wafering blade (Bueh-
ler Isomet ® series 15HC). The dry cutting was per-
formed slowly without any cooling liquid and under 
N2 atmosphere. The complete cutting procedure is 
described elsewhere [11].  

In Figure 5, the cladded fuel pellet selected to per-
form the leaching experiments under anoxic condi-
tions is shown. The sample was weighed and its di-
mensions (length and diameter) were measured. The 
mass and dimension of the cladded fuel pellet are 
given in Table 4. 

Experimental procedure 
A static leaching experiment was performed in a 
250 ml stainless steel Ti-lined VA autoclave (Berghof 
Company, Eningen, Germany) equipped with 2 valves 
in the lid to allow solution and gas sampling.  

The multi-sampling experiment was carried out un-
der anoxic conditions in a gas atmosphere of 92% Ar 
and 8% H2 with a total pressure of 40 bar. To ensure 
that both sides of the cladded pellet sample are in 
contact with the solution, the sample is mounted in 
specifically manufactured Ti sample holder (Fig. 6). 

The holder with the sample was placed in the auto-
clave. The autoclave was closed and flushed with Ar 
to remove air out of the vessel. Using 50 ml syringes, 
the autoclave was filled with 220 mL of bicarbonate 

water (19 mM NaCl + 1 mM NaHCO3) under con-
stant Ar flux to avoid air intrusion. After one day, a 
gas sample was taken and the solution was completely 
renewed. After this 1-day pre-leaching, the autoclave 
was refilled with 220 mL of the bicarbonate solution 
in the same way as described above. 

In the consecutive static period of the leaching ex-
periment, gas (50 ± 1) mL and liquid (15 ± 1) mL 
samples were taken at 1, 7, 21 and 56 days. After each 
sampling, the remaining gas was purged with Ar, and 
the 92% Ar / 8% H2 atmosphere was re-established 
within the autoclave. It is emphasized that the auto-
clave was not replenished with fresh solution to re-
place the sampled volume. 

Results and discussion 
The gas samples were analyzed using a gas mass 
spectrometer (GAM400, In Process Instruments, 
Bremen, Germany) equipped with a Faraday and SEV 
detector and a batch inlet system. 

The measured amount (in terms of moles) of Kr and 
Xe are converted into cumulative fractions of the Kr 
and Xe inventories released into the gas phase (FIGc) 
and as fractional release rate of Kr and Xe (FRR per 
day). 

The FIGc of Kr and Xe as a function of the cumula-
tive contact time is plotted in Figure 7. It can be ob-
served that the FIGc of Kr is significantly higher than 
FIGc of Xe. In the pre-leaching step (“wash cycle”), 
the fraction released was (1.8 ± 0.2)·10-2 for Kr and 
(1.1 ± 0.1)·10-3 for Xe. After 57 days of cumulative 
contact, the fraction of the inventory released in the 
gas phase was (2.0 ± 0.1)·10-1 for Kr and 
(6.4 ± 0.3)·10-2 for Xe. Therefore, 20% of the Kr 

 
Fig. 5: Cross section of the cladded fuel sample. 

   
 

Fig. 6: a) sample holder used during the experiment; b) 
sample holder mounted with pellet before immersion into 
the solution. 

 
Fig. 7: Cumulative release fraction of Kr and Xe as function 
of the cumulative contact time. 

Tab. 4: Mass and dimension of the SNF sample. 

Parameter Value 

External diameter (mm) 10.75 ± 0.01 

Internal diameter (mm) 9.35 ± 0.01 

Length (mm) 9.85 ± 0.01 

Weight (g) 7.770 ± 0.001 

Weight of fuel (g) 6.97 ± 0.001 
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inventory and 6.4% of the Xe inventory was released 
during the first 57 days of the leaching experiment. 

The FRR of Kr and Xe as function of the contact 
time is plotted in Figure 8. It can be noted that after 
constant initial high fractional release rate of Kr (1.8 ± 
0.3)·10-2 d-1, the fractional release rate decreases one 
order of magnitude achieving a value of (2.1 ± 
0.2)·10-3 d-1 after two months. The fractional release 
rate of Xe seems to be virtually constant during the 
first 4 samplings. Afterwards, the fractional release 
rate drops reaching a value of (8.5 ± 0.7)·10-4 d-1 after 
a cumulative contact time of 57 days. 

Quantification and speciation of 14C from an 
irradiated UO2 fuel rod segment 
14C is one of the radionuclides important in safety 
assessments of spent nuclear fuel (SNF) disposal due 
to its assumed mobility and its half-life of 5730 a. 
Upon contact with water, 14C-bearing species are 
expected to be released from the fuel rods into aque-
ous solution and to some extent into the gas phase as 
inorganic and/or organic compounds. Solubility, sorp-
tion behavior and distribution of 14C in solution and 
gas depends strongly on the chemical form of 14C. In 
this study we determine the inventory and speciation 
of 14C of a SNF pellet, Zircaloy cladding (Zry–4/DX 
ELS 0.8) and a plenum stainless steel spring (X 7 
CrNiAl 17 7). The investigated materials are sampled 
from the fuel rod segment SBS1108–N0204 and un-
derwent the same history as the the spent nuclear fuel 
samples described in the previous sub-section. Details 
on the sample properties are given in reference [6]. 

14C is an activation product formed in parts of fuel 
assemblies by neutron capture reactions of 14N, 17O 
and 13C. 14N is the main naturally occurring nitrogen 
isotope (99.63%), whereas 13C (1.10%) and 17O 
(0.038%) are low abundance naturally occurring car-
bon and oxygen isotopes. A very small amount of 14C 
is also formed by ternary fission in the fuel. Nitrogen 
and carbon are present as impurities in fuel, Zircaloy 
cladding and structural parts of light water reactor 
(LWR) fuel assemblies. 

Since 14C is mainly formed by a 14N(n,p)14C reac-
tion, estimations of the 14C inventories in the studied 

materials of the SNF fuel rod segment are calculated 
based on published nitrogen impurities in PWR fuel 
(10 ppm), Zircaloy-4 (40 ppm) and stainless steel 
(500 ppm) [12,13]. For PWR assemblies with an 
average BU of ~50 GWd/tHM, 14C inventories of 
27200, 30000 and 80000 Bq/g are estimated for irra-
diated fuel, Zircaloy–4 and stainless steel, respective-
ly [12,13]. Possible reaction partners of 14C, after 
formation, are among others, U, O, Zr, Fe, Cr and Ni 
and it is potentially present in the fuel or structural 
parts of the fuel assemblies as oxide or carbide. Cor-
rosion of these materials leads to formation of volatile 
and/or dissolved compounds like carbonates or hydro-
carbons. 

For determining the inventory/chemical form of 14C, 
dissolution experiments with a cladded fuel pellet, 
Zircaloy-4 without fuel and a stainless steel spring of 
the N0204 segment are performed in autoclaves under 
reducing conditions at room temperature in the INE 
shielded box line. 

We are currently setting up a method that allows the 
separation and quantification of inorganic and organic 
14C species in gaseous and aqueous samples derived 
from these particular dissolution experiments (Fig. 9). 
The analytical separation procedure involves several 
steps (i.e. acid stripping and wet oxidation) during 
which the inorganic and organic carbon fractions are 
extracted and converted into CO2 which is then ab-
sorbed in washing bottles containing 2 M NaOH. A 
catalytic furnace between two sets of washing bottles 
ensures oxidation of reduced compounds like CO or 
CH4. The content of 14C (weak − emitter) in the 
NaOH solutions will be finally determined by LSC 
(Fig. 10). Tests performed with inorganic and organic 
14C reference materials indicate that the chemical 
yield of the separation method is > 88% for both the 
inorganic as well as the organic 14C fractions. The 
efficiency of the catalytic furnace was successfully 
tested using CH4 with a yield of ~99% for the conver-
sion of methane to CO2. 

 
 

 
 

Fig. 9: Scheme of the 14C extraction procedure. 

 
Fig. 8: Fractional release rate of Kr and Xe as function of 
the cumulative contact time. 
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Fig. 10: Experimental design for 14C extraction of gaseous and aqueous samples. 
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Retention of Cm(III) and Eu(III) by brucite in 
the system Mg-Na-Cl-H2O 
For the isolation of radioactive waste from the bio-
sphere, a reliable description of actinide retention 
mechanisms in the near-field is necessary in long-
term safety analyses for the disposal in deep geologi-
cal formations, e.g. rock salt. Under reducing condi-
tions, which develop after closure of a deep under-
ground repository, actinides are expected to prevail in 
tri- and tetravalent redox states. There is currently a 
strong interest in developing engineered barrier mate-
rials, which provide favourable chemical conditions 
with respect to low actinide solubility and significant 
actinide retention capacities. For decades, a combina-
tion of Mg-oxychloride Mg2(OH)3Cl·4H2O(s), so-
called Sorel phase, and brucite Mg(OH)2(s) is used as 
building material in conventional salt mines and cur-
rently 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 Mg2+-Na+-Cl--OH--H2O, 
besides halite NaCl(s) and bischofite MgCl2·6H2O(s) 
[2,3]. For the Asse II salt mine (Lower Saxony, Ger-
many) and the Waste Isolation Pilot Plant (New Mex-
ico, USA), where low level and intermediate level 
radioactive waste products are emplaced, brucite / 
Sorel based materials and MgO are used as sealing 
materials and engineered buffer, respectively. In con-
tact with NaCl or MgCl2 dominated salt brines, these 
materials buffer the pHm at 8 – 9, and scavenge CO2 
potentially produced by microbial degradation of 
organic waste constituents [1]. The present study 
focus on the retention mechanisms of Cm(III) and 
Eu(III) by brucite at a wide range of ionic strength 
(I = 0.15 – 5.2 molal), at room temperature. Recrystal-
lization experiments were prepared with MgCl2 ± 
NaCl ± NaClO4 solutions as background electrolytes 
in a disposal relevant range of 9.0 ≤ pHm ≤ 9.3 and 
doped with [Cm(III)] = 10-7 molal. The formation of 
the Cm(III) sorption species were investigated by 
kinetic studies with time-resolved laser fluorescence 
spectroscopy (TRLFS). The chemical environment of 
Eu(III) in brucite samples, recovered from co-precipi-
tation experiments at high ionic strength (I = 1.2 and 
5.2 molal), was determined by extended X-ray ab-
sorption fine structure (EXAFS). The aim of this work 
is to combine spectroscopic and macroscopic ap-
proaches by using co-precipitation and recrystalliza-
tion experiments to obtain a better understanding of 
the sorption / incorporation mechanism. 

Synthetic Mg(OH)2:Eu was prepared by co-
precipitation of 0.4 molal MgCl2 solution (+ 4 molal 
NaCl solution) with 2 molal NH4OH solution and 
700 ppm of a 0.1 molal Eu(III) stock solution. Fluka 

brucite (BioUltra ≥ 99%) was used for a recrystalliza-
tion treatment in MilliQ water for 2 weeks. Recrystal-
lized and co-precipitated brucite were characterized 
using TGA-DSC (Netzsch STA409C/CD), SEM-EDX 
(Quanta 650 ESEM, Fei) and XRD (AXS D8 Ad-
vanced diffractometer, Bruker). The molal H+ concen-
tration (pHm = -log[m(H+)]) of the suspensions was 
determined with combination pH electrodes (Orion 
Ross, Thermo Scientific). To convert the operational 
measure “pHexp” values, the approach of Altmaier et 
al. [3] was applied. Cm(III) fluorescence spectra were 
collected using a Nd:YAG laser (Surelite II, Continu-
um; 10 Hz) pumping a dye laser (Narrowscan Dye 
Laser, Radiant Dyes). Europium L3-edge EXAFS 
spectra were recorded at the INE-Beamline for acti-
nide science at the ANKA synchrotron light  
source [4]. 

Kinetic series, investigated with TRLFS, of 
Cm(III) / brucite / brine recrystallization experiments 
show the formation of two consecutive Cm(III) sorp-
tion species on brucite within the first 20 hours 
(Fig. 1). At lower ionic strength (I ≤ 1.2 molal) the 
fluorescence peaks are strongly red-shifted suggesting 
an incorporated species. With increasing ionic 
strength, a significant weaker red shift is observed 
corresponding to a favoured inner-sphere coordination 
of the Cm(III) complex on brucite. Further TRLFS 
kinetic studies will be carried out to determine the 
life-times of both species. 

EXAFS investigation of the co-precipitated 
Mg(OH)2:Eu samples indicated the incorporation of 
Eu(III) into the octahedral structure of brucite (Fig. 2). 
The first FT contributions of both samples are related 
to O atoms bound to Eu and are fitted using two O 
atoms at different distances. Due to the larger ionic 
radius of Eu(III) the substitution of Mg resulted in a 
structural distortion of the MgO6 octahedra. This very 
likely leads to cancellation effects and thus low num-
bers of detected neighbors. Contributions at longer 
distances are modelled using Mg atoms. It is conclud-
ed that Eu substitutes, at least partly, for Mg in brucite 
and the next nearest Mg shell splits into two subshells 
in order to accommodate this large cation. 
The observed retention of Cm(III) and Eu(III) by 
brucite at ionic strengths of 0.15 – 5.2 molal demon-
strated the suitability of brucite based materials as 
engineered buffer with respect to trivalent actinides 
under a wide range of saline conditions. In experi-
mental studies in diluted solutions, an incorporation 
of Eu(III) into the octahedral brucite structure was 
determined by Finck et al. [5]. Further TRFLS studies 
with Cm(III) / Eu(III) / brucite / brine suspensions at 
low temperatures are planned.  
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Modeling long-term leaching experiments of 
large scale cemented waste simulates: effect of 
solution composition on diffusion 
A common concept for the conditioning of low to 
medium radioactive wastes is direct cementation in 
steel drums. Worldwide, such drums are being stored 
in different facilities below ground, in buildings, or 
simply at the surface. 

This study focused on the release of Cs from such 
cement monoliths, incorporating homogeneously 
10 wt.% of waste simulate which was representative 
for residues from spent nuclear fuel reprocessing by 
the Purex process [6]. After hydration, three mono-
liths with a w/c ratio of 0.24 were leached in tap water 
and monitored for more than 30 years. Experiments 
were terminated recently and first analyses of the 
solid were made. 

XRD (Fig. 3) revealed no clinker phase at 2 cm 
depth, but persistent clinker below ~4 cm depth, sug-
gesting that water might not have penetrated the ce-
ment monoliths entirely. 

The analytically determined effective diffusion co-
efficient for the release of Cs from the cement mono-
liths to the leachant solution was determined by plot-
ting the depleted fraction of Cs against the square root 
of time and solving the diffusion equation for a semi-
infinite cylinder. This resulted in a De of 
8.6±0.6·10-13 m2/s. A transport model implying diffu-
sion using Phreeqc [7] was set up to (I) test the sensi-
tivity of the diffusion model with regard to the chemi-
cal solution composition and (II) estimate the depth 
profile of Cs leaching from the solid. The motivation 
for the first point was the criterion of electrical neu-
trality in each cell of the model which could potential-
ly alter model results. It comes into play when ions of 
different charge and mobility diffuse. 

In the model a fixed porosity of 10% was assumed 
in all cases. Three distinct solution compositions were 
used, from pure CsNO3 solution at pH 7 to the actual-
ly measured cement pore water composition at 
pH 12.6. In all cases the data was satisfactorily repro-
duced (Fig. 4) with a De of 3·10-12 m2/s which was in 
the same order of magnitude as the analytical solu-
tion. It could thus be concluded that in the given con-
ditions  the exact solution composition used in the 
model was not decisive for the diffusive release of Cs. 

The computed depth profile (Fig. 5) revealed that 
the model required mobilization of Cs from the whole 
cement monolith, even from the center. This contra-
dicted the observations made by XRD analyses which 
revealed the possibility of a ‘dry’ core of the cement 
monolith or at least dry domains within the solid. 

 
Fig. 1: Normalized Cm(III) emission spectra of brucite / 
MgCl2 ± NaCl ± NaClO4 systems and their corresponding 
pHm values. 

 
Fig. 2: Fourier transformed EXAFS spectra of Mg(OH)2:Eu 
at ionic strengths of 1.2 and 5.2 molal. The fit results are 
marked as crosses. 

 
 

Fig. 3: XRD patterns from powder samples obtained in dif-
ferent depths below the top surface. Above, identified miner-
als are given with their relative reflection intensities from 0 
to 100 %. 
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Therefore, more detailed analyses of the solid are 
necessary to identify the mechanisms that did control 
the release of Cs from the monoliths. For this reason, 
in the first place the actual depth profiles of remaining 
Cs and NO3 content (Cs was added as CsNO3 and 
additional NO3 was included in the waste simulate) in 
the cement and of the porosity are going to be ana-
lyzed. Additionally, possibly formed secondary phas-
es not identified by XRD are going to be identified by 
Scanning Electron Microscopy. 

Quantification of radionuclide retention in 
overlying rocks of the Asse salt dome 
In 2013 a new law was passed by the Bundestag on 
“Speeding up the Retrieval of Radioactive Waste and 
the Decommissioning of the Asse II Mine” (Lex As-
se). This law defines the retrieval of the radioactive 
wastes as the decommissioning option to be pursued 
as long as it does not pose a radiological and safety-
related risk for the staff and the population. For this 
reason, a new shaft is planned to be sunk for transport 
of the wastes to the surface. Presently, a shaft pilot 
drilling is conducted. With respect to emergency 

measures – in the case that retrieval is not possible – 
the sorption of radionuclides and the analysis of the 
sorption capacity overlying rocks of the Asse salt 
dome have to be quantified.  

The sampling of solids from the overlying rocks fol-
lowed two lines: (1) Sampling material which is kept 
under anaerobic conditions (Ar atmosphere) until it is 
used for the sorption experiments. Materials is availa-
ble from depth between -15 m down to -415 m, in-
cluding Triassic Muschelkalk (muS, muW) and Trias-
sic Bunter sandstone (so) from below -130 m. (2) 
Bunter sandstone kept deeply frozen for the character-
ization of the pore water with respect to in-situ Kd 
values, iron redox speciation and organic matter char-
acterization. Presently, 13 samples of line (1) and 10 
samples for (2) are stored and analyzed at INE. Unfor-
tunately, a contact of the sampled material with drill-
ing fluid cannot be excluded which required special 
attention. 

Intensive material characterization was started, in-
cluding investigations of thin sections, determination 
of specific surface sizes by BET measurements, min-
eralogical composition by X-ray powder diffractome-
try (XRD) and Raman spectrometry, thermal analyses 
(DTA and DSC) for determination of the water con-
tent of the samples as well as crystal water release  
and phase transformations. Furthermore, element 
analyses with respect to main and trace elements are 
going on, and geochemical analyses investigating the 
equilibrium of water and rock material. 

In safety analysis, the Muschelkalk is assumed to be 
groundwater conducting via fractures, only. This 
assumption is supported by the low water content of 
the samples (~ close to the surface, ~1wt.% be-
low -50 m). To provide more insight in the conducting 
properties of this material and to quantify properties 
relevant for matrix diffusion, BET measurements 
were performed using rough crushed limestone sam-
ples. BET revealed specific surfaces between 1.5 – 
24 m2·g-1. These relatively high surface sizes would 
support radionuclide retention by matrix diffusion 
processes. It needs to be corroborated by other tech-
niques, such as investigation of thin slices with re-
spect to connected pores. 

References 
[1] Metz, V. et al., Radiochim. Acta, 92:819 (2004). 
[2] Freyer, D., Proceed. of the International Work-

shops ABC-Salt (II) and HiTAC 2011. KIT Sci-
entific Reports 7625, Karlsruhe, p. 29 (2012). 

[3] Altmaier, M. et al., Geochim. Cosmochim. Acta, 
67:3595 (2003). 

[4] Rothe, J. et al., Rev. Sci. Instrum., 83 (2012). 
[5] Finck, N. et al, J. Contam. Hydrol., 102:253 

(2008). 
[6] Vejmelka, P. et al., KfK Bericht 4800, Kern-

forschungszentrum Karlsruhe (1990). 
[7] Parkhurst, D.L., Appelo, C.A.J., U.S. Geological 

Survey Techniques and Methods, book 6, chap. 
A43 (2013). 

 

 
 

Fig. 4: Cs release from the three cement monoliths over 
31 years compared to calculated Cs release according to 
the Phreeqc model with varying solution compositions 

 
 

Fig. 5: Profile of the calculated remaining Cs content 
through the cement monolith from the center to the lateral 
surface Results were obtained from the Phreeqc model using 
varying solution compositions. Only fractions from selected 
cells 1, 10, 20 and 29 were taken and plotted in the center of 
the corresponding cell. 
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Introduction 
Storage in deep geological formation is currently 
favoured as the safest solution to isolate radioactive 
wastes from the biosphere. A multi-barrier system is 
thus designed using technical barriers (waste package, 
container), geo-engineered barrier (compacted ben-
tonite) and then the host-rock formation itself (volcan-
ic tuff, crystalline rock, rock salt, sedimentary for-
mations). Water is a priori the main factor of corro-
sion and alteration of the different barriers and, in 
addition, the main vector of radioactive elements 
potentially released in the natural barrier. Corrosion 
and alteration processes may lead, via the formation 
of intrinsic colloids and secondary phases and/or via 
the degradation of the engineered barrier system 
(EBS), to the generation of stable and mobile nano-
particles, acting consequently as potential vectors of 
especially strong sorbing radionuclides. Furthermore, 
every aquatic system contains already suspended 
natural-occurring colloidal particles (like humic sub-
stances, iron oxi/hydroxide, silica...) which can inter-
act with radionuclides and might be a carrier towards 
the biosphere. Consequently, key questions to be 
answered in the repository near-field and far-field are 
(a) which colloidal/nanoparticulate phases are present 
and in which concentration, (b) how do radioelements  
interact with these phases and (c) under which condi-
tions will these colloidal phases be mobile?  

In laboratory experiments, we are currently investi-
gating the potential role of natural organic matter 
(humic substances) present in porewater, of clay col-
loids eroded/extracted from various bentonite 
(planned to be used as buffer backfill material) and of 
colloidal material naturally present in ground water. 
Additionally, combined laboratory and in-situ migra-
tion experiments give information on the particles 
interaction with mineral surfaces and their potential 
impact in the far-field. These investigations require 
the development and the complementary use of highly 
sensitive and sophisticated analytical techniques as 
those presented in this report (see also chapter 9). 
More specific examples of the investigations follow 
hereafter to illustrate part of our work.  

Stabilization of polynuclear Pu(IV) species by 
humic acids 
Although Pu(IV) is considered as rather immobile due 
to its low solubility, it shows a colloid-facilitated 
transport in presence of humic acids (HA) [1]. Several 
studies have shown that the interaction of strongly 
hydrolysable elements with HA (e.g. Fe(III) [2]) can 

lead to the stabilization of small polynuclear species, 
although the experiments were performed below the 
saturation index of relevant minerals. Pu(IV) has an 
intrinsic tendency to form a great variety of dissolved 
polynuclear species [3]. Furthermore, spectroscopic 
investigations at relatively high concentration demon-
strated that HA can inhibit the Pu precipitation by the 
formation of small polynuclear species [4]. As this 
fact might significantly impact the apparent solubility 
of Pu in presence of natural organic matter, this ques-
tion was addressed in our recent publication [5]. 

In this fundamental study, Pu(IV) interaction with 
HA is investigated at 0.1 M ionic strength in NaClO4 
medium, at pH = 1.8, 2.5 and 3, with various [HA] 
concentrations in the range 0.025-25 mg·L-1 and for a 
total Pu concentration ([Pu]tot) equals to 6·10-8 M, 
which is below the saturation index of PuO2(am). The 
final Pu(IV) concentrations ([Pu]eq) are determined 
after ultrafiltration at 1 kDa. Pu(IV) sorption to the 
batch walls and to the filters are measured and taken 
into account in the calculations. 

The results are plotted as binding isotherms  
(Figure 1). Applying the Freundlich equations, the 
slopes (not drawn presently) of each isotherm are 
below 1 (≈ 0.7) for [Pu]eq < 10-8 M, which is charac-
teristic of an heterogeneity in the HA binding sites. 
The log HAβ(Pu4+) values determined for that [Pu]eq 
concentration range are consistent with values found 
for other tetravalent actinides (An(IV)) as reviewed 
in [6]. However, a drastic inflection is observed in all 
isotherms at ~ [Pu]eq = 10-8 M, leading to slopes ap-
proximately equal to 3.5. This suggests the formation 

 
Fig. 1: Experimental Pu-HA binding isotherms compared 
with Model VII simulation considering or not the formation 
of polynuclear Pu-HA species. 
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of polynuclear Pu-HA species with an average Pu:HA 
stoichiometry of 3.5:1. 

The present data are fitted by taking the Pu(IV)-HA 
complexation parameters considered in the humic-ion 
binding model, Model VII [7]. If only the data where 
[Pu]eq < 10-8 M are considered, the fit might be con-
sidered as rather satisfactory (dotted lines, Figure 1). 
However, for [Pu]eq > 10-8 M, the experimental data 
are strongly underestimated. To better fit the experi-
mental results, a stabilization of Pu tetramer species 
by HA is proposed, with an average Pu:HA stoichi-
ometry of 3.5:1, as deduced from the slope of the 
isotherms. This simplified approach allows a descrip-
tion of the experimental results (continuous line,  
Figure 1), although it still underestimates the extend 
of Pu-HA interaction for the highest [Pu]eq and pH 
values investigated. 

Thus, predictive simulations of Pu(IV) apparent sol-
ubility in presence of HA with Model VII, show a 
potential increase by a factor 100 due to the poly-Pu-
HA complexes formation compared with simulations 
considering only monomeric Pu-HA complexes. 
Therefore, the present study strongly supports a pos-
sible transport of An(IV) as humic colloid-borne spe-
cies in agreement with [1]. Further studies dedicated 
to more environmental relevant conditions on Pu 
solubility in presence of HA, in addition to investiga-
tions of stability of the “pseudo-colloids” formed are 
highly required. 

Mobilisation and characterization of 
nanoparticles from synthetic Yttrium co-
precipitated hectorite. 
Hectorite, an Mg-rich smectite, has been identified as 
a phase formed during High Level Waste glass corro-
sion experiments [8]. Radionuclides can possibly be 
incorporated in the bulk structure and form a solid 
solution. If, on one side, the formation of such solid 
solutions may be seen as an effective long term im-
mobilization of the radionuclides (RNs) incorporated 
during their formation, on the other side, the release 
of stable nanoparticles from these solids may be 
thought, as a potential RNs migration vector. The aim 
of the present work is to characterize the colloids 
released from hectorite co-precipitated with element 
of interest and thus to establish a comparison between 
the bulk solid and the particles generated.  

The nanoparticles analysed are those present in the 
supernatant obtained after a centrifugation of the 
initial bulk Y-coprecipitated hectorite suspension 
prepared as described in the Chapter 5, §5.3 
(YcopHec). ICP-OES results suggest the presence of 
hectorite particles with a mean Si/Mg mol ratio equals 
to 0.514 (against 0.668 expected from the theoretical 
structural formula). The colloidal suspension is fur-
ther analysed by Asymmetric Flow Field-Flow Frac-
tionation (AsFlFFF) coupled to Laser Light Scattering 
(LLS) and ICP-MS. This hyphenated technique was 
already successfully tested in the past in similar inves-
tigations [9-10] giving information on the size of the 
nanoparticles released (related to their elution time 
in s) and on their elemental content (from the ICP-

MS). In Figure 2, Mg is the fingerprint of the hectorite 
colloids while Y is followed as element co-
precipitated with. 

Mg- and Y- ICP-MS fractograms obtained after in-
jection of the supernatant into the AsFlFFF are pre-
sented before and after an additional filtration at 
450 nm during the sample injection (Figure 2a-b). The 
results evidence the presence of a multimodal size 
distribution of hectorite particles with at least three 
modes as seen by the elution peak maxima at ~600 s, 
~750 s and ~900 s (Figure 2a). After filtration at 
450 nm, the first peak disappears and the total size 
distribution is narrower (Figure 2b). This confirms the 
presence of several particle populations differing by 
their sizes. According to the operating mode of the 
AsFlFFF, the results indicate three main size frac-
tions: one at ~50-75 nm, a second at ~125-140 nm and 
one greater than 450 nm. The hectorite colloids re-
covery calculated from the Mg recovery is 61 ± 1% 
while the Y recovery is 64 ± 3% which is a first 
strong indication of the association between the Y and 
the hectorite colloids. After filtration at 450 nm, 
13 ± 1% of the colloids are removed considering the 
Mg signal and 15 ± 3% considering the Y signal, 
which is a second indication of a close correlation 
between the Y and the hectorite particles. The last 
evidence comes from the examination of the Mg/Y 
mass (289 ± 33) and molar (1057 ± 120) ratios which 
are rather constant over the complete multimodal size 
distribution recorded before and after filtration at 
450 nm (resp 288 ± 43 and 1053 ± 159). The molar 

 
Fig. 2: Mg- and Y-ICP-MS-fractograms obtained after 
injection of the YcopHec supernatant (100 µL). Dilution by 
10 prior to the injection, with (b) or without (a) on-line 
filtration at 450 nm. Mean of two measurements, smoothed 
data. 
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ratios determined agree well with the expected ones 
from the synthesis protocol.  

In conclusion, as already found with Lu and Eu 
[9-10], these new results are in favor of a homogene-
ous incorporation of the Y in the hectorite. This 
strongly supports the previous conclusions drawn 
after EXAFS analysis of the bulk solid described in 
Chapter 5, §5.3. The hectorite particles extracted may 
be seen as miniatures of the bulk solid. Their mobili-
zation may thus favor the migration of the eventually 
incorporated radionuclides far away from their pro-
duction source. 

Probing the interaction forces between 
Al2O3/SiO2 particles and mineral surfaces  
Bentonite clay colloids edge sites consist of aluminol 
and silanol groups. Probing their reactivity towards 
relevant mineral surfaces in presence of metal ion  
is a matter of specific research. In this work, Al2O3 
(Figure 3) and SiO2 particles are successfully mount-
ed at the end of an AFM cantilever.  

This is then used as “colloidal probe” mimicking 
clay edge sites to estimate adhesion forces against 
mineral surfaces, at various pH (4 to 9) and trace 
metal concentration, here Eu(III). Increasing the pH 
results in a decrease of interaction forces between 
Al2O3 and SiO2 particles and the mineral surfaces 
tested (plagioclase, K-feldspar, quartz, biotite). Al2O3 
and SiO2 particles have similar adhesion forces to-
wards mineral surfaces with an exception at  
pH < 6, where SiO2-K-feldspar and Al2O3-biotite 
interactions appear higher compared to other colloid-
mineral interactions. At pH 5, increasing [Eu(III)] 
from 0 to 10-5 M results in an increase of the adhesion 
force between the SiO2 particle and the mineral sur-
faces, except for quartz (Figure 4, down part).  

No such significant changes are observed when us-
ing Al2O3 particle as a probe (Figure 4 upper part). At 
[Eu(III)]=10-5 M, the ratios Fadh(SiO2)/Fadh(Al2O3) de-
crease in the order: 11.3 for biotite > 4.55 for plagio-
clase > 3.03 for K-feldspar > 0.22 for quartz. 

Interestingly, a significant change in the magnitude 
of adhesion forces (from a factor 1.2 to 2) between 
Al2O3 probe and a smooth biotite (Rq<1.2 nm) is 
observed (Figure 5) despite almost similar particle 
size (~ 8.0 ± 0.1 µm).  

This is a consequence of rough features of ~10 – 
20 nm along the colloidal particle surface as deter-
mined by SEM and AFM (Fig. 3 and 6), which 
demonstrates the influence of roughness on particle 
adhesion forces. 

 
Fig. 4: Comparison of the adhesion forces (Fadh) normalized 
to the colloid radius (R) between two colloid probes (up: 
Al2O3, down: SiO2) vs. mineral surfaces at pH = 5 and 
I = 1 mM NaCl ionic strength. 

 
 

Fig. 5: Adhesion force (Fadh) normalized to the colloid 
radius (R) between Al2O3 microparticles of slightly varying 
size and smooth biotite. 

  
 

Fig. 6: a) AFM topographic image of Al2O3 particle b) 
Height determination of nm-sized rough features on Al2O3 
particle surface. 

 

 
 

Fig. 3: SEM image of Al2O3 particle mounted on AFM 
cantilever 
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5.4 Thermo-mechanical-hydraulic (TMH) modeling 
A. Pudewills 
 

 
Evolution of the excavation damage zone in 
rock salt structures 
Between 2010 and 2013, the Federal Ministry of Eco-
nomics and Technology (BMWi) has funded a joint 
project within its research program “Improvement of 
tools for the safety assessment of underground reposi-
tories” [1]. The five project partners performed 
benchmark calculations of an old underground struc-
ture, the so-called “Dammjoch” (bulkhead) in a drift 
at 700 m depth in rock salt at the Asse Mine. The 
general objectives are to document, check, and com-
pare the advanced models and modeling procedures, 
to validate their suitability for numerical simulations 
and reliability, to increase confidence in the results, 
and to enhance the acceptance of conclusions. 

In our institute the finite element program system 
ADINA (www.adina.com) [2] was used to study the 
mechanical behavior of rock salt. A new viscoplastic 
constitutive model for rock salt that can describe the 
volumetric strain (dilatancy and healing/sealing) of 
the rock has been proposed and implemented in this 
code. The identification of the model parameters is 
based on experiments such as creep tests, strength 
tests and healing tests. For illustration, the Figures 1 
and 2 are shown the loading conditions of the sample 
and the back-calculation of a such healing test per-
formed by TU-Clausthal partner on Asse salt.  

Subsequently, the constitutive model was used to 
calculate the evolution of the excavated damage zone 
around underground openings such the “Dammjoch” 
drift in the Asse mine following by healing of previ-
ously damaged region due to the construction of bulk-
head (i.e. steel tubing and concrete liner) as a sealing 
system. 

The dilatant zones shown in Figure 3 are regions 
around the drift that are predicted to develop in-

creased permeability as results of damage. It can be 
seen that the thickness of this zone around the unlined 
drift extents about one meter behind the drift wall. 
After 85 years the dilatancy zone around the seal is 
nearly suppressed. 

A comparison of calculation results from all five 
project partners with in situ measurements will be 
done by project coordinator and discussed during next 
project workshop. 

In the extension of the current Joint Project III, the 
thermo-mechanical benchmark calculations will be 
continued with simulations of an isothermal and a 
heated drift with quadratic cross sections at the Waste 
Isolation Pilot Plant (WIPP) in New Mexico, USA. In 
these calculations, the additional temperature influ-
ence on the evolution of damage and dilatancy will be 
of greater importance. 

 
Fig. 2: Comparison of the measured and calculated evolution of 
volumetric strains in a healing test. 

 
 

Fig. 3: Development of calculated volumetric strains around the 
drift 0.5 and 85 years after the bulkhead emplacement. 

 
Fig. 1: History of the test loading; during the first 60 days 
the damage of the sample was induced and in the next 
160 days a hydrostatic compaction of the sample at about 
30 MPa was performed. 
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Modeling of Flow and Solute Transport in a 
Shear Zone at the Grimsel Test Site 
Crystalline rocks such as granite have been extensi-
vely investigated as a potential nuclear waste disposal 
formation due to the long-term rock mass stability and 
its favorable hydraulic properties. The granitic rocks 
are nearly impermeable and the groundwater flows 
predominantly through discrete fractures or shear 
zones filled with porous material. Such features pro-
vide the primary natural pathway for the migration of 
radionuclides from the underground repository to the 
biosphere. In order to predict the movement of radi-
onuclides, the processes involved must be understood 
and quantified. For this purpose, laboratory tests, field 
experiments and adequate numerical models are  
needed. 

The Colloid Formation and Migration (CFM) pro-
ject at the Grimsel Test Site (GTS;  
http://www.grimsel.com/gts-phase-vi/cfm-
section/cfm-introduction), [3] aims to investigate and 
quantify the impact of colloids on the transport of 
radionuclides in a fracture taking into account the 
repository relevant spatial and temporal conditions. 
The in situ experiment is performed at the GTS in a 
controlled zone. In the second phase of this project, 
different point dilution tracer tests with uranine and/or 
amino-G acid as conservative tracers were performed. 
Prior to the tracer tests, a combination of polymer 
resin impregnation of the tunnel surface and a steel 
torus to seal the tunnel surface was constructed. This 
design gives the opportunity to regulate outflow and 
thereby adjust the flow velocity in the fracture. At this 
stage of the project, the development of simple nu-
merical models using the measured far field hydraulic 
head data were performed. The results obtained pro-
vide a fairly consistent picture of the pathway around 
the CFM location and contributed significantly for 
further model simulations. 

The objectives of the actual numerical modeling are 
to analyze the conservative tracer data to identify 
hydraulic and transport processes and effective  

parameters and also to use the modeling results to 
predict the outcome of radionuclide migration tests 
performed in the same geometry and hydraulic  
conditions. 

In this contribution a series of dipole tracer tests was 
simulated numerically. It was assumed that the 
groundwater flow and the solute transport take place 
in fractures filled with porous fault gouge, and the 
shear zone at the test location is plane which allows a 
two dimensional approach The mathematical model is 
based on the Darcy’s law for groundwater flow and 
the advection-dispersion equations for tracer transport 
with a linear sorption in the fracture material. Howev-
er, the model represents a planar confined porous 
media with a constant porosity and an anisotropic 
permeability. The analyses were performed with the 
ADINA-F [2] finite element code (www.adina.com). 
A comparison of the field data and the modelling 
results is presented as breakthrough curves at the 
extraction surface packer. As can be seen from Fig-

 

 

Fig. 4: Comparison of measured and calculated uranine break-
through curves at the extraction well for test 12-01. The injection 
concentration (blue curve) is also plotted. 

 

Fig. 6: Calculated distribution of the amino-G concentration (ppb) 
for test 12-02 at different times after tracer injection. 

 
 

Fig. 5: Comparison of measured and calculated breakthrough 
curves at the extraction well for test 12-02 with amino-G: (extrac-
tion at 25 ml/min and injection velocity ~0.4 ml/min). 
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ures 4 and 5, the model produces a reasonable fit to 
the experiment. There is clearly a good agreement 
between both curves regarding in-peak arrival time 
and the tail. The long tailing seems to be induced by 
progressive release of the tracer late in the injection 
interval. The evolution of computed tracer concentra-
tion in the shear zone is presented in Figure 6 for 
different time steps. 

The approach used for numerical simulation and the 
in situ experiments conducted, provide a fairly con-
sistent picture of the flow and transport properties of 
the shear zone at the location of planned more com-
plex experiments. Therefore, the estimated parameters 
are an approximation of the real structure which indi-
cates heterogeneities in the distribution of hydraulic 
conductivity. 
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5.5 Impact of fracture heterogeneity on bentonite erosion rates 
F. Huber , T. Schäfer 
 

 
Introduction 
The current concept of a deep geological storage of 
high level nuclear waste in crystalline rocks (in e.g. 
Sweden and Finland) foresees a multi-barrier system 
[1]. The second barrier, the so called geotechnical 
barrier will consist of bentonite (or a mixture of sand 
and bentonite). One of the reference scenarios in the 
safety case deals with the impact of low mineralized 
glacial melt water intrusion through natural fractures 
within the crystalline rock down to disposal depths 
potentially leading to the erosion of the bentonite 
buffer/backfill. So far, the influence of fracture geom-
etry on bentonite erosion has only been paid little 
attention. It is well known that heterogeneous flow 
fields evolve in natural fractures due to the complex 
fracture geometry leading to flow features like chan-
neling and stagnant flow areas [2, 3]. These fracture 
flow characteristics will impact the bentonite swelling 
and erosion behavior. In model calculations on ben-
tonite erosion (rates) using simplified geometries this 
issue is implicitly not accounted for. The aim of the 
study in hand which is conducted within the EU pro-
ject CP BELBaR is to shed light on the influence of 
flow heterogeneity in natural fractures on the benton-
ite erosion and derive distributions (and the variabil-
ity) of bentonite erosion rates as a function of flow 
rates covering a range of natural flow velocities repre-
sentative of crystalline ground water environments.  

Material and Methods 
One over-cored natural single fracture which has been 
characterized by means of µ-computed tomography 
(µCT) to obtain parameters like e.g. total porosity and 
aperture distribution is used. Moreover, the µCT data 
deliver detailed information on the natural fracture 
geometry. Based on the digital µCT information, a 3D 
numerical mesh for computation-al flow dynamics 
(CFD) simulations has been produced after threshold 
segmentation of the µCT to separate the void space 
(connected porosity = fracture) from the solid material 
(rock) data. More information on the general segmen-
tation and meshing procedure of the digital dataset to 
obtain the numerical grids and on the CFD simula-
tions is described in [4].  

The most sophisticated model on bentonite swelling 
and erosion is presented by Neretnieks et al. [5]. 
Moreno et al. [6] used the model for both rectangular 
geometry and a more realistic cylindrical geometry of 
the deposition hole and a constant fracture aperture of 
1 mm. A simplified equation based only on the pa-
rameters flow velocity and fracture aperture was de-
rived for both cases. The erosion rate RErosion [kg/yr] 

for the latter geometry is given as: 

  41.0 ARErosion   (Eq. 1) 

 

where v is the flow velocity [m/yr], δ is the aperture 
[m] and the constant A = 27.2.  

The work in hand aims in coupling this simplified 
approach of calculating bentonite erosion rates to both 
the complex flow velocity distributions obtained by 
CFD simulations and the aperture distributions based 
on the µCT characterization for Core#8. The follow-
ing three variations of both parameters, aperture dis-
tributions and flow velocity distributions, have been 
realized: 

 Case A: Only the mean flow velocity and the 
mean aperture derived from the 3D dataset is 
used, 

 Case B: The 3D flow velocity distribution 
and the mean aperture is used, 

 Case C: The mean flow velocity and the 3D 
aperture distribution is used. 

All three cases are realized for a range of flow rates, 
namely, 0.315, 3.15, 31.5 and 315 m/yr according  
to [6]. 

Results 
Aperture and velocity distributions  
Figure 1 shows a rendered visualization of the Core#8 
fracture surface colored by the apertures. It can be 
seen, that the apertures are heterogeneously distribut-
ed over the fracture as a consequence of the complex 
natural fracture geometry. Moreover, areas where 
both fracture surfaces touch each other (so called 
asperities) occur, resulting in aperture values of zero. 
On basis of the µCT dataset, the aperture distribution 
was determined (Figure 2 left). Core#8 exhibits a 
maximum aperture of ~1.53 mm and a mean aperture 
of ~0.45 mm. The aperture length variation does not 
follow a simple log-normal aperture distribution 
which is frequently observed for natural fractures [7]. 
The distribution is skewed to lower aperture values 
which may likely be attributed to the very irregular 
shaped fracture side.  

 
 

Fig. 1: Rendered visualization of the fracture surface geometry for 
Core#8 (right). Colors represent the apertures (green: low aper-
ture, yellow: middle apertures and red: high apertures). Length 
fracture 13.05 cm, fracture width 5.05 cm. 
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Figure 2 (right) shows the velocity magnitude dis-
tributions for Core#8. The velocity distribution shown 
corresponds to a mean flow rate of 3.15 m/yr. The 
shape of the histogram shows a rather broad single 
peak with some minor shoulders for higher velocities 
indicating different flow regimes (channels). Interest-
ingly, the maximum flow velocity observed is by a 
factor of ~29 higher than the mean velocity clearly 
having an impact on the calculated erosion rate based 
on Eq. 1.   

Case A. The mean aperture of Core#8 is 0.4503 mm 
as derived from the µCT data. The mean erosion rates 
determined using the mean values for the aperture and 
the velocity for the respective specific discharges 
imposed are depicted in Figure 3. In general, our 
erosion rates calculated for Case A are always lower 
than the ones given by Moreno et al. (2010) which is 
expected due to the higher aperture of 1 mm used in 
the 2D simulations. 

Case B and C. Figure 3 depicts histograms for the 
erosion rates determined in this study for Case B and 
Case C. Only the results for the maximum flow rate of 
315 m/yr and minimum flow rate of 0.315 m/yr. Ad-
ditionally inserted in the figures are statistics on the 
results given. Due to the complex flow velocity distri-
bution in the fracture the erosion rate distributions are 
also quite complex. Since either the 3D velocity or 
aperture distribution has been used in calculating the 
erosion rates in Case B and C, the shape of the histo-
grams follow the shape of these distributions. The 
maximum erosion rates for Case B and Case C are 
higher than the erosion rates given by [6]. The mini-
mum erosion rates are zero, due to both zero veloci-

ties in the flow at the fracture walls and zero apertures 
in the aperture distribution. In general, the results 
clearly reflect the importance of the variability of 
erosion rates due to the fracture geometry compared 
to a simplified 2D parallel plate approach to be con-
sidered in the assessment of bentonite erosion. Future 
work tries to couple the erosion model by [5] to our 
3D fracture model for fully coupled simulations. 

Though, the computational burden of such a transi-
ent 3D simulation will be enormous and the general 
feasibility of this approach needs to be tested. 

 
 

Fig. 2: Aperture (upper) and velocity (lower) distribution for 
Core#8. 

 
 

Fig. 3: Histograms of erosion rates determined for cases B and C 
for 4 different flow rates. Note that scales may vary between 
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5.6 Reactive transport modeling 
V. Montoya, T. Kupcik, Th. Schäfer, B. Kienzler 
 

 
Introduction 
Reactive transport models in porous media refers to 
mathematical and numerical methods integrating 
chemical reactions with transport processes. The idea 
of this kind of models is to predict or to describe the 
distribution in space and time of the chemical reac-
tions occurring along a flow. 

In the context of nuclear waste disposal, appropriate 
reactive transport models, using available codes, are 
being applied in KIT-INE for modelling radionuclides 
diffusion/ sorption/ migration processes. Models are 
tested by comparison to controlled laboratory experi-
ments which will help to understand the evolution of 
repository subsystems. 

Research in this field is focus in all relevant host 
rock types (rock salt, clay and crystalline rock) in 
close cooperation with national and international 
researchers as well as with several waste management 
organisations. To understand the phenomena govern-
ing migration of radionuclides in clay-rocks, sorption 
and diffusion studies, including experiments and reac-
tive transport modelling have been done in Na-illite. 

Sorption and diffusion processes in 
heterogeneous porous media  
Diffusion experiments with HTO, 36Cl− at trace con-
centrations in a sample of purified Na-illite are mod-
elled with PHREEQC’s multicomponent diffusion 
module. Experiments were carried out in PEEK diffu-
sion cells following an experimental setup described 
in [1]. A schematic representation of the experimental 
set-up is shown in Fig 1. In contrast to [1], the stain-
less steel filters were replaced by a combination of a 
membrane filter and a perforated PEEK plate, respec-
tively, to (i) sustain a mechanical support of the clay 
material and (ii) minimize effects of the porous filters 
on the diffusion properties [2]. Na-illite was compact-
ed to a bulk dry density of ~1700 kg·m-3, attached to 
two reservoirs containing a 0.1 M NaCl / 10-4 M KCl / 
5·10-3 M MES solution (pH 5) and pre-equilibrated 
for one week. Subsequently one solution was spiked 
with HTO and 36Cl-, the other contained the back-
ground electrolyte solely (representing the inlet- and 
outlet-reservoir, respectively). In the experiments, it is 
observed that the concentrations of the tracers in the 
inlet reservoir decrease as they diffuse into the clay 
core, and we want to model how this decrease de-
pends on the properties of the tracers and the clay.  

The hydrogeochemical code PHREEQC v.3 [3] has 
been used with the option to calculate multicompo-
nent diffusion in free pores and in the diffuse double 
layer (DDL) which allows calculation of diffusion 
processes with each solute species having its own 
tracer diffusion coefficient. Solute species can be 
transported in coexisting charged and uncharged re-

gions as may exist in clays. The composition of the 
DDL is calculated with the Donnan approximation.  

HTO gives the accessible porosities and the geomet-
rical factors (the ratio of pore tortuosity and constric-
tivity, δ/τ2) which applies in principle for all the neu-
tral and cationic species. As anions are repelled from 
the vicinity of the negatively charged clay surfaces, a 
fraction of the porosity is not accessible for chloride 
(anion exclusion). In the model, half of the porosity is 
not accessible for chloride due to anion exclusion, and 
assumed equal to the amount of DDL-water. With this 
assumptions and taking into account the diffusion 
coefficient in water Dw (HTO) = 2.24·10-9, Dw (Cl-) = 
1.30·10-9 m2/s, experimental results have been mod-
elled as it is shown in Fig. 2. As it can be seen diffu-
sion of 36Cl- in the Na-illite are slower attributed to 
the smaller diffusion coefficient of this tracer and to 
the less accessible porosity for anions in the clay. 

In this case, the understanding of transport processes 
of cobalt in compacted clay systems can be achieved 
through the inclusion of sorption models (based on 
experimental data obtained from dispersed systems) in 
the reactive transport simulation of diffusion process-
es in Na-illite.  

 
 

Fig. 1: Schematic representation of the experimental diffu-
sion setup. 

 
 

Fig. 2: Calculated decrease of the reservoir concentrations 
for Co(II) (blue line), HTO (red) and Cl(-I) (green) and the 
related experimental data (squares). 
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New sorption data (both sorption edge and iso-
therm) for the interaction of Co(II) with purified Na-
illite has been obtained in this work and compared 
with data available in the literature (see Fig 3). A 
similar site protolysis non-electrostatic surface com-
plexation and cation exchange (2SPNE SC/CE) sorp-
tion model like the one described in [4] has been 
obtained for which the site types, site capacities and 
protolysis constants were fixed. Thus, surface com-
plexation constants for the strong sites and cation 
exchange in the 2SPNE SC/CE sorption model for 
Co(II) has been obtained. In Fig 4, the aqueous (top) 

and the sorption speciation (bottom) of Co(II) is 
shown, taking into account the model obtained in this 
work. 

Finally, with the sorption data now available, the 
2SPNE SC/CE sorption model has been incorporated 
into the complete reactive transport models allowing 
cobalt migration to be calculated/predict. As first 
approximation, a non-electrostatic sorption model has 
been incorporated, but for internal consistency, an 
electrostatic model will be incorporated in the future.  

In Fig 2 is illustrated how cobalt concentration in 
the inlet reservoir is expected to be decreased. A 
much faster decrease of concentration is observed in 
comparison to HTO and 36Cl-. This difference is 
mainly attributed to the higher concentration gradient 
due to sorption processes for cations [5]. Co(II) mi-
gration has been modeled using the same accessible 
porosity than HTO and a Dw = 0.8·10-9 m2/s. If we 
look to the chemical processes under the conditions 
where the model is tested (pH = 5), we can observe 
(see Fig 4) that the most important mechanism for 
Co(II) retention is the exchange reaction with the Na-
illite. taking into account the cation exchange capacity 
(CEC) determined experimentally and the sorption 
model described previously. At this moment no com-
petition with other cations of the system has been 
incorporated in the model, but it is expected that com-
petition between Co(II) and other cations present in 
the porewater (by the dissolution of the Na-illite) will 
occur [6]. Future work will be focus in including 
competition effects in the mobility of Co(II) in  
Na-illite.  
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Fig. 3: pH edge of Co(II) in Na-illite at I = 0.1 M NaClO4, 
Experiments (squares) and model (lines). Dotted lines rep-
resent the different surface species. (In red) the exchange 
reaction, (in black) the surface complexation species 
(SSOCo+, SSOCoOH, SSOCo(OH)2

-). 

 
 

Fig. 4: Top: Aqueous speciation and Bottom: sorption spe-
ciation of Co(II) as a function of pH at I = 0.1 M. 
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6 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 separating the actinides 
from fission products and re-using them as nuclear 
fuel.  

Most separation schemes under development in  
Europe are based on the PUREX process to remove 
uranium and plutonium (plus neptunium after slight 
process modification). Additional processes for Am 
and Cm are DIAMEX and SANEX but also combina-
tions of these two processes such as 1c-SANEX and 
i-SANEX [2]. Furthermore, GANEX processes for the 
co-separation of all TRU have been developed [3-5].  

Our contribution to EURATOM projects (ACSEPT, 
ASGARD, SACSESS) is related to the development 
and testing of the above processes (except PUREX). 
Additionally, important fundamental studies regarding 
the chemistry behind these processes is performed, 
partly in the framework of a BMBF-funded project  
(f-Kom, 02NUK020). These studies deal with the 
complexation of actinides(III) and lanthanides(III) 
with N-donor ligands such as BTP, BTBP and 
BTPhen being studied by TRLFS, NMR, XAS and 
quantum chemistry. Some recent studies are high-
lighted below; more information is found in other 
sections of this report.  

BTBP vs. BTPhen  
CyMe4-BTBP [6, 7] and CyMe4-BTPhen [8] (Fig. 1) 
are efficient agents for the selective extraction of 
actinides(III) over lanthanides(III). More efficient 
extraction with better selectivity was found for 
CyMe4-BTPhen compared to CyMe4-BTBP. This was 
reasoned to be due to the locked cis-conformation 
which is necessary for metal ion ligation.  

Indeed, TRLFS studies [9] on the complexation of 
Cm(III) and Eu(III) confirmed a positive impact of 
this preorganisation on the complexation behaviour. 
The stability constants of the Cm(III)- and Eu(III)-
CyMe4-BTPhen 1:2 complexes formed are higher 

than those of the respective CyMe4-BTBP 1:2 com-
plexes, see Tab. 1. 

In accordance with extraction data, the stability con-
stants of the 1:2 complexes of Cm(III) are considera-
bly higher than those for Eu(III) for both N-donor 
ligands. The difference between the two ligands is 
found to be more pronounced for Cm(III) than for 
Eu(III), in agreement with the selectivity observed in 
extraction experiments.  

Solvent effect  
It is well known that speciation and complex stability 
depend on the solvent used. This complicates compar-
ison of literature data on the complexation of acti-
nides(III) and lanthanides(III) with N-donor ligands; 
different solvents (usually alcohols or alcohol-water 
mixtures) are used, depending on the solubility of the 
ligand studied.  

The complexation of Cm(III) or Eu(III) with n-Pr-
BTP (2,6-bis(5,6-dipropyl-1,2,4-triazin-3-yl)pyridine) 
was studied [10] in methanol-water and propanol-
water mixtures of varied water content (5–50 vol.-% 
H2O). The water content has a strong influence; the 
stability constant of the Cm(BTP)3

3+ complex increas-
es by 3.5 and 5 orders of magnitude with decreasing 
water content in methanol-water and propanol-water 
mixtures, respectively (see Fig. 2). The stability con-
stants of the Eu(BTP)3

3+ complex shows a similar 
trend.  

This increase can be explained by a weaker coordi-
nation of alcohol molecules to the metal ions com-
pared to water molecules. The evolution of the stabil-
ity constants with water content is based on the pref-
erential solvation of the metal ion by water in alco-
hol/water mixtures [11].  

The differences between the two solvent mixtures 
studied are due to several superimposed effects. Addi-
tionally to different preferential solvation of water in 
different alcohol-water mixtures and the different 
ability of alcohols to ligate the metal ion, a change in 
the free energy parameters of the complexation reac-

Tab. 1: Stability constants log β2 for the complexation of 
Cm(III) and Eu(III) with CyMe4-BTBP and CyMe4-BTPhen 
in methanol (+ 3.3% H2O). 
 

 Cm(III)  Eu(III)  Δ 

CyMe4-BTBP 12.4±0.2 11.3±0.2 1.1 
CyMe4-BTPhen 13.8±0.2 11.6±0.2 2.2 
Δ 1.4 0.3  

 
 

Fig. 1: CyMe4-BTBP and CyMe4-BTPhen. 
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tion (enthalpy vs. entropy driven) is an important 
factor.  
So far we may conclude that use of the same solvent 
is highly recommended when comparing the com-
plexation properties of ligands. If not possible (e.g. 
due to solubility issues), these results may help with a 
reliable estimation of data to compare stability con-
stants measured in different solvents.  

SO3-Ph-BTP (Fig. 3), a water soluble bis-triazinyl-
pyridine, is an efficient complexing agent for acti-
nides (III) with good selectivity over lanthanides(III) 
[12]. It could be used to selectively strip actinides (III) 
from an organic phase loaded with actinides(III) and 
lanthanides(III). A process for the separation of acti-
nides(III) from PUREX raffinate was developed, 
combining TODGA as extracting agent and 
SO3-Ph-BTP as stripping agent for actinides(III). 
Based on a flow-sheet previously calculated [13], a 
spiked so called i-SANEX process test was performed 
using Jülich’s laboratory centrifugal contactor setup 
[14, 15].  

On day one, 16 stages (extraction and scrubbing 
sections) were used to prepare the organic phase load-
ed with Am(III), Cm(III) and lanthanides(III), similar 
to a TODGA-DIAMEX flow-sheet tested earlier [16]. 
On day two, Am(III) and Cm(III) were stripped from 
the loaded organic phase, again using 16 stages: 
12 stages for stripping actinides and 4 stages for strip-
ping lanthanides(III). A synthetic PUREX raffinate 
spiked with 241Am(III), 244Cm(III) and 152Eu(III) and 
containing 50 mmol/L CDTA was used as feed phase. 
Organic phase was a solution of 0.2 mol/L TODGA + 

5% vol. 1-octanol in kerosene. A solution of 
18 mmol/L SO3-Ph-BTP in 0.35 mol/L HNO3 was 
used to strip Am(III) + Cm(III); Ln(III) were stripped 
into a 0.5 mol/L citrate solution.  

As evident from Tab. 2, Am(III) + Cm(III) were re-
covered almost quantitatively in the actinide(III) 
product solution; < 0.1% were lost to the raffinate 
solutions (note that the fraction found in the spent 
solvent is not lost since the solvent would be recycled 
in a realistic process). Finally, the product solution’s 
purity was very good; it contained < 0.1% of the lan-
thanides(III), 0.34% Sr and 0.44% Ru.  

Hot EURO-GANEX process test 
The GANEX process was developed to co-separate all 
transuranic (TRU) elements from used nuclear fuel 
without generating a pure plutonium product [17].  

An alternative GANEX 2nd cycle process named 
EURO-GANEX was developed in the ACSEPT  
project by teams from NNL, Jülich, CEA, JRC-ITU 
and KIT-INE. A solvent consisting of TODGA + 
DMDOHEMA in kerosene was developed [4] to co-
extract TRU together with the lanthanides. The  
challenge was to extract rather high concentrations  
of Pu(IV) (several 10 g/L). A solution containing 
SO3-Ph-BTP + acetohydroxamic acid (AHA) in 
HNO3 was found to be suitable for stripping all TRU 
from the organic phase [18], similarly to the 
i-SANEX process described above.  

Using this system a spiked EURO-GANEX process 
test was performed at NNL with a feed solution con-
taining 10 g/L Pu(IV) [5]. Based on the results from 
this spiked test and further flow sheet calculations  
a hot demonstration test was performed in a 16 + 16 
stage centrifugal contactor rig at JRC-ITU.  

First a genuine feed solution had to be prepared by 
dissolving irradiated fast reactor fuel and removing 
uranium by a GANEX 1st cycle process [16]. The 
raffinate from this process, containing TRU and fis-
sion products, was adjusted to 10 g/L Pu and was used 
as feed for the EURO-GANEX process.  

On day one, the loaded organic phase was prepared 
using 16 stages (12 stages for extraction, four stages 
for scrubbing). TRU were efficiently extracted from 
the feed solution; only 0.07% of Np and 0.01% of 
each Pu, Am and Cm were lost to the raffinate.  

The collected organic phase, containing TRU and 
the lanthanides, was further treated on day two. 
Again, 16 stages were used (12 stages for TRU strip-

 
 

Fig. 2: Stability constants log β3 of the Cm(BTP)3
3+ complex 

as a function of the water mole fraction in different alcohol-
water mixtures. 

Tab. 2: SO3-Ph-BTP i-SANEX test, relative fractions of 
actinides(III) and lanthanides(III) in the effluent solutions. 
 

 An(III) Ln(III)  

Raffinate  ≈ 0.01%  < 0.1% 

Loaded solvent  ≈ 100%  ≈ 100% 

An(III) product  > 99.8%  < 0.1% 

Ln(III) raffinate  0.05% > 99.7% 

Spent solvent  < 0.1%  < 0.1% 

 

 

 
 

Fig. 3: SO3-Ph-BTP. 
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ping + Ln re-extraction and 4 stages for Ln stripping). 
TRU losses to the Ln raffinate were < 0.1% 

The hot EURO-GANEX demonstration test was a 
full success. The product solution contained ≈ 99.9% 
of the TRU inventory and only 0.06% of the lantha-
nide inventory.  
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7 Vitrification of High-Level Radioactive Waste 

W. Grünewald, K. Hardock, J. Knobloch, K. Meyer, G. Roth, A. Salimi, W. Tobie, S. Weisenburger, K.-H. Weiß, 
B. Böhland 
 

7.1 VPC Project 
 

 
The German-Chinese VPC (Vitrification Plant China) 
project has been established in November 2009 to 
construct an HLLW vitrification plant in the Sichuan 
province of China on the basis of the process technol-
ogy developed by KIT-INE. A second part of the 
project deals with the construction of an intermediate 
storage building for the produced waste glass canis-
ters. 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 de-
sign of the core process technique and key compo-
nents like the waste glass melter and for input of pro-
cess-chemical and glass-chemical knowhow and ex-
pertise. Besides the design work a main part of the 
contractual deliveries from the German consortium 
includes the supply of remaining core process compo-
nents like the glass canister decontamination system 
as well as mechanical and remote handling equip-
ment. 

The Project is divided into three main phases:  
design (2010-2013), supply (2013/2014) and later 
technical on-site services, the latter covering supervi-
sion of installation, function testing, commissioning 
of the supplied hardware as well as supervision of  
the performance of the cold and hot test. In 2010 the 
main part of the project was dedicated to elaboration 
of the basic design (BD) of the vitrification plant and 
the intermediate storage building. The subsequent 
Detailed Design (DD) of the parts to be supplied  
by the German side started in 2011 and was finished 
in 2013. 

1. Detailed Design (DD) 
The DD documentation included dimensioning calcu-
lations, 2D/3D design drawings, data sheets and di-
verse lists for each part of a component as well as its 
3D presentation. The DD documentation serves as 
detailed information to potential manufacturers as 
basis for calculation of an offer price as well as  
for the subsequent manufacturing procedure. All DD 
documents had to be checked by an independent qual-
ity assurance group before release to the manufactur-
er. The QA procedure followed a well-defined control 
sequence plan.  

In 2013 the DD created by INE comprehended 
mainly melter parts and subcomponents. The glass 
melter as the key component of the vitrification plant 
is composed of 19 subcomponent groups. The DD of 
the inner ceramic refractory structure of the melter, 
the stainless steel containment and the firmly inte-

grated components like power electrodes or bottom  
drain channel had already been finished in 2012. They 
were required for start of the melter assembly in 
spring 2013.  

One essential DD work in 2013 was addressed to 
the elaboration of a re-design of the melter off-gas 
pipe. Such components are - independent on the re-
spective vitrification process - subject to operational 
problems as they tend to clog by time due to deposit-
ing materials emitted from the melter. These deposits 
consist of entrained dust particles, condensing volatile 
compounds, and liquid and solid aerosols. Their ten-
dency to stick to the inner wall of the off-gas pipe 
cannot be avoided. Once the deposition has started, 
accumulation will proceed. Depending on the process 
conditions, the off-gas pipe design and the local con-
ditions (off-gas composition, flow rate, wall/gas tem-
perature) the properties of the deposits can vary from 
a smugdy to a hard consistency. Off-gas pipe cleaning 
is a key problem of each vitrification process. All 
strategies applied are directed not to the complete 
avoidance of deposits but to their periodic removal to 
counteract accumulation. This is usually achieved by 
periodic cleaning by various techniques (e.g. brush 
reamer, water flushing etc.) 

Due to the experience of the hot VEK operation a 
change of the hitherto used design of the off-gas pipe 
proved to be necessary. The use of the so called 
blaster technique had not been successful over a long-
er period of operation. The cleaning method was 
based on periodic application of air-canons (‘blaster’) 
which release a volume of some liters of compressed 
air within a few milliseconds. The resulting ultrasonic 
air wave is to push away potential deposits. The effi-
ciency of these systems was not efficient enough to 
remove the rigid deposits over a longer operation time 
period. As a consequence the accumulating deposits 
tended to clog the pipe. Also additional mechanical 
cleaning by special tools did not solve the problem. 
Therefore the off-gas pipe had to be exchanged sever-
al times. The exchange of the off-gas pipe as well as 
the short pressurization of the melter plenum during 
blaster operation caused spread of contamination in 
the melter cell. Moreover the remote exchange and 
mechanical cleaning of the off-gas pipe led to unde-
sired interruption of the vitrification operation.  

As a result of the operational experience, modifica-
tion of the off-gas pipe has been required with respect 
to minimization of deposits and avoidance of their 
accumulation. The solution may be achieved by com-
bination of several design and operation features. 
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The new design of the off-gas pipe is shown  
in Fig. 1. It is characterized by a vertical and a hori-
zontal part which are connected by an elbow. Both 
sections are equipped with differential pressure mea-
surements helping to identifying the presence of de-
posits, potential.  

The design combines two independent cleaning 
methods consisting of a water-flushing technique and 
the blaster technique. The cleaning strategy is based 
on the following measures: 

- jacket water cooling of the vertical part of the off-
gas pipe to keep the inner wall temperature below 
sintering conditions and to prevent the formation 
of rigid deposits 

- reduction of the inner diameter of the off-gas pipe 
to increase the off-gas velocity 

- continuous supply of pressurized air through the 
end slit at the lower part of the vertical pipe in or-
der to cool the off-gas from about 400°C to about 
250°C, thus counteracting sintering of deposits 

- periodic water-cleaning (every 24 h) of the off-gas 
pipe by injection of water through the end slit of 
the vertical pipe which, due to the high velocity of 
the off-gas stream, is entrained through the off-gas 
pipe into the following dust scrubber 

- periodic injection of water through four cleaning 
nozzles installed at different positions along the 
horizontal pipe to ensure the cleaning of the inner 
walls of this section 

- the two blasters are kept as additional mean to 
support the cleaning operation in case of need  

- access for mechanical cleaning if required by us-
ing e.g. a lance head with pressurized water or 
other mechanical tools is enabled 

The design of the off-gas pipe furthermore enables 
simple remote maintenance of parts of the off-gas 
pipe as well as its complete exchange. 

The change in the off-gas pipe design compared to 
the version laid down in the Basic Design (BD) en-
tailed several modifications related to media supply, 
interfaces and arrangement. Besides the already exist-
ing lines for blaster loading air, purge air for blaster 
rinsing, instrumental measuring air and cooling water 
supply/return for melter feeding tube, additional lines 
were necessary for 

- water supply to the 4 cleaning nozzles 
- cooling water supply/return for vertical section 
- air supply to end slit 

The lines partly have to be lockable to avoid potential 
spread of contamination to the valve galleries. The 
arrangement of the media lines along with their inter-
faces are shown in Fig. 2 containing a top view on the 
melter connected via off-gas pipe to the adjacent dust 
scrubber. Also the feeding vessel for supply of the 
waste solution is shown. 

2. Manufacturing of melter components 
The glass melter is composed of 19 subcomponent 
groups. As shown in Fig. 3 the melter consists of 
firmly integrated subcomponents (group 1-6) like melt 
tank ceramic refractories, plenum ceramics, power 
electrodes, bottom electrode, stainless steel contain-
ment and remotely exchangeable subcomponents 
(group 7-17) like bottom drain housing, HLLW- and 
glass frit feeding pipe, off-gas pipe, thermo-well  
for monitoring process temperatures, glass level de-
tection system, and two air bubblers. The remaining 
subcomponent groups (18-19) are composed of ser-
vice parts and tools for assembly and transportation of 
the melter.  

Based on the DD the bulk of the remotely ex-
changeable subcomponents were manufactured in 
2013 under control and responsibility of KIT-INE. 
Manufacturer has been the mechanical workshop of 
KIT Campus North (TID) which has a long experi-
ence and expertise in manufacturing of metallic  

 
 

Fig. 2: Arrangement of the media lines and interfaces for 
the new designed off-gas pipe. 

 

 
 

Fig. 1: New design of the melter off-gas pipe. 
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melter parts and subcomponents groups as well as 
their mounting. The list comprehended the feed inlet 
tube, the bubblers, the thermo-well, the glass level 
detection system, the bottom drain housing as well as 
the external SiC heating elements. From all parts 
multiple copies had to be manufactured as spare parts 
according to the contract. 

3. Melter assembly 
The melter assembly started in April 2013 after prepa-
ration of the assembling place inside the technical hall 
in the building B714 of KIT-INE under supervision of 
KIT personnel. Until February 2014 the melter was 
completed under support of SORG company and TID. 
Fig. 4 shows stages of the assembly until finalization. 
For shipment to China the melter will be encased in a 
special shock-safe containment to minimize the risk 
of damage during transportation. The remote subcom-
ponents will be packed and sent separately. Transpor-
tation of the melter and subcomponents as well as 
other process components to China via Hamburg and 
Shanghai is planned to be in June/July 2014. The total 
transportation distance until destination in Guang 
Yuan in the Sichuan province covers about 24000 km. 
 

 
 

Fig. 3: Main structure of the VPC glass melter. Firmly 
integrated subcomponents: 1 Power electrodes, 2 bottom 
electrode, 3 stainless steel containment, 4 melt tank ceramic 
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 ther-
mo-well, 12 bottom drain housing, 13 copper tubes for 
power supply. 

 
 

Fig. 4: Stages of the melter assembly at KIT-INE (left to 
right/downward): melter bottom with pouring channel, 
lower melt tank with bottom electrode, lower electrode 
level, upper electrode level, completed melter, 3D-model of 
the completed melter placed on the assembly console. 
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7.2 Research work for immobilization of high active solid waste 
 

 
After finishing the vitrification of the WAK-HLLW in 
2010 the VEK vitrification plant was rinsed. Now it is 
subject to decommissioning and dismantling. The 
remaining rinsing liquid of about 3000 l was stored in 
equal quantities in VEK’s receipt tank 841 BB 02 and 
in the evaporation concentrate tank 845 BB 03. The 
analysis of the rinsing solution by ICP-MS revealed 
high concentrations of Cs and Tc. The liquid was 
intentionally led self-evaporating (3 l/day) until solid 
waste was formed on tank bottom in the subsequent 
years 2012/2013. 

Based on considerations regarding solubilities of the 
different constituents in the aqueous rinsing solution it 
is assumed that alkali pertechnetates (NaTcO4, 
CsTcO4) have precipitated along with nitrates of Na, 
Fe, La, etc. during the drying process. 

For immobilization of this solid waste different pro-
cess techniques were evaluated (including sintering, 
sol-gel process, In-can melting in borosilicate glass). 
It appeared that In-can melting is one of the most 
promising candidates to perform the immobilization 
of the waste which is assumed to be less than 50 kg.  

In view of the volatility of Tc and Cs compounds in 
the solid waste when subjected to high temperatures, a 
low melting barium borosilicate glass has been pre-
liminary selected for immobilization. The main con-
stituents of this glass matrix are SiO2 (38 wt%) and 
BaO (21 wt%). It is required to perform the immobili-
zation process under dry conditions which means dry 
feeding of the waste and glass forming material into 
the melting pot and also dry offgas cleaning.  

For basic information about the waste to glass con-
version, thermogravimetrical analysis (TGA) and 
differential scanning calorimetry (DSC) measure-
ments were performed besides other lab-scale testing. 
TGA/DSC measurements were performed with waste 
simulate (with Re as surrogate of Tc) and with indi-
vidual waste components (NaReO4, CsReO4, NaNO3). 
Preliminary data are given in Fig. 5.  

For lab-scale waste to glass conversion simulated 
waste and glass frit (premelted at 1150°C) were mol-
ten together at 950°C for 1 hour. The waste glass 
loading was adjusted to 10 wt%. Samples were mol-
ten under different conditions regarding melting time, 
addition of reducing agents, waste precursors and 
melting cavities. Experiences from these tests are 
encouraging. An important aspect of dry processing is 
that easy liberation of the gaseous species is neces-
sary. Simultaneously, removal and recycling of the 
loss of Cs and Tc compounds into the process is an 
important challenge as well. 

 
 

 
 

Fig. 5: TGA- and DSC measurements of the waste simulate 
and of related individual components. 
 

 

 
 

Fig. 6: Simplified scheme of one candidate of In-can 
melting. 
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8 Development of actinide speciation methods 
Maintaining a state-of-the-art portfolio of advanced surface science and spectroscopy methods at INE is an im-
portant R&D activity, as these methods are crucial tools for understanding and advancing actinide and radionu-
clide (geo)chemistry. Radionuclide speciation methods available at INE controlled area laboratories and the KIT 
synchrotron radiation facility ANKA are continuously adapted to better serve the requirements of the INE in 
house R&D program. Nevertheless, access is also provided to the radiochemistry and nuclear science communi-
ty, either through EU funded transnational access initiatives, or through direct cooperation with KIT-INE. The 
unique methodology offered by INE is in the focus of many national and international collaborations, thus 
providing training and education for young researchers and helping to maintain a high level of nuclear compe-
tence. The long-standing development of LIBD techniques at INE has culminated in 2013 in the manufacturing 
of the first prototype of a commercial portable system for nanoparticle characterization. The instrument was 
launched into the market in the framework of a successful technology transfer project. NMR analysis for all BTP 
and BPP “partitioning” complexes of the whole lanthanide series has been accomplished and compared to results 
obtained for corresponding Am(III) complexes. Unexpectedly large chemical shift differences have been found 
for the directly bound nitrogen atoms in the Am(III) complexes, while the non-bonding nitrogens are not affect-
ed. This is the first substantial support for the thesis that the extraction selectivity towards trivalent actinide cat-
ions originates from covalent interaction between the actinide and the ligands. For the first time ever at a syn-
chrotron radiation experimental station, a genuine glass fragment from a HAWC vitrification process has been 
investigated at the INE-Beamline at ANKA in 2013. Direct determination of actinide and fission product specia-
tion in a highly active nuclear material has been demonstrated. TEM and high resolution electron diffraction 
techniques accessible at KIT-IAM have revealed that Ca/Ba rich particles of about 500 nm diameter forming in 
borosilicate glasses at high Mo loading consist of spatially separated BaMoO4 and CaMoO4 crystal phases. TEM 
and EELS have been also used for the first time in 2013 to characterize nm-sized PuO2 colloids at atomic resolu-
tion. Many of the in house research activities at INE benefit from strong support by quantum chemical calcula-
tions, providing molecular structures or thermodynamic data. In 2013 ab initio force field calculations and mo-
lecular dynamics simulations have been for the first time successfully combined to model the structure of 
Cm(III)-BTP complexes in aqueous solution. 
 

8.1 R&D projects conducted at the INE-Beamline for Actinide Research 
at ANKA and at external synchrotron radiation sources 

S. Bahl, N. L. Banik, B. Beele, K. Dardenne, M. A. Denecke, D. Fellhauer, A. Geist, D. Fröhlich, E. González-
Robles Corrales, B. Kienzler, P. Lindqvist-Reis, V. Metz, N. Müller, P. Panak, I. Pidchenko, T. Prüßmann, 
J. Rothe, D. Schild, B. Schimmelpfennig, A. Skerencak-Frech, T. Vitova 
 

 
Introduction 
Synchrotron radiation (SR) based techniques have 
become key speciation methods in actinide and radio-
nuclide research. This development is primarily driv-
en by the need for reliable speciation methods to 
characterize (geo-)chemical processes determining 
mobilization or immobilization of long-lived actinide 
and fission product elements as a prerequisite for the 
implementation of a  repository for highly active, heat 
producing nuclear waste (HAW) in a deep geological 
formation. Solving the nuclear disposal safety case 
requires assessment of a projected repository site on 
geological time scales, where speciation techniques 
like XAS (X-ray Absorption Spectroscopy) provide 
necessary input parameters for modelling geochemi-
cal reaction and transport pathways for radionuclides. 
Nuclear areas profiting from the use of SR based 
characterization tools include topics in condensed 
matter physics and material science of the actinides, 
decommissioning of nuclear facilities, clean-up pro-
cedures for contaminated land and sectors of the nu-
clear fuel cycle including fuel production, repro-
cessing, waste conditioning and disposal. The INE-

Beamline for actinide science [1] at the KIT synchro-
tron light source ANKA [2] is operated by KIT-INE 
since 2005 as a flexible experimental station for spec-
troscopic investigation of radioactive sample systems. 
The INE-Beamline is the only facility of its kind in 
Europe offering access to radiochemistry laboratories 
with state-of-the-art analytical equipment in direct 
proximity to a SR experimental station. INE beamline 
scientists support in house and external users in plan-
ning, performing and evaluating experiments, includ-
ing clearance of all relevant radiation safety and per-
sonal security issues. INE scientists also conduct 
various experiments at external SR sources offering 
capabilities not - or not yet - available at KIT. 

INE-Beamline user operation in 2013 
In 2013 a total of 32 in house and external projects 
were hosted at the INE-Beamline. The time available 
for INE internal research amounted to ~32% of all 
available shifts (38 days). Fifteen days were spent for 
maintenance, development and pilot experiments. As
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 in the previous years, the majority of beamtime shifts 
in 2013 was given to external projects with (43 days) 
and without (9 days) PRC (ANKA Peer Review 
Committee) evaluation (i.e., through direct coopera-
tion). INE projects at the beamline covered a broad X-
ray spectroscopy program for characterization of 
actinide materials - with an emphasis on initial studies 
applying advanced high resolution (HR) XANES 
techniques for actinide speciation studies. Many of 
these studies are presented in more detail elsewhere in 
this report or the recent ANKA Annual Report 
2012/13 [3]. INE in house projects in 2013 included 
various investigations of the structural incorporation 
of actinides and chemical homologues in colloids and 
secondary mineral phases, aqueous speciation of acti-
nides in highly saline solutions, the redox chemistry 
of Np(VI)/Np(VII), Th(IV) solubility in the presence 
of fulvic acid and the pH dependency of Am(III) 
complexation with acetate. For the first time ever at a 
synchrotron radiation experimental station, a sample 
derived from a real nuclear process (glass fragment 
from HAWC vitrification at the WAK reprocessing 
plant) was investigated at the INE-Beamline in 2013. 
Direct determination of actinide and fission product 
speciation in a highly active nuclear material was 
shown to be in principle feasible. 

General user research projects receive beamtime at 
INE-Beamline following PRC evaluation (biannually 
in January and June), as approved TALISMAN Joint 
Research Projects (both together comprising at least 
30% of all available shifts) or through direct coopera-
tion with KIT-INE. In 2013 scientists from the 11 
German and international research institutions listed 
below conducted experiments at the INE-Beamline: 

 Uppsala University, Department of Physics 
and Astronomy, Uppsala, Sweden 

 JRC - Institute for Transuranium Elements, 
Karlsruhe, Germany 

 Los Alamos National Laboratory, Los  
Alamos, USA 

 Universität Heidelberg, Fakultät für Chemie 
und Geowissenschaften, Heidelberg, Germa-
ny 

 University of Manchester, School of Earth, 
Atmospheric and Environmental Science, 
Manchester, United Kingdom 

 CEA Cadarache, Saint Paul Lez Durance, 
France 

 Bundesanstalt für Geowissenschaften und 
Rohstoffe, Hannover, Germany 

 Leibniz Universität Hannover, Institut für 
Radioökologie und Strahlenschutz, Hanno-
ver, Germany 

 Amphos21, Barcelona, Spain 
 Université Claude Bernard, Institut de Phy-

sique Nucléaire de Lyon, Lyon, France 
 Lomonosov Moscow State University, Ra-

diochemistry Division, Chemistry Depart-
ment, Moscow, Russia 

Three projects in 2013 received beamtime and were 
funded through the EU project TALISMAN or its 
predecessor ACTINET-i3 as Joint Research Projects. 

As in previous years, a significant percentage of in 
house and PRC beamtime was used by Master and 
PhD students to perform experiments in the frame-
work of their theses (a total of 8 projects, correspond-
ing to ~30% of all available shifts). 

High-temperature XAFS 
The near-field temperatures in a HAW repository are 
projected to reach up to 200 °C for deep geological 
disposal in rock salt formations. Repository failure 
scenarios generally implicate water intrusion and 
successive corrosion of waste containers and HAW 
matrices. In case of disposal in a rock salt formation, 
chloride will be the most abundant ligand available 
for complexation reactions with dissolved radionu-
clides. Due to the elevated temperatures expected in 
the repository near-field, the chemical properties of 
radionuclides and potential ligands will change signif-
icantly. Nevertheless, there is a general lack of 
knowledge on actinide complexation by organic and 
inorganic ligands at elevated temperatures. Am(III) 
complexation by chloride was investigated in the 
temperature range 20 - 200 °C applying the custom 
built high-temperature XAFS cell [4] already used in 
previous studies of Am(III) complexation by lactate 
and nitrate.  

Fig. 1 shows the experimental k3-weighted Am L3-
edge EXAFS spectra (left) and corresponding Fourier 
Transforms (right) of 1 mM Am(III) in the presence 
of 3 M chloride at 20 - 200 °C together with the fit 
curves (red symbols). The corresponding structural 
parameters are summarized in Tab. 1. Details of the 
fit procedure and errors of the fit parameters can be 
found elsewhere [4]. 

 
Fig. 1: k3-weighted Am L3-edge EXAFS spectra (left) and 
Fourier Transforms (right) of 1 mM Am(III) in the presence 
of 3 M chloride at 20, 90, and 200°C. 

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

T / °C 
Am-O Am-Cl 

ΔE0 / eV 
N R / Ǻ σ2 / Ǻ2 N R / Ǻ 

20 9.6 2.45 0.007 - - -4.9 

90 9.0 2.48 0.009 - - -5.0 

200 6.3 2.44 0.015 2.4 2.78 -5.0 
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Whereas room temperature studies did not indicate 
any complexation of trivalent actinides by chloride at 
[Cl-] < 8 M [5], the present work unambiguously 
proved Am-Cl interaction at T = 200 °C at the rela-
tively low chloride concentration of 3 M. Thus one 
has to assume that the impact of chloride complexa-
tion on the speciation of trivalent actinides will in-
crease significantly at elevated temperatures. This 
finding emphasizes the necessity to derive high tem-
perature thermodynamic and structural data for a 
reliable assessment of actinide solubility and mobility 
under repository near-field conditions. 

XAFS investigation of a HAWC glass 
fragment 
The Karlsruhe Reprocessing Plant (WAK) was oper-
ated from 1971 to 1991 as a pilot facility for the re-
processing of spent nuclear fuels from German pilot 
reactors and commercial power plants. Reprocessing 
activities resulted in ~60 m3 of highly radioactive 
waste concentrates (HAWC) stored on-site in liquid 
form. An important step in the current decommission-
ing of the WAK was the HAWC vitrification in the 
Karlsruhe Vitrification Plant (VEK) constructed close 
to the HAWC storage facilities [6] (cf. chapter 8). 
Sections of genuine HAWC glass rods were retained 
during the vitrification process and transferred to the 
INE shielded box line for later glass product charac-
terization. In 2013 a mm sized fragment (Fig. 2, left) 
with a contact dose rate of ~590 µSv/h was selected 
and mounted in a specially designed sample holder 
(Fig. 2, right) for pilot XAS/XRF investigations at the 
INE-Beamline. The experiment was aimed at eluci-
dating the potential of direct actinide / radionuclide 
speciation (with an emphasis on fission products) in 
highly active nuclear materials (e.g., waste glass, 
spent fuel) and at assessing the possible influence of 
the γ-radiation field surrounding highly active sam-
ples on the XAS detection electronics. 

While the influence of the γ-radiation field turned 
out to be negligible, initial radionuclide speciation 
studies by XAS were most promising. Exemplarily, 
Fig. 3 depicts normalized Se K- (top) and Tc K-edge 
XANES measurements (bottom) of the HAWC glass 
fragment and corresponding Se and Tc reference 
samples, respectively. Edge position and simple spec-
tral fingerprint analysis point to the presence of Se in 
the glass as selenite as in Na2SeO3. Pronounced 
dampening of the near-edge fine structure indicates 
dispersion of the SeO3

2− oxoanions in the glass ma-
trix, where the crystalline ordering such as in the 

Na2SeO3 reference is lost. Tc is dispersed as pertech-
netate anion (TcO4

-) in the glass matrix as in the 
aqueous Tc(VII)/HClO4 reference sample, which is 
unequivocally proven by the edge shift relative to 
Tc(IV)O2 and the pronounced pre-edge feature at 
~21056 eV indicative of tetrahedral oxygen coordina-
tion. 

High energy resolution X-ray emission 
spectroscopy (HRXES) 
Installation and commissioning of the multi-analyzer 
crystal (MAC) spectrometer for high energy resolu-
tion X-ray emission spectroscopy (HRXES) was 
completed at the INE-Beamline in 2013 (Fig. 4).  

Fig. 5 compares conventional Pu L3-edge XANES 
spectra measured in conventional fluorescence detec-
tion mode (a) and Pu L3-edge high energy resolution 
XANES (HR-XANES) spectra recorded with the 
MAC-spectrometer (b) of aqueous Pu species in per-
chloric acid at oxidation states III, IV, V and VI [3]. 

 
Fig. 3: Se K- (top) and Tc K-edge XANES (bottom) of a 
HAW glass fragment and corresponding reference spectra. 

 
 

Fig. 4: The MAC spectrometer during initial experiments at 
INE-Beamline. 

   
 

Fig. 2: HAWC glass fragment (arrow) selected for investi-
gation at INE-Beamline (left) and glass fragment inside a 
double containment mounted in the sample holder (right) 
prior to the transport to ANKA. 
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The most intense absorption resonance (white line, B) 
has higher intensity and is better separated from the 
post edge feature C in the Pu(V) and Pu(VI) HR-
XANES spectra compared to the conventional spec-
tra. The energy distance (ΔE) between features B and 
C is roughly a measure of the bond length (R) be-
tween Pu and the axial oxygen atoms (Oax): ΔE·R2 = 
constant. The HR-XANES spectra allow for more 
precise evaluation of these distances due to the better 
resolution. In addition, the reduced width of spectral 
features facilitates detection of minor contributions in 
spectra of samples containing Pu oxidation state mix-
tures.  

Quantum chemical calculations of the Pu(VI) HR-
XANES spectrum performed with the FEFF9.5 code 
are depicted in Fig. 5c. The Pu d and f density of 
states (d-, f-DOS) are plotted along with calculated Pu 
L3-edge HR-XANES spectra, including either only 
dipole (2p3/2→6d) or dipole and quadrupole 
(2p3/2→5f) electronic transitions. The overall shape of 
the experimental spectrum resembles the Pu d-DOS, 
implying predominance of dipole transitions. Addi-
tionally, a pre-edge feature A, similar to that observed 
for U(VI) [7], might be present  in the Pu(VI) HR-
XANES spectrum as well. FEFF9.5 calculations 
implicate transitions to unoccupied Pu f states as 
origin of this feature. In 2014 the MAC-spectrometer 
will be upgraded with a slit system designed and built 
in 2013, which will improve the experimental energy 
resolution and thereby facilitate detection of these 
kind of spectral features.  

In addition to actinide L3-edge HR-XANES meas-
urements, pilot experiments at the U M4-edge 
(3728 eV) were performed in 2013. One major re-

quirement in this energy range was to minimize the 
path length of the incident beam and the U Mβ fluo-
rescence photons (3339.8 eV) in air in order to in-
crease the efficiency of the experiment. A He filled 
polyethylene bag based on an original ESRF design 
was purchased and tested as a preliminary concept. 
An optimized He enclosure of the whole spectrometer 
setup will be developed and tested in 2014. Despite 
the persisting ~90% intensity loss due to remaining air 
gaps and necessary polymer windows in front of sam-
ple, analyzer crystals and detector, the U M4-edge 
HR-XANES spectrum of the mineral meta-autunite 
was successfully measured (Fig. 6). The energy reso-
lution of the U M4-edge HR-XANES spectrum is 
significantly improved compared to the conventional 
measurement. The absorption resonances A, B and C 
of the high-resolution spectrum have been assigned to 
electronic transitions of U 3d3/2 electrons to ϕ/δ (A), 
π* (B) or σ* (C) molecular orbitals [8]. The ϕ/δ orbit-
als have major U 5f and minor (<15%) O 2p valence 
orbital character derived from O neighbors in the 
equatorial plane (Oeq), whereas π* and σ* have about 
24% and 64% O 2p contributions from Oax neighbors, 
respectively. The U M4 HR-XANES spectrum probes 
the relative energies of the lowest unoccupied mo-
lecular orbitals (LUMO) and the level of U 5f and 
Oeq/Oax 2p valence orbital hybridization, thereby 
providing insight into the nature of the U-ligand bond-
ing previously not available in such detail. 

N K-edge investigations of partitioning 
complexes  
One of the major steps in the partitioning and trans-
mutation (P&T) strategy for the reduction of the long-
term radiotoxicity and heat-load of spent nuclear fuel 
is the separation of 5f elements from their chemically 
similar 4f counterparts (cf. chapter 7). Selective liq-
uid-liquid extraction of An(III) from Ln(III) has been 
demonstrated using heterocyclic N-donor ligands, 
e.g., bistriazinylpyridines (BTP) and bistriazinyl-
bipyridines (BTBP). However, these ligands do not 
yet fulfill all necessary criteria for application in an 
industrial process. Further ligand optimization re-
quires a sound understanding of the chemical and 

 
 

Fig. 6: U M4-edge XANES (top) and HR-XANES (bottom) 
of the U mineral Meta-Autunite. 

 

 
 

Fig. 5: (a) conventional Pu L3-edge XANES and (b) HR-
XANES spectra of Pu(III), Pu(IV), Pu(V) and Pu(VI) in 
perchloric acid. (c) FEFF9.5 calculation of the Pu(VI) HR-
XANES spectrum and corresponding density of states 
(DOS). 
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physical properties responsible for their selectivity 
towards An(III). Systematic comparative N K-edge 
XANES investigations complemented by quantum 
chemical calculations can help to differentiate be-
tween subtle bonding differences in An-BTP and Ln-
BTP complexes looking from the point of view of the 
organic ligand. Bonding characteristics like molecular 
orbital energy differences and relative electronic pop-
ulations can be extracted.  

N K-edge XANES investigations of 
[Pu(BTP)3](OTf)3, [Ln(BTP)3](OTf)3 (Ln=La, Pr, Gd, 
Ho, Lu or Yb) complexes and 2,6-Bis(5,6-dipropyl-
1,2,4-triazin-3-yl)-pyridine (n-Pr-BTP) were per-
formed in fluorescence mode at the soft X-ray spec-
troscopy beamline WERA at ANKA. The samples 
were prepared by drying ~2 μl of the solved complex-
es on Al foil. N K-edge spectra of [Am(BTP)3](OTf)3 
were measured by scanning transmission X-ray mi-
croscopy (STXM) at beamline 11.0.2 at the Advanced 
Light Source (ALS), Berkeley Natl. Laboratory, USA. 
One µl of a 30 mmol/L Am(BTP)3(OTf)3 solution was 
dried on a 100 nm thick Si3N4 window. A second 
window was glued on top to provide containment. 
The optical microcopy image and a STXM micro-
graph of the Am(BTP)3(OTf)3 crystals obtained above 
the N K-edge (inset) are depicted in Fig. 7. 

All N K-edge XANES spectra have a distinct pre-
edge feature at about 399 eV arising from excitations 
of the N 1s electron to antibonding π* molecular or-
bitals (Fig. 8a). This feature can be successfully mod-

 
 

Fig. 7: Optical and X-ray microscopy (STXM, inset) images 
of Am(BTP)3(OTf)3 crystals. 
 

 
 

Fig. 8: (a) N K-edge XANES pre-edge region of 
[Ln/An(BTP)3](OTf)3, [Am/Pu(BTP)3](OTf)3 and n-Pr-BTP; 
(b) Pre-edge region modeled with Pseudo-Voigt profiles; (c) 
Energy differences between peak 1 and 2 for Ln/An com-
plexes and the free BTP ligand; (d) Distribution ratios 
(DM(III)) for Ln/An extraction to the organic phase. 

 
 

Fig. 9: ORCA calculations of N K-edge XANES pre-edge 
region and corresponding N 1s excitations (color-coded to 
the BTP structure shown in the middle) for H-BTP (top) and 
La(BTP)3 (bottom). 



 

- 64 - 

eled by fitting three Pseudo-Voigt (PV) functions to 
the experimental spectrum (Fig. 8b) [9]. The energy 
difference between the main peaks 1 and 2 (Fig. 8c) 
shows a weak anti-correlation with respect to the 
trend of the ligand selectivity (Fig. 8d). This differ-
ence is the smallest for the free BTP ligand, indicating 
distinct differences in molecular orbital energies be-
tween free ligand and complexes. These differences 
can be partially explained by quantum chemical cal-
culations. The theoretical N 1s spectra of H-BTP 
calculated with the ORCA [10] program reproduces 
the number of peaks observed in the experimental 
spectra (Fig. 9, top). Analyzing the origin of the 1s 
electronic transitions (marked with color-coded sticks) 
allows identification of contributions of non-
equivalent N atoms of the BTP molecule (Fig. 9, 
center) to the spectra. Calculations of the La(BTP)3 
complex show a different transition sequence (Fig. 9, 
bottom), suggesting higher charge density in the vi-
cinity of the bonding N atoms. The lower oscillatory 
strength of transitions from bonding N atoms com-
pared to non-bonding N atoms for the complex com-
pared to the free ligand might be interpreted as evi-
dence for lower contributions of N p states to the π* 
molecular orbitals, suggesting strong admixtures of 
metal orbitals in the complex. The calculation of the 
Am(BTP)3 complex is discussed in more detail in 
section 9.5. 

Acknowledgement 
Many thanks to H. Blank (Bonn University), 
A. Neumann, V. Krepper, J. Thomas, A. Bauer and 
Ch. Marquardt (all KIT-INE), T. Hoffmann and 
G. Christill (both KIT-SUM) for invaluable technical 
and logistic support. Support of the WERA (KIT-
ANKA) and 11.0.2 (ALS/LBNL) beamline teams is 
thankfully acknowledged. We also thank Christos 
Apostolidis (JRC-ITU) for synthesizing and providing 
the [Am(BTP)3](OTf)3 complex. 

References 
[1] Rothe, J. et al., Rev. Sci. Instrum. 83, 043105 

(2012) 
[2] www.anka.kit.edu 
[3] ANKA Annual Report 2012/2013, KIT Scien-

tific Publishing 2014 
[4] Skerencak-Frech, A. et al., Inorg. Chem. 53, 

1062-1069 (2014) 
[5] Allen, P. G. et al., Inorg. Chem. 39, 595-601 

(2000) 
[6] Roth, G. et al., Nucl. Engineering and Design 

202, 197-207 (2000) 
[7] Vitova, T. et al., Phys. Rev. B 82, 235118 

(2010); Walshe, A. et al., Dalton Trans. 43, 4400 
(2014) 

[8] Fillaux, C. et al., C. R. Chimie 10, 859 (2007) 
[9] Prüßmann, T. et al., J. Physics: Conference 

Series 430, 012115 (2013) 
[10] Becker U, et al., ORCA - an ab initio, DFT and 

semiempirical electronic structure package 
 



 

- 65 - 

8.2 Laser spectroscopy 
S. Büchner, C. García, K. Gompper, R. Götz, W. Hauser, J. Laber, P. Lindqvist-Reis 
In co-operation with: 

A.T. Wagnera, P.W. Roeskya, M. Löblea, F. Brehera, P. Nagtegaeleb 
a Institut für Anorganische Chemie, Karlsruher Institut für Technologie (KIT), Karlsruhe, Germany. 
b Cordouan Technologies, Bordeaux, France. 
 

Introduction 
Continuous development of laser-based speciation 
techniques is one of the most important tasks per-
formed at INE, providing efficient tools for the analy-
sis of nuclear waste forms and their possible interac-
tion with the surrounding environment. The main 
advantages of techniques like Laser Induced Break-
down Detection (LIBD) or Time-Resolved Laser 
Fluorescence Spectroscopy (TRLFS) are the minimal 
efforts required for sample preparation in combination 
with an extremely high sensitivity. These advantages 
are quite important when analysing the behaviour of 
lanthanides and actinides under nuclear repository far-
field conditions. The long-standing development of 
LIBD techniques at INE has culminated in 2013 in the 
design and manufacturing of the first prototype of a 
commercial portable system for nanoparticle charac-
terization. The instrument was launched into the mar-
ket under the name “MAGELLAN”. Basic research 
applying TRLFS has been carried out in 2013 with a 
focus on Eu(III) luminescence quenching by water 
and hydroxide ligands in different host compounds. 
Finally, an initial feasibility study has been finished  
in 2013, assessing the implementation of remote Laser 
Induced Breakdown Spectroscopy (LIBS) instrumen-
tation for the analysis of highly radioactive nuclear 
waste or residues left over from HAWC vitrification. 

Launch of the first commercial portable LIBD 
system (collaboration with Cordouan 
Technologies) 
The success of a recent technology transfer project 
executed by KIT-INE in collaboration with an  
industrial partner, the French company Cordouan 
Technogies, has been demonstrated with the market 
launch of the “MAGELLAN” in 2013. This instru-
ment (Fig. 1) is the first mobile nanoparticle analyzer 
based on the LIBD technique which is able to deter-
mine size distributions of particles (in the size range 
10 nm – 1 µm) in liquid media [1]. The project has 
been finalized in 2013 by instrumental optimization, 
calibration of the system and the development of a 
specific software for instrument control and data 
analysis.  

As a proof of its success, the “NPA/LIBD” project 
has been awarded in 2013 with the first prize in the 
category for technology transfer projects within the  
1st edition of the “NEULAND Innovation Award” 
donated by KIT [2].  

Luminescence quenching by water and 
hydroxide  
Eu(III) and Cm(III) are frequently used as lumines-
cence probes in time-resolved laser fluorescence spec-
troscopy (TRLFS) experiments. Because of the high 
sensitivity of the method, the concentration of these 
ions may be as low as 10-7-10-8 mol/L. In general, the 
luminescence spectra probe the ions’ local (coordina-
tion) structure, while the luminescence lifetimes () 
contain information about the number of coordinated 
water and/or hydroxide ligands. If no water or hy-
droxide ligands are coordinated to the ions, the life-
times may reach several milliseconds. If the ions are 
fully hydrated, as in the case of the nonahydrated 
lanthanide(III) and actinide(III) triflate salts or in 
aqueous solution, the lifetimes are reduced to about 
105 and 65 µs, respectively [3,4]. This luminescence 
quenching takes place through multi-phonon energy 
transfer by coupling with ligand OH stretch vibration-
al overtones, a process that bridges the energy gap 
between the excited state and the ground state. 

 
Fig. 1: View of the new “Magellan” instrument and its 
analysis software shown by Corduan Technologies on their 
webpage [1]. 
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The effective (observed) emission decay rate con-
stant, kobs (= -1), is composed of a radiative and a 
nonradiative part. The latter contains contributions 
due to the decay by n water molecules or hydroxide 
ions (nkH2O,OH-) and other nonradiative decay path-
ways (knr) 

 kobs(H2O,OH–) = kr + knr + nkH2O,OH- (1) 

Since kr and knr are independent of H2O, D2O, OH– 
and OD–, and kD2O << kH2O  and kOD- << kOH-,  

 n = (kobs(H2O,OH–) – kobs(D2O))/kH2O,OH- (2) 

Eq. 2 is the basis for the “Horrocks equation”, in 
which the number of water molecules coordinated to 
an Eu(III) ion can be obtained [5]. More recently, 
Supkowski et al. published an extended equation 
allowing calculation of the number of water, alcohol, 
amine, and amide ligands in Eu(III) complexes [6]. 
Although hydroxo complexes were not investigated, 
we may expect the nonradiative decay rate constant of 
a hydroxide ion, kOH-, to be similar to that of an al-
cohol molecule, kalcohol  450 s-1, a value about half 
that of a water molecule, kH2O  900 s-1. In the follo-
wing, we will estimate the values of kH2O and kOH- in 
aqua and hydroxo compounds with known structures. 
To simplify we shall assume that kr + knr  0.579 s-1 in 
all of the studied compounds. This value is obtained 
by inspection of eqs. 1 and 3, the latter being an empi-
rical equation by Kimura et al. [7] for the calculation 
of the number of water ligands in Eu(III) complexes 
without measuring the corresponding deuterated com-
plexes  

 n = 1.07kobs – 0.62 (3) 

Combining and rearranging eqs. 1 and 3 gives  

 nkH2O,OH-  kobs – 0.579 (4) 

This means that the decay rate constants for water and 
hydroxide ions can be compared, at least approxi-
mately. Here, we present selected data from an on-
going study on the luminescence quenching of Eu(III) 
by aqua and hydroxide ligands in five different host 
compounds (1-5). 

TRLFS spectra were recorded on the compounds  
of [M(H2O)9](CF3SO3)3 (M = La, Gd, Y, Lu; (1)), 
M(OH)3 (M = La, Gd, Y; (2)), MOOH (M = La, Gd, 
Y, Lu; (3)), [Y5(OH)5](D-PhGly)4(Ph2acac)6] (4), and 
[La6(OH)8(N-MeIm)6(CF3SO3)12](HN-MeIm)2 (5), 
each containing a small amount of Eu(III). In 2 and 3 
M(OH)9 and MO4(OH)3 entities, respectively, form 
3D networks, whereas in 4 and 5 Y5(OH)5 and 
La6(OH)8 clusters, respectively, are incorporated in 
large metal organic frameworks (Fig. 2).  

Table 1 lists the luminescence lifetimes of Eu(III) in 
1-5 together with the corresponding kH2O and kOH- 
values as obtained from eq. 4. The lifetimes in 1-3 
were found to be slightly longer for the lanthanum 
hosts than for the yttrium and lutetium hosts owing to 
differences in the ionic radii between Eu3+ and the 
host metal ions. Therefore, the listed values represent 
gadolinium hosts since the ionic radii of Gd3+ and 
Eu3+ are similar; however, 4 is an yttrium host and 5 
is a lanthanum host. Despite these inconsistencies, the 
values of kOH- are significantly lower, on the average 
about 50%, than the value of kH2O. Although  
this study is far from complete, the results suggest  
that for photoexcited Eu(III) complexes kOH-  
kalcohol  ½ kH2O. Further studies are underway, includ-
ing luminescence studies of complexes doped with 
Cm(III). 

Feasibility studies for the development of 
LIBS analytical systems for remote analysis  
Laser Induced Breakdown Spectroscopy (LIBS) is an 
optical emission spectroscopy (OES) technique used 
for the spectroscopic analysis of a laser induced plas-
ma. After focusing a laser beam onto the sample 
surface, a dielectric breakdown is produced which 
leads to the plasma formation. Due to multiple collisi-
on processes, atoms and ions inside the plasma are 
electronically excited, emitting light at element or 
even isotope specific discrete frequencies. The spec-
tral information is then collected and analysed, allo-
wing the identification of the elements present in the 
sample, thus giving a “fingerprint” of the chemical 
composition of the sample [8]. Main advantages of 
LIBS are: little or no sample preparation, nearly 
negligible sample consumption, simultaneous multi-
elemental analysis and a sensitivity in the ppm range 
for most elements. An additional feature of the tech-
nique is its capability of providing spatially resolved 
information, correlating the coordinates of the samp-

Tab. 1: Luminescence quenching of Eu3+ by H2O and OH- 
ligands in 1-5 at room temperature. 
 

Coordination 
entity in host

Quench 
entity

 [µs] kH2O,OH- [s-1] 

1 9 × H2O 105(5) 994(50)
2 9 × OH- 287(5) 323(10)
3 3 × OH- 435(5) 573(10)
4 4 × OH- 350(5) 570(10)
5 4 × OH- 374(5) 524(10)

 

 
 

 
Fig. 2: M(H2O)9, M(OH)9, MO4(OH)3, Y5(OH)5, and 
La6(OH)8 entities in 1-5 obtained from X-ray diffraction. 
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led position to the obtained spectroscopic data. All 
these advantages make LIBS a suitable technique for 
in-situ and remote analysis, mainly in those applica-
tions with restricted access to the sample or where 
close-by analysis might pose a serious hazard to the 
operator [9].  

In 2013 initial steps have been undertaken at INE to 
exploit the applicability of LIBS as a chemical sensor 
for the elemental and spatial characterization of high-
ly radioactive waste forms (e.g., HAWC glass, vitrifi-
cation residues or spent fuel). The use of LIBS as a 
remote technique is expected to minimize the prob-
lems associated with sampling and handling of highly 
active materials or the risk for additional contamina-
tion posed by the necessary sample pre-treatment and 
conditioning steps associated with regular in-lab ana-
lytical procedures. Installation of a bench-top LIBS 
set-up is currently in progress at INE controlled area 
laboratories. This system will be applied for prelimi-
nary investigations of the elemental composition of 
radioactive samples and for additional feasibility 
studies of a fiber-optic configuration for remote LIBS 
measurements (cf. Fig. 3).  
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Fig. 3: Typical LIBS setup with a fiber-optic configuration 
for remote analysis inside nuclear installations [10]. 
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8.3 Characterisation at the nanoscale by TEM and XPS 
T. Yokosawa, E. Soballa, S. Bahl, D. Fellhauer, U. Kaplan, D. Schild  
 

Introduction 
Chemical and morphological analysis at the nanome-
ter scale is essential to elucidate composition and 
structure of precipitates, secondary phases and col-
loids formed in solubility studies - either in aqueous 
solution or in a glass melt. Different complementary 
analytical techniques are applied to achieve a com-
prehensive characterisation of samples and the as-
sessment of processes involved in their formation: 
Raman spectroscopy, atomic force microscopy 
(AFM), X-ray photoelectron spectroscopy (XPS), 
environmental scanning electron microscopy (ESEM), 
and analytical transmission electron microscopy 
(TEM). 

TEM study on Ba/Ca-molybdate particles 
formed in a borosilicate glass 
For the vitrification of High Level Waste Concen-
trates (HAWC) with high molybdenum contents (as 
fission product) a borosilicate glass composition able 
to incorporate high molybdenum loadings is request-
ed. Presently, formation of crystalline CaMoO3 and 
BaMoO3 phases above 4 wt-% MoO3 loading is de-
tected by Raman spectroscopy and powder X-ray 
diffraction (XRD). Spherically shaped particles com-
posed of Ba, Ca, Mo, and O are observed by SEM-
EDX. TEM is applied to investigate glass samples 
with MoO3 loadings above and below 4 wt-% in order 
to study composition and structure of these particles 
depending on the molybdenum content. 

High MoO3 concentration 
Figure 1a depicts a backscattered electron image of a 
borosilicate glass with 12.28 wt-% of MoO3 taken by 
ESEM. Bright image areas denote the presence of 
heavier elements compared to surrounding regions. 
The particles marked by arrows with an average di-
ameter of 500 nm are rich in Ba and Ca as confirmed 
by SEM-EDX analysis. In order to analyze the crys-
tallinity of these particles and the possible presence of 
different internal crystal phases, TEM measurements 
are performed employing a FEI Tecnai G2 F20 X-
TWIN operated at 200 kV, located at IAM-WBM-
FML (KIT).  

Figure 1b shows a bright-field (BF) image taken 
from the glass sample. Relatively darker areas indi-
cated by arrows correspond to the particles seen as 
brighter spots in the SEM image. Figure 1c shows a 
view zoomed into the area indicated by the dotted 
square in Fig. 1b. Relatively darker and brighter con-
trast seen in the area of the particle is just due to a 
typical diffraction effect. Figure 1d depicts selected-
area electron diffraction (SAED) pattern taken from 
an area indicated by a dotted circle in Fig. 1c.  
The SAED pattern is indexed in terms of the tetra-

gonal lattice of either CaMoO4 (a = 0.5222 nm, 
c = 1.1452 nm), I41/a [1]) or BaMoO4 (a = 0.5548 nm, 
c = 1.274 nm, I41/a [2]). The crystalline zone axis of 
the SAED pattern is [201]. In the SAED pattern, the 
splitting of the reflections is clearly seen. The inset in 
Fig. 1d is a magnified depiction of the -1-12 reflection. 
Reflection I appears at a 7% larger angle than reflec-
tion II. This difference of the -1-12 reflection corre-
sponds to the crystal lattice difference between 
BaMoO4 and CaMoO4, indicating that BaMoO4 and 
CaMoO4 are formed as separate phases in the particle. 
In order to elucidate how the two phases are distribut-
ed in the particle, dark-field (DF) TEM images are 
taken for both reflections I and II. CaMoO4 and 
BaMoO4 phases appear in Figs. 1e and 1f as relatively 
bright areas, respectively, clearly indicating spatial 
separation. It was also confirmed by EDX that the 
brighter areas in Figs. 1e and 1f contain more Ca and 
Ba, respectively, which is consistent with the results 

 
 

Fig. 1: Microscopy analysis of a glass sample with high 
MoO3 loading: (a) backscattered electron image taken by 
ESEM; (b) BF-TEM image; (c) zoom into the dotted square 
depicted in (b); (d) SAED pattern taken from the particle; 
(e) and (f) DF-TEM images taken using reflections I and II 
depicted in (d), respectively. 
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obtained by SAED. Hence, it was revealed by apply-
ing TEM-based techniques that the Ca/Ba rich parti-
cles of about 500 nm diameter forming in the borosil-
icate glass at high Mo loading consist of separated 
crystalline BaMoO4 and CaMoO4 phases. 

Low MoO3 concentration 
In the case of the low MoO3 concentration sample 
(3.38 wt-%), the number and the average size of the 
molybdate phase particles forming in the glass is 
reduced compared to the high concentration sample. 
Nevertheless, it is still possible to perform structural 
and elemental analysis of these particles down to the 
sub-nanometer scale by using TEM-based methods. 
The BF-TEM image depicted in Fig. 2a exhibits a 
dendrite-like morphology of such a particle, which is 
typically occurring under supercooling conditions. 
Figure 2b depicts a High Angle Annular Dark Field 
(HAADF) image representing the sample morphology 
based on the thickness and atomic numbers (Z) of the 
probed elements. Figures 2c-g show the results of 
Scanning Transmission Electron Microscopy–Energy 
Dispersive X-ray Spectroscopy (STEM-EDX) ele-
mental mapping. Ca, Ba and Mo locations in the par-
ticle and Si in the glass matrix are clearly visualized at 
nanometer scale (pixel size corresponds to 7.75 nm).  
Furthermore, a clear phase separation between Ca- 
and Ba-molybdates is observed in Figs. 2c and 2d. 
Detailed investigation of crystal lattice fringes on the 

sub-nanometer scale (< 0.2 nm) revealed the existence 
of nm-sized Ca- and Ba-molybdate phases in the 
particle. 

TEM study on plutonium nanocolloids 
Plutonium colloids are obtained from a 4 mM 242Pu 
solution in 1 M HClO4 (pH = 0), equilibrated during 
9 months. The greenish color of the solution indicated 
the presence of Pu(IV)-colloids. Dilution and  
ultrafiltration (10 kDa) are used to obtain a filter cake 
which is resuspended with 0.01 M HClO4. An amount 
of ca. 0.5 µL of the resulting 0.4 mM 242Pu suspension 
is deposited onto a copper TEM grid with a holey 
carbon film, corresponding to a total amount of 
0.2 nM 242Pu. 

A combination of High Resolution–TEM (HR-
TEM), STEM-EDX and STEM–Electron Energy Loss 
Spectroscopy (STEM-EELS) is ideal to investigate 
nm-sized colloidal particles, providing structural data 
(both geometric and electronic) as well as elemental 
composition information. Figure 3 shows a HR-TEM 
image taken from Pu colloids dispersed on the carbon 
film. The average size of the colloids is less than 5 nm, 
which is consistent with results reported in [4]. The 
inset on the top of Fig. 3 depicts a zoom into the  area 
marked by a black rectangle. The crystal lattice fring-
es with d ~ 0.31 nm and d ~ 0.27 nm are clearly re-
solved. Based on the assumption that the nano-sized 
colloids are of PuO2 (a = 0.5398 nm, Fm-3m [3]) 
fluorite type crystal structure, the fringes correspond 
to {002} (d = 0.3117 nm) and {111} (d = 0.2699 nm) 
atomic planes, respectively.  

It is also possible to characterize individual nano-
colloids by STEM-EDX and STEM-EELS for detec-
tion of the elemental composition and electronic 
structure, respectively (see the insets in the bottom of 
Fig. 3). Core-loss EELS in STEM mode provides 
electronic structure information similar to X-ray based 
XANES, but at sub-nanometer spatial resolution [6]. 

 
 

Fig. 3: HR-TEM image, STEM-EDX and EELS spectra of 
nanometer-sized PuO2 colloids. The EELS spectrum shows 
the O4,5 edge of Pu [5]. 

 
 

Fig. 2: TEM investigation of low MoO3 concentration 
sample: (a) BF-TEM image; (b) HAADF-STEM image; 
(c-g) STEM-EDX mapping images for Ca, Ba, Mo, O and 
Si, respectively. 
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Investigation of natural organic matter 
derived from Boom Clay by XPS 
Dissolved and mobile natural organic material (NOM) 
may facilitate migration of radionuclides by com-
plexation. XPS is applied to characterize size fractions 
of NOM extracted from Boom Clay [7] to analyze 
size dependent functionality. Filter cakes from ultra-
filtration are rinsed with water to remove NaHCO3. 
About 2 µL of resuspended filter cake are deposited 
and dried on aluminum foil for XPS analysis. Survey 
spectra and narrow scans of the elemental lines 
(Fig. 4) are acquired using monochromatic Al Kα 
X-ray excitation (h = 1486.6 eV) for the determina-
tion of C, N, and S atomic concentrations and species 
present in the NOM. 

Size fractions of (1-10) kDa, (10-100) kDa, and 
> 100 kDa corresponding to a Stokes radius of about 
(0.8-2) nm, (2-7) nm, and > 7 nm were analyzed by 
XPS, respectively (sample EG/BS bulk). 

Small colloids show increased concentration ratios 
of [N]/[Ctot], [COO]/[Ctot], and [SO4]/[Stot] but a con-
current decrease of [S]/[C] compared to larger col-
loids, indicating that smaller colloids are more oxi-
dized. The sodium concentration is higher for small 
colloids than for larger colloids, consistent with the 
low isoelectric point, pH = 3, reported for the 10 kDa 
macromolecules [8].  

In conclusion, nano-scale characterization of a boro-
silicate glass, plutonium colloids and Boom Clay 
NOM is demonstrated by applying several microsco-
py and spectroscopy techniques (TEM, SEM and 
XPS). TEM experiments at IAM-WBM-FML (KIT) 
are currently performed with a spatial resolution down 
to ~ 0.2 nm under high vacuum (~ 10-5 Pa) with a 
standard instrument. Nowadays, the spatial resolution 
can be improved to be better than 0.1 nm by using an 
aberration corrector, and in-situ TEM in gas or liquid 
phase at atmospheric pressure is becoming feasible 
[9,10]. By applying such techniques to study envi-
ronmental and actinide samples, the crystal and elec-
tronic structures are expected to become accessible at 
the nanoscale under realistic environmental condi-
tions. 

References 
[1] Hazen, R.M. et al., J. Phys. Chem. Solids 46(2): 

253 (1985). 
[2] Nassif, V. et al., J. Solid State Chem. 146: 266 

(1999).  
[3] Belin, R.C. et al, J. Appl. Crystallogr. 37(6): 

1034 (2004). 
[4] Delegard, C.H., Radiochim. Acta 101: 313 

(2013). 
[5] Moore, K.T. and Van der Laan, G., Ultramicro-

scopy 107(12): 1201 (2007). 
[6] Egerton, R.F., Electron Energy-Loss Spectros-

copy in the Electron Microscope, 3rd Ed., 
Springer (New York): 15 (2011). 

[7] Bruggeman, C. and De Craen, M., SCKCEN 
Report Number. ER-206 (2012). 

[8] Guo, L. and Santschi, P.H., Environmental Col-
loids and Particles, (Eds.: Wilkinson, K.J. and 
Lead, J.R.) IUPAC: 205 (2007). 

[9] De Jonge, N. and Ross, F.M., Nat. Nanotechnol. 
6(11): 695 (2011). 

[10] Yokosawa, T. et al., Ultramicroscopy 112(1): 47 
(2012).  

 
 
 
 
 

 

 
 

Fig. 3: Narrow scans of elemental lines with result of curve 
fits (Sample: EG/BS bulk, > 100 kDa). Charge reference: 
C 1s (CxHy) 284.8 eV. 
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8.4 NMR spectroscopy – covalence in actinide complexes 
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Introduction 
The extent of covalence in the metal-ligand bond of 
nitrogen-donor ligands for the separation of minor 
actinides has received much attention in recent 
years.[1-4] In a number of studies the reason for the 
ligands’ extraction behaviour and the origin of the 
observed selectivity of actinides over lanthanides in 
certain ligand systems was addressed.[5-8] NMR spec-
troscopy measuring the effect of electron density 
distribution on the evolution of spins of ligand nuclei 
appears to be very promising to investigate bonding 
interactions. 

Covalence in metal-organic complexes – the 
NMR view 
Electron density distribution in organic molecules in 
general has a significant influence on the observed 
nuclear spins, as electron density in close proximity to 
the nuclear spins is the major contributor to all NMR 
parameters (chemical shift, relaxation rates, etc.). 
Thus, any change of the electron distribution on the 
ligands, e.g., in complexes with elements of the lan-
thanide or actinide series will be detected. Such a 
change can be due to different influences: an ionic 
interaction disturbing the distribution by Coulomb 
attraction or repulsion or  the exchange of electron 
density between metal ion and complexing ligand. 

In addition to this general electronic description of 
the ligands, the electronic configuration of the metal 
ions involved in metal-organic complexes often has 
an influence on the measured parameters that is orders 
of magnitude higher than the described diamagnetic 
interactions. For f-elements two general electronic 
configurations of the metal ions can be distinguished: 
diamagnetic and paramagnetic metal ions. Diamagnet-
ic metal ions with a magnetic permeability that is less 
than μ0 (the permeability of free space) exhibit only a 
weak magnetic field in opposition to the externally 
applied magnetic field, which is often negligible in 
NMR measurements. Paramagnetic metal ions, in 
contrast, possess a permanent magnetic moment 
(magnetic permeability greater than or equal to 1) due 
to the spin and angular momentum of unpaired elec-
tron density. The net magnetic momentum induced by 

the applied external magnetic field is linear in the 
field strength in paramagnetic ions and can cause 
drastic effects in NMR measurements of nuclei in 
surrounding molecules. 

Probing covalence – the paramagnetic 
approach 
Unpaired electron density is a common physical prop-
erty of most lanthanide and actinide ions. Employing 
known mathematical treatments on observed para-
magnetically induced chemical shifts (KNIGHT shift) 
in the lanthanide series allows the separation of the 
different chemical shift contributions. The two main 
contributions are commonly interpreted in terms of a 
non-covalent (dipolar) bonding interaction and a co-
valently transferred interaction (FERMI contact contri-
bution). The desired transfer of these well-known 
mathematical treatments to the actinide series, how-
ever, suffers from uncertainties in the determination 
of different physical constants. Extensive research at 
KIT-INE addressing these open questions is per-
formed. 

Probing covalence – the diamagnetic 
approach 
A qualitative approach to address the extent of cova-
lence in actinide complexes can be performed in a 
diamagnetic approach by simply comparing the ob-
served effects of the electronic spin density on ligand 
nuclei in diamagnetic complexes. In general, one 
would expect only a minor influence on the electron 
distribution on the ligand upon ionic complexation 
with a metal ion. Thus the resulting shifts should be 
comparable with those observed in solutions of the 
pure ligand. Drastic changes of these observed chemi-
cal shifts are only expected if the electron density 
distribution is disturbed by a delocalisation along a 
covalent bond. Generally, covalence is characterized 
as an exchange of electron density between the bond-
ing partners.  

Of course the real bonding situation in actinide as 
well as in lanthanide complexes is a combination of 
these two limiting cases (dipolar vs. covalent interac-
tion). NMR can only qualitatively compare sets of 
measurements on complexes of different diamagnetic 
metal ions. Only if significant differences are discov-
ered, general trends can be derived. 

15N – a sensitive sensor 
From an NMR spectroscopy point of view the BxP 
systems are ideal systems to investigate the bonding 
mode in N-donor complexes of the f-elements. The 
high symmetry of their complexes leads to the obser-
vation of only one signal for each nucleus in the re-
spective position for all three involved ligands and, 
furthermore, to only one signal in symmetric positions 

 
Fig. 1: Chemical structures of two classes of ligands for the 
separation of actinides(III) from lanthanides(III). left: 2,6-
bis(5,6-dipropyl-1,2,4-triazin-3-yl)pyridine (nPr-BTP); 
right: 2,6-bis(5-(2,2-dimethylpropyl)-1H-pyrazol-3-
yl)pyridine (C5-BPP). 
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in the single ligand. Even in this rather ideal situation 
the 15N nuclei that should be most affected by any 
change in the bonding mode are not observable in a 
direct excitation experiment due to their low natural 
abundance. Employing magnetization transfer tech-
niques in 2D experiments that heavily depend on the 
proximity of protons to the 15N nuclei, some but not 
all 15N resonances are observable. However, the re-
sulting resolution is limited by experimental re-
strictions.  

Synthesis of 15N enriched ligands 
Thus it appears desirable to enrich the  nitrogen bear-
ing moieties of the ligand with the NMR active iso-
tope 15N. This is only possible by introducing the 15N 
isotopes during the synthesis of the ligand. Following 
an optimised synthesis route we were able to 15N 
enrich the two lateral heteroaromatic rings both in 
BTP and BPP type ligands. The synthesis is show-
cased for C5-BPP in Figure 2. Analysis by LIFDI-MS 
spectroscopy[9-10] shows evidence for approx. 10% 15N 
enrichment in one or both lateral rings (Figure 2). 
Following a protocol with a similar modification for 
BTP resulted as well in a 15N enriched nPr-BTP with 
excellent yields.[11] All intermediates and both ligands 
were purified and characterised by NMR and LIFDI-
MS.[9-10] 
Generally, uniform 15N enrichment in both BTP and 
BPP ligands would be desirable. However, 15N en-
richment especially in the pyridine moiety remains a 

challenge. Efforts to establish a synthesis for an uni-
form 15N isotopic labelling are currently progressing. 

Results 
NMR analysis for all BTP and BPP complexes of the 
whole lanthanide series was performed to compare the 
results to spectra of the Am(III) complexes. Identifi-
cation and assignment of all 1H and 13C resonances 
was accomplished by 1D direct excitation spectra and 
2D spectra (gHSQC, gHMBC) following standard 
protocols. Unambiguous assignment of all 15N reso-
nances is possible by measurement of 2D gHMQC 
spectra correlating the known 1H resonances with the 
15N resonances over three or four chemical bonds. 
The collection of high resolution direct excitation 
spectra as well as high resolution 2D NMR spectra, 
however, was only possible for complexes with 15N 
enriched ligands in a reasonable time. 
Comparing the results obtained for the diamagnetic 
lanthanides La(III) and Lu(III), the diamagnetic lan-
thanide surrogate Y(III) and the almost diamagnetic 
Sm(III) ´cation with those obtained for the actinide 
Am(III), unexpectedly large differences of chemical 
shifts are found for the bonding nitrogens, while the 
non-bonding nitrogens are not affected.[11] This is a 
strong indication for exchanged electron density and, 
thus, for the existence of covalent interactions be-
tween Am(III) and the ligands. Taking into account 
that both ligands are excellent systems for separating 
actinide ions from their lanthanide counterparts and 

  
Fig. 2: left: Modified protocol for the synthesis of 15N labelled C5-BPP. right: LIFDI-MS results for unlabelled and 15N 
enriched C5-BPP clearly indicating a 10% enrichment of both nitrogen atoms of one or both lateral rings. 

 
Fig. 3: An overlay of 1H,15N-gHMQC spectra of Am(nPr-BTP)3 is shown in the  2D spectrum on the left. The spectrum on the 
right shows the same type of experiment for Am(C5-BPP)3. In both cases the expected range for cross-peaks of the directly 
bound 15N to the respective 1H is indicated by an red rectangle. One can clearly see that for the Am(III) complexes a large 
shift is only observed for the coordinating nitrogen nuclei. This is a strong indication for exchanged electron density and 
thus for the existence of covalent interactions between Am(III) and the ligands.  
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considering the long-standing notion that covalence 
maybe the decisive cause for the ligand selectivity, 
these experiments present the first substantial support 
for this hypothesis. 
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Computational Chemistry 
There is a wide range of applications for Computa-
tional Chemistry at INE - from providing  molecular 
structure or thermodynamic data to reproducing ex-
perimental EXAFS and XANES spectra as an alterna-
tive  for the extraction of structural data via fit proce-
dures. The systems under investigation vary from 
small complexes in solution to crystals or interfaces. 
New algorithms and the constantly improving com-
puter hardware allow to get an increasingly exact and 
detailed description of actinide systems at the elec-
tronic structure level. 

Incorporation of Cm(III) into the calcite bulk  
Sorption and incorporation reactions with mineral 
phases may have an essential impact on the mobility 
and bioavailability of radionuclides in soils and sedi-
ments. Both incorporation and surface sorption are 
regarded as efficient retardation mechanisms affecting 
the transport of radionuclides in groundwater [1]. 

Calcite (CaCO3) represents an important mineral 
phase occurring in the engineered or geological barri-
ers enclosing an underground nuclear waste reposito-
ry, first of all as mineral constituent in clay for-
mations. The incorporation of Cm(III) into calcite and 
the corresponding formation of a solid solution is of 
high relevance in this context. A sound theoretical 
description of the local structure at Cm(III) sites pro-
vides additional support for the interpretation of ex-
perimental EXAFS data. 

For reasons of charge compensation we regarded the 
substitution 2Ca2+→Cm3++Na+ and studied the local 

deformation of the calcite crystal structure. 
We used a 2x4x2 super cell for the calculations con-

sisting of 64 Ca, 192 O and 64 C atoms. All three ions 
have similar ionic radii (Ca2+: 100 pm, Cm3+: 97 pm, 
Na+: 102 pm). Therefore, incorporation of Cm3+ cati-
ons in the calcite structure is expected. 

The DFT calculations are carried out with periodic 
boundary conditions and plane-wave basis 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 augmented wave (PAW) method. We em-
ployed an energy cut-off of 550 eV for the kinetic 
energy of the plane waves for all calculations. 

In pure calcite the Ca2+-Ca2+ distance is 409 pm. 
The calculated Cm3+-Ca2+ distances are increased to 
412-422 (average value: 414) pm and the Na+-Ca2+ 
distances are decreased to 396-409 (average value: 
405) pm. These structural changes are due to electro-
statics and not to the different ionic radii. 

For the Ca2+-C4+ distances we find an increase from 
325 pm in the pure mineral to 320-332 (average value 
326) pm for Cm3+-C4+ and 325-333 (average value 
329) pm for Na+-C4+. The Ca2+-O2- distances are 
239 pm in the pure mineral. Cm3+-O2- distances re-
main almost unchanged: 232-243 (average value: 
239) pm, but increase for the Na+-O2- distances: 
241-252 (average value: 246)  pm. 

The calculated Cm3+-O2- distance of 239 is well in 
agreement with the available experimental Am L3-
EXAFS data by Stumpf et al. [2]. The authors report-
ed an Am3+-O distance of 240 pm. 

Structure and bonding in AnO2(NO3)2(H2O)2 
(An = U, Np, Pu) complexes   
The design of efficient and selective extraction lig-
ands for separation of uranium and transuranium 
elements from spent nuclear fuel by liquid-liquid 
extraction requires detailed information on the ligand 
properties and the actinide-ligand bonding interaction. 
In the feed solutions of the PUREX, DIAMEX and 
SANEX processes actinides are provided in an aque-
ous nitric acid phase originating from the dissolution 
of the spent fuel. Therefore, detailed knowledge on 
the coordination chemistry of actinides in nitric acid 
solutions is essential for improving these processes. 
Spectroscopic studies have shown that uranyl(VI) is 
coordinated by 2-3 nitrate ions in concentrated nitric 
acid [3]. Furthermore, there is convincing evidence 

 
 

Fig. 1: Hexagonal 2x4x2 supercell used for the study of the 
incorporation of Cm3+ into calcite. Blue spheres: calcium, 
red spheres: oxygen, brown spheres: carbon, yellow sphere: 
sodium, black sphere: curium.
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that neptunyl(VI) is coordinated by two nitrate ions 
and two water molecules in the equatorial plane [4-5]. 
Coordination by two nitrate ions and two water mole-
cules in the equatorial plane is reported for 
[AnO2(NO3)2(H2O)2]H2O (An = U, Np, Pu, 1-3) 
complexes in [5-7], respectively. These isotypic com-
pounds, which crystalize from concentrated nitric acid 
solutions, are ideal model structures for actinyl(VI)-
dinitrate complexes in nitric acid solution. We are 
currently studying their vibrational spectra, aiming to 
determine to which extent the actinide electronic 
structure and the ligands influence the bond strength 
of the actinyl moiety, O=AnVI=O. An important ques-
tion is whether the bond length and stretching force 
constant follow the actinide ionic radii or if other 
effects contribute as well.  

To answer these questions we have initiated a pro-
gram using quantum chemical methods on clusters 
and periodic crystal lattices of the 
[AnO2(NO3)2(H2O)2] complex. Preliminary results 
from these calculations are presented here. 

Fig. 2 shows the DFT-optimized (in TURBOMO-
LE) structures of the [AnO2(NO3)2(H2O)2]nH2O (n = 
0, 6, 8) and 5[AnO2(NO3)2(H2O)2]2H2O clusters, the 
latter is a relaxed molecular cluster with initial coor-
dinates from the corresponding crystal structures of  
1-3. It is clear that the hydrogen bonding between the 
first and second sphere water molecules results in a 
shortening of the An-OH2 bonds as well as a shift of 

several vibrational frequencies compared to the clus-
ter without a second water sphere. This effect is also 
evident in the pentanuclear complex.  

Although the ‘central’ complex of the pentanuclear 
cluster mimics well the structure and the vibrational 
spectrum of the corresponding crystal (see below), 
DFT calculations (in VASP) of periodic structures of 
1-3 were performed in addition. Fig. 3 shows the unit 
cell of the optimized [AnO2(NO3)2(H2O)2]H2O struc-
ture. 

Fig. 4 compares the experimentally determined and 
the DFT-calculated actinyl An=O distances in 1-3 and 
the corresponding DFT-calculated distances in 
5[AnO2(NO3)2(H2O)2]2H2O. Also plotted are the 
symmetric (s) and antisymmetric (as) stretch fre-
quencies of the actinyl entities. We note that both the 
experimental and calculated s values decrease when 

 
 

Fig. 3: Unit cell (P-1 space group) content of the DFT 
optimized crystal structure of 1-3 obtained with VASP. 

 

 
 

Fig. 2: Molecular structures of [AnO2(NO3)2(H2O)2]nH2O 
(n = 0, 6, 8) and 5[AnO2(NO3)2(H2O)2]2H2O, optimized 
with BP86-DFT using TURBOMOLE. 

 
 

Fig. 4: Comparison of An=O bond distances and symmetric 
(s) and antisymmetric (as) stretch frequencies in 1-3 and 
5[AnO2(NO3)2(H2O)2]2H2O. Legends: –■– experiment; 
–■– DFT-VASP; –■– DFT-TURBOMOLE. 
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going from U to Pu. This is consistent with a larger 
force constant of the U=O stretching mode, which 
may be due to a stronger bond. This is peculiar since 
the An=O bond shows a contraction when going from 
U to Pu. In contrast to that, there is virtually no 
change in as going from U to Pu. Additional work, 
including force field analysis, is needed in order to 
understand the influence of the actinide electronic 
structure on the An=O bonds and trends in the vibra-
tional spectra.  

Tc(IV) hydrolysis species and ternary Mg/Ca-
TcIV-OH complexes in alkaline MgCl2 and 
CaCl2 solutions 
Tc-99 is a redox-sensitive -emitting fission product 
with very long half-life (T½ ~ 211.000 a). Tc is ex-
pected to prevail as tetravalent Tc(IV) cation in the 
very reducing conditions expected under repository 
conditions.  

Tc(IV) hydrolizes very strongly. The anionic spe-
cies TcO(OH)3

- has been shown to dominate the 
aqueous chemistry of Tc(IV) in dilute alkaline condi-
tions of pH ≥ 11 [8]. In concentrated alkaline MgCl2 
and CaCl2 solutions, solubility experiments conducted 
at KIT-INE (see section 5.1) hint towards the for-
mation of ternary hydrolysis species of the type 
Mgx[TcO(OH)4]

2x-2 and Cax[TcO(OH)4]
2x-2. Quantum 

chemical calculations are well suited to identify pos-
sible Tc(IV) solvation species in alcaline solution. 
Since there are no ab initio calculations on 
[TcO(OH)4]

2- or [TcO]2+ available up to now, we 
performed pilot studies of these two species with high 
level Complete Active Space Self Consistent Field 
(CASSCF) and Multi Reference Configuration Inter-
action (MRCI) calculations to determine the ground 
states of these species. 

These calculations - carried out with MOLPRO - 
showed that the ground states of both species, 
[TcO(OH)4]

2- and [TcO]2+, are single reference states 
and, thus, the application of Density Functional Theo-
ry (DFT) calculations is permitted in this case. This 
opens the door for the future application of large DFT 

calculations to determine the structure of various 
species involving Tc(IV) in alcaline solutions. 

Force Field calculations on An(III)/Ln(III) 
complexes with BTP-type ligands 
The investigation of Ln(III)/An(III) partitioning com-
plexes in bulk solutions is a challenge task for theoret-
ical methods, because the systems at hand are much 
larger in size than corresponding aquo-complexes of 
the metal ions. Hence, Molecular Dynamics (MD) 
simulations have been performed to complement the 
data obtained by quantum chemical methods. Espe-
cially for the An(III) bistriazinylpyridine (BTP) sys-
tem the applicability of MD has never been explored, 
as existing force fields are not accurate enough to 
correctly describe the interactions involved in An(III) 
complexation. 

The force fields describing the interactions between 
all atoms and molecules in the system must be built 
carefully to assure a realistic description of the sys-
tem's dynamics. To remain as independent of the 
experiments as possible, we adjusted our force fields 
to state-of-the-art quantum chemical ab initio refer-
ence data on the MP2 or CCSD(T) level, using large 
diffuse basis sets of aug-cc-pVTZ quality. Relativistic 
effects, necessary to correctly describe heavy metals, 
are accounted for by either pseudo-potentials - implic-
itly including those effects - or by a second order 
Douglas-Kroll-Hess Hamiltonian.  

MD simulations have been performed on 
[Cm(BTP)n]

3+ (n = 1,2,3) in aqueous solvent, explicit-
ly modelled by 1000 water molecules in the cubic 
simulation box (Fig. 6). The 10 ns time-scale allows 
for a good statistics of the configuration space.  
The resulting trajectories are in good agreement with 
radial distribution functions obtained by Cm  
L3-EXAFS [9] - showing a Cm-N distance of 2.57 Å 
for the coordinating nitrogen atoms compared to 
2.56 Å obtained from the measurement. Using the 
FEFF code, EXAFS spectra can be directly calculated 
from the trajectories (Fig. 7).   

In future projects these force fields will be used to 
shed further light on the complexation reactions of 
An(III)/Ln(III) with BTP-ligands. We will use alche-
my reaction techniques to transmute different ligands 
or metal ions in order to investigate the origins of the 

 
 

Fig. 6: Bonding orbital in [TcO(OH)4]
2-. 

 
 

Fig. 5: Bonding orbital in [TcO(OH)4]
2-. 
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different bonding behavior in terms of structure and 
thermodynamics.  

N K-edge investigations of BTP partitioning 
complexes  
In close collaboration with the HYIG led by T. Vitova 
we have investigated the N(1s) excitation spectra of 
Ln(III) and An(III) complexes with BTP ligands. As 
one of the major questions is related to the energy 
position and intensity for excitation to the metal-
centered f-manifold, the computational methods  
suitable for such a task are limited. After pilot studies 
on the BTP ligand with the RI-ADC(2)-approach 
(TURBOMOLE software) and TD-DFT (ORCA 
software) the Amsterdam Density Functional software 
package (ADF) was employed, as it allows all-
electron calculations including scalar-relativistic and 
spin-orbit effects within the ZORA approximation 
already at the DFT level for the ground state and for 
the excited states.  Due to the lack of multi-
configuration contributions, this approach is only 
suitable for closed-shell systems - in the present con-
text J=0. This restricts applications to La(III), Eu(III) 
and Am(III). Although experimental data for the 
Ac(III) complexes will most likely not be available in 
the near future, the theoretical data could be interest-
ing in comparison to the Ln(III) system.  

As the calculations are computationally demanding, 
basis sets on the ligand were chosen to be of DZP 
quality only in combination with TZP-quality sets for 
the metal centres. The computational effort was fur-
ther reduced by limiting the available virtual orbitals 
to those with negative energy only and by performing 
separate calculations for the symmetry distinct nitro-
gen atoms (cf. Fig. 9 in section 9.1). Still, several 
hundred excited states and their oscillator strengths 
were calculated at the TD-DFT level. 

One can clearly see the benefits of such first princi-
ples calculations, as they allow to separate the contri-
butions from different coordinating and non-
coordinating BTP nitrogen atoms (in contrast to the 
experiment) and to assign the antibonding BTP orbit-

als involved in the N(1s) excitation (cf. section 9.1 for 
a more detailed discussion of the results).  

Structure and vibrational spectra of the 
Cm(III)-HClO4 system. 
A number of researchers have previously reported that 
the luminescence lifetime of Eu(III) in aqueous solu-
tion decreases substantially with increasing concentra-
tion of perchlorate ions (which may be added in the 
form of HClO4 or NaClO4) [10-13]. We have recently 
shown that this is also true for Cm(III) [14]. The rea-
son for this luminescence quenching is still a matter 
of controversy. In contrast to water molecules or hy-
droxide ions, both of which quench the luminescence 
lifetime of Eu(III) through multi-phonon coupling 
with OH vibrational overtones, the corresponding 
mechanism for perchlorate is unfavorable and does 
not result in quenching. It has even been proposed that 
the reduced Eu(III) lifetime is a consequence of an 
increased hydration number [10-12]. Considering that 
the hydration number of Eu(III) may change between 
eight and nine depending on the chemical environ-
ment, an increase of the hydration number from nine 
to eleven, corresponding to a reduction of the lifetime 
from about 110 to 90 µs [12], is not realistic. There-
fore, other mechanisms should  account for the 
quenching. TRLFS and vibronic sideband spectro-
scopic measurements at INE suggest that perchlorate 
ions in the second hydration spheres of the hydrated 
metal ions form weak hydrogen bonds to the water 
molecules of the first hydration sphere, effecting their 
OH-vibrational manifolds [14]. MD simulations  
suggest two possible geometries with either two or 
three perchlorate ions in the second hydration sphere 
(Fig. 8). 

Vibrational modes calculated with DFT and RICC2 
techniques concur with experimental findings. For 
both structures, the OH-vibrations of first shell water 
molecules are blue-shifted in the presence of the per-
chlorate ion by 100 cm-1 in average.  

Additional MD and ab initio MD simulations in the 
NVE ensemble are currently being performed. The 
resulting trajectories will be used to obtain IR- and 
power-spectra from the velocity-autocorrelation func-
tion of the atoms. 

 
 

Fig. 7: Calculated (green) and measured (red) EXAFS 
spectra of the Cm-BTP 1:3 complex. 

 
 

Fig. 8: Optimized structure of the Cm(III) aquo ion with two 
(right) and three (left) second shell perchlorate ions. 
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9 Radiochemical and Elemental Analysis 
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1 Institut für Isotopenforschung und Kernphysik der Universität Wien, Währinger Straße 17, A-1090 Wien, Austria 
2 Helmholtzzentrum München, German Research Center for Environmental Health, Institute of Radiation Protection,  
D-85764 Neuherberg, Germany 

At KIT-INE a pool of advanced analytical techniques, well-developed procedures and competences in the fields 
of radiochemical sample handling and preparation, element and isotope analysis, chromatography and nuclear 
spectroscopy is available and applied for the R&D projects of the institute. Commercial analytical service is 
provided in the context of nuclear waste management, i.e., for nuclear waste treatment facilities, High Level 
Liquid Waste (HLLW) vitrification or decommissioning of nuclear installations. Analytical services are as well 
offered for the quality control of radio-analytical separation resins and radiopharmaceuticals. For all these pur-
poses analytical methods and procedures are developed. Mass spectrometry techniques are especially adapted 
and improved for trace element analysis and speciation studies of actinides. Sector Field (SF)-ICP-MS and colli-
sion cell quadrupole CC-Q-ICP-MS are coupled to species sensitive methods, i.e. to capillary electrophoresis 
(CE-SF-ICP-MS) and field-flow field fractionation (FFF-Q-ICP-MS). Accelerator Mass Spectrometry (AMS) is 
introduced at INE for the sensitive determination of isotopic fingerprints and concentrations of actinides at levels 
far below the detection limits of the aforementioned mass spectrometric techniques. In addition, the analytical 
group supports the infrastructure of the institute, is involved in various educational activities and is responsible 
for teaching of chemical laboratory assistants. 
 

 
Routine Analysis 
Over twenty thousands of samples are routinely ana-
lysed each year providing the data for the INE R&D 
projects and external clients. For this purpose a pool 
of advanced analytical techniques, well-developed 
procedures, competence in the fields of radiochemical 
sample preparation and separation techniques, ele-
mental and isotope analysis, chromatographic meth-
ods and nuclear spectroscopic techniques is available. 
Our personnel is trained in handling of nuclear sam-
ples and in the operation and maintenance of instru-
ments adapted to glove boxes. Several analytical 
techniques listed in Table 1 are available both in inac-
tive and radio-analytical labs. 

Commercial Analytical Services 
Commercial analytical service is offered for various 
clients on the basis of formal contract agreements. 
Data are recorded, documented and quality controlled 
according to the requirements of the clients. 

Nuclear Waste Treatment and Decommissioning of 
Nuclear Facilities (WAK-HDB) 
Samples from the WAK-HDB (Wiederaufarbeitung-
sanlage Karlsruhe GmbH, Hauptabteilung Dekonta-
minationsbetriebe) can be classified according to their 
origin in samples from the HDB incineration (ashes) 
or LAW evaporation plants (liquid concentrates), 
annually averaged samples from the different facili-
ties, samples from decommissioning of nuclear facili-
ties etc.. 

Samples are processed by radio-analytical separa-
tion methods and then analysed using elemental, iso-
tope and nuclear spectroscopic techniques. The nu-
clides routinely determined include (but are not lim-
ited to): 238,239,240,241,242Pu, 233,234,235,236,238U, 55Fe, 63Ni, 
90Sr, 242,243+244Cm, 241Am. In 2013 all analytical pro-
cedures and documentations have been successfully 
evaluated in the course of a client audit. 

Quality Control of Separation Resins  
INE is the first quality control lab of the TRISKEM 
Sr separation resin and the secondary lab for actinide 
separating TRU and TEVA resins. The analytical 
service comprise the determination of the capacity of 
the Sr resin, column tests (loading, washing, elution), 
determination of possible interferences and the deter-
mination of eluted organic material by carbon analy-
sis. Around one sample batch of Sr resin is analyzed 
each month. 

Quality Control of Radiopharmaceuticals 
A Ra-223 containing alpha-radiopharmaceutical de-
veloped by Algeta was successfully launched to the 
U.S. and European market in 2013. During the last 
years this preparation is regularly analyzed with re-
gard to the content of toxic heavy metal trace impuri-
ties at INE. Ra-223 acts as a calcium mimic and is 
indicated for patients suffering from bone metastases. 
Due to the short penetration of the alpha emitter a 
highly-localized tumor cell killing is achieved with 
minimal damage to surrounding normal tissue. A 
method validation procedure adopting the guidelines 
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of the U.S. Pharmacopedia [USP 233] for the deter-
mination of ten specified heavy metals by ICP-MS 
was performed. A batch of the preparation (plus extra 
samples from the drug development) is analyzed 
weekly in our lab. 

Projects 
Direct contributions to INE research projects are pro-
vided by the analytical group, e.g.: 

FIRST Nuclides and CAST: An experimental setup 
for the collection of the volatile radionuclide 14C, 
which is part of the inventory of instant release frac-
tions and of zircaloy claddings of nuclear spent fuel, 
is designed, installed and tested in the controlled area 
(as part of a technical thesis). 14C-recoveries have 
been determined by low-level LSC using standard 
materials (14C Na-carbonate and 14C Na-acetate for 
the inorganic and organic carbon, respectively). 

Vitrification projects: Immobilization of HLLW 
containing high amounts of a Cs3PMo12O40 containing 

solid is a challenge for the vitrification process. The 
effectiveness of the radionuclide retention (i.e., with 
respect to Cs) on the one hand side and the final sta-
bility of the glass product on the other hand side are 
affected by the high Cs volatility and the formation of 
Mo-rich separated phases, respectively. In the frame 
of a technical thesis, different glass simulates with 
increasing amounts of Cs-P-Mo-rich solids have been 
produced and characterized by a multi-method ap-
proach. Alkaline melting digestions are used for sam-
ple preparation and F-AES, ICP-OES, XRF and IC 
for the elemental and anion analysis. 

WAK – HAW residues: The conditioning of HAW 
residues from WAK storage tanks is a challenge for 
the decommissioning of the facility. For this purpose 
a conceptual approach for the elemental analysis of 

the residues was developed, including sampling, sam-
ple transport to INE, sample preparation in hot cells 
and radiochemical analysis. 

Mass Spectrometry Techniques 
At INE several mass spectrometers are currently in 
operation including two Quadrupole ICP-MS instru-
ments (one equipped with a reaction/collision cell) 
and since 2010 Sector Field ICP-MS (SF-ICP-MS, 
Element XR/2, Thermo Scientific, Bremen) adopted 
to a glove box. The latter is installed at the INE radio-
active laboratories. SF-ICP-MS provides 1) detection 
limits for transuranium elements as low as 
~10-14 mol/L (lower ppq range) and 2) elevated mass 
resolution (up to 10.000) which is crucial for accurate 
determinations of elements such as Fe, Se, but also 
lanthanides which can severely suffer from interfering 
species at low mass resolution. Apart from the deter-
mination of trace element contents and isotope ratio 
measurements the instrument is also extensively used 
in combination with capillary electrophoresis (CE) to 
study actinide speciation in aqueous solution.  

To expand the INE analytical capabilities especially 
in terms of enhanced sensitivity and lower detection 
limits Acceleration Mass Spectrometry (AMS) has 
been recently introduced at INE. Measurements are 
performed in cooperation with the VERA AMS facili-
ty at Vienna. 

SF-ICP-MS 
SF-ICP-MS (Sector Field Inductively Coupled Plasma 
Mass Spectrometry) has been recently used in differ-
ent scientific projects taking advantage of the afore-
mentioned high sensitivity and the possibility of high 
mass resolution. 

Applications are, e.g., solubility studies of actinides 
(e.g., Np) and Fe in aqueous solution, sorption exper-
iments on Al- and Fe-oxides, leaching experiments, 
experiments on the formation of sulfate-solid solu-
tions in aqueous systems, analysis of samples from 
radionuclide migration experiments at the Grimsel test 
site (GTS) and also the analysis of filter samples from 
Japan in the context of the Fukushima Daiichi Nuclear 
Power Plant accident. 

In Fig. 1 the results obtained in a combined 
-spectrometry, AMS and SF-ICP-MS study on filter 
samples collected during the time period of the Fuku-
shima event at Tokaimura 120 km south of the reactor 
accident are shown. The data indicate that 137Cs, Pu 
and also U were released into the atmosphere and 
transported directly over 120 km distance by aerosol 
and wind within a few days after the reactor hydrogen 
explosions [1]. 

Fig. 2 depicts the breakthrough curves for various 
radionuclides (232Th, 233U, 237Np, 242Pu, and 243Am) 
which were injected together with Ni doped montmo-
rillonites in June 2013 at the GTS. Compared to an 
earlier run (02-12) the recent experiment was con-
ducted with a lower - near natural - flow rate. This 
results in longer residence times of radionuclides in 
the fracture and, therefore, a larger retention of Np 
and U which are no primarily controlled by colloidal 

Tab. 1: Analytical techniques available at INE. 
 

Elemental and Isotope Analysis 
Quadrupole Inductively Coupled Mass Spectrometry (Q-ICP-MS) 
Collision Cell Q-ICP-MS (CC-Q-ICP-MS) 
Sector Field ICP-MS (SF-ICP-MS) 
Inductively Coupled Optical Emission Spectrometry (ICP-OES) 
Atomic Absorption Spectrometry (AAS)  
Flame Atomic Emission Spectrometry (F-AES) 
X-Ray Fluorescence Spectrometry (XRF) 

Nuclear Spectroscopic Methods 
Alphaspectrometry 
Liquid Scintillation Counting (LSC, conventional and high sensi-
tivity) 
Gammaspectrometry (with auto-sampler)  

Other Methods 
Ion Chromatography (IC) for cations and anions 
Gas Chromatography (GC) 
Carbon Analysis (TOC, DOC, TIC, NPOC) 
Specific Surface Area Analysis (BET) 
Differential Thermal Analysis (DTA) 
Dilatometry 
Fusion and Microwave Digestions 
Gravimetry and Titrations 
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transport. Samples from the tailing of the break-
through curves (from runs 02-12 and 07-13) which 
could not be analyzed for 237Np, 242Pu, and 243Am by 
SF-ICP-MS due to concentrations below the detection 
limits will be analyzed by AMS and RIMS in the near 
future (cf. AMS section of this chapter). 

CE-SF-ICP-MS 
The long-term safety assessment for nuclear waste 
repositories requires a detailed understanding of acti-
nide aqueous (geo)chemistry. The Pu redox chemistry 
system of aqueous solutions is quite complex with  
up to four different oxidation states stable in one  
solution. The properties of these species vary consid-
erably. Therefore, knowledge of their behavior under 
natural conditions is a vital issue in nuclear waste 
disposal. 

In order to study actinide speciation in aqueous so-
lution we used Capillary Electrophoresis (CE) hy-
phenated to SF-ICP-MS to measure the redox specia-
tion of Pu(III, IV, V, VI) and Np (IV, V) at concentra-
tion levels below 10-9 M. In previous studies it was 
shown that 1 M acetic acid does not significantly 
disturb the Pu(III)/Pu(V) equilibrium of the original 
solution [2]. Therefore, it was chosen as the back-
ground electrolyte (BGE) for the separations of Pu 
and Np redox species. 

 
 

Fig. 1: (A): Activity concentration of 137Cs, (B): 
n(235U)/n(238U), (C): n(234U)/n(238U) and (D): 
n(236U)/n(238U) in aerosol samples collected at 120 km 
south−southwest of the FDNPP (reprinted with permission 
from T. Shinonaga et al., Environ. Sci. Technol., 48 (2014), 
DOI: 10.1021/es404961w, Copyright 2014, American 
Chemical Society). 

 
Fig. 2: Breakthrough curves from the 07-2013 radionuclide 
migration experiment at the GTS. Concentrations are scaled 
to the corresponding mean value. 

Tab. 2: Limits of detection and electrophoretic mobilities of 
Pu and Np oxidation states. 
 

Species Limit of detection 
[mol/L] 

Electrophoretic mobility 

[x10-4 cm2V-1s-1] 
Pu3+ 2x10-12 4.0±0.07 

Pu4+ 5x10-12 1.2±0.08 
PuO2

+ 6x10-12 1.6±0.06 
PuO2

2+ 2x10-12 2.4±0.05 

Np4+
 6x10-12 1.8±0.03 

NpO2
+ 8x10-12 2.4±0.02 

 

 
Fig. 3: Electropherogram of four Pu oxidation states 
(above) and two Np oxidation states (below); [Pu]total and 
[Np]total each 1x10-10 M, hydrodynamic injection: 10s/2psi; 
voltage: 30 kV; BGE: 1 M HAc; pH = 2.4. 
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The limits of detection and the electrophoretic mo-
bilities determined during the CE measurements are 
listed in Tab. 2. The electropherogram in Fig. 3 was 
obtained under aerobic conditions. Therefore, it was 
crucial to stabilize the redox sensitive species e.g. 
Pu(III), Pu(V), Pu(VI) and Np(IV). The lower oxida-
tion states were treated with a holding reductand (i.e. 
sodium hydroxymethanesulfinate). The total concen-
tration of Np and Pu in solution was 1x10-10 mol/L 
each and the pH of the solution was 2.4. The tailing of 
the Pu(IV) peak at 600 s probably indicates the for-
mation of colloidal Pu(IV) polyspecies. In order to 
minimize redox processes during analysis the CE 
instrument is now placed inside an argon glove box 
(Fig. 4). It is planned to use this arrangement to carry 
out speciation experiments without stabilizing agents. 
Furthermore it is intended to investigate the Se specia-
tion under reducing conditions in collaboration with 
the Paul Scherrer Institute (PSI, Switzerland). 

In the near future CE-SF-ICP-MS under argon at-
mosphere will also be used to determine stability 
constants between actinides and carboxylate ligands 
in water/methanol systems. 

AMS 
Trace analysis with AMS (Accelerator Mass Spec-
trometry) represents a valuable tool for the isotopic 
fingerprint determination of actinides in the environ-
ment below ppq levels. Actinide contamination of 

groundwater may occur as consequence of effluents 
of nuclear facilities, releases from nuclear accidents, 
as well as leakages from nuclear waste repositories. 
We are developing an analytical protocol for the de-
termination of U, Np, Pu, Am and Cm in groundwater 
samples without previous chemical separation from 
each other. A challenge is the availability of suitable 
isotopic tracers for quantitative mass spectrometric 
measurements, e.g., for the determination of 237Np and 
243Am. For this purpose 239Pu and 248Cm are used as 
non-isotopic tracers for 237Np and 243Am, respectively. 
AMS measurements are performed at the VERA La-
boratory (Vienna, Austria) employing stripping with 
helium to the 3+ charge state at 1.65 MV terminal 
voltage (Fig. 5). 

First AMS Results 
Groundwater (250 ml) and MilliQ water samples are 
spiked with Np, Pu, Am and Cm isotopes, their con-
centrations spanning from ~3·102 to ~4·106 atoms/ml. 
The actinides are co-precipitated with 2 mg Fe(OH)3 
which is then converted to Fe-oxide used as cathode 
material in AMS.  

In Fig. 6 it is shown that a reliable determination of 
up to seven actinide nuclides with concentrations 
from ~2 ppq down to ~0.0001 ppq is possible without 
previous chemical separation of the actinides from 
each other and with a total measurement time of 
~32 min. The 237Np/239Pu atom ratios measured in 
several kinds of groundwater samples scatter to a 
larger extend with respect to the corresponding ratios 
measured from MilliQ water samples. However, the 
average values of 12.0 ± 1.6 for the groundwater 
samples, and 11.7 ± 0.4 for the MilliQ water samples, 
are consistent to each other. The ratios are lower than 
their nominal value of 14.2 ± 0.4, indicating a higher 
ionization yield in the AMS ion source of PuO- rela-
tive to NpO-, in agreement with previous observa-
tions [3]. Similar results were obtained for 248Cm and 
243Am, in fact the measured 248Cm/243Am atom ratios 
are higher than their nominal value of 1.38 ± 0.02, 
indicating a higher ionization yield of CmO- relative 
to AmO-, again in agreement with recent observa-
tions [4]. The 248Cm/243Am ratios measured in 

 

 
 

Fig. 5: The vessel filled with SF6 at a pressure of about 6 
bar which contains the +3-MV tandem accelerator of VERA 
(Pelletron type, model 9SDH-2). 

 
 

Fig. 4: Argon box with the CE instrument (right) hyphenat-
ed to SF-ICP-MS (left). 

 
 

 
 

Fig. 6: Count rates (s-1) of 245Cm (~0.03 fg), 240Pu (~0.8 fg), 
246Cm (~2 fg), 239Pu (~40 fg), 243Am (~40 fg), 248Cm (~40 fg) 
and 237Np (~400 fg) from the same cathode produced from a 
250 ml groundwater sample. 
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groundwater samples, with an average of 1.6 ± 0.1, 
are consistent with the corresponding ratios measured 
in MilliQ water samples, with an average of 1.4 ± 0.1. 
These preliminary results indicate a dependency of 
the ionization yield of the actinides on the sample 
matrix. We conclude that the use of 239Pu and 248Cm 
as non-isotopic tracers for 237Np and 243Am, respec-
tively, is possible in groundwater samples by AMS 
when an accurate estimate of the relative ionization 
yields of the various actinides is carried out. 

In order to test the performances of the method 
when analysing an existing nuclear contamination in 
groundwater samples, measurements of 236U/238U 
isotopic ratios were carried out. Fig. 7 shows that 
from a 250 ml groundwater sample (blue rhombus, 
red square and green triangle) the signal of anthropo-
genic 236U is detectable relative to the pre-nuclear age 
Vienna KkU in-house standard (black dot). The 
236U/238U isotopic ratios measured in the groundwater 
samples from the GTS (2.5 ± 0.1) x 10-7 and 
(3.4 ± 0.3) x 10-7, as well as the ratio detected in the 

tap water samples from Karlsruhe (5.0 ± 0.6) x 10-9 
are consistent with the global fallout origin [5]. These 
findings indicate the mobility of global fallout 236U 
which apparently is able to migrate together with 
meteoric water from the surface to depths down to the 
level of the GTS groundwater at 450 m. Interestingly, 
fallout Pu could not be detected indicating a much 
lower mobility under given conditions. The measured 
236U levels do not constitute, however, any radiologi-
cal concern. 

It is intended to develop an analytical protocol 
which can be used for ultra-trace analysis of actinides 
in groundwater (and seawater) samples in general. A 
first application will be the 12-02 run of the GTS field 
experiments. From the gradient of the injected tracers 
(233U, 237Np, 242Pu, and 243Am) at the tailing edge of 
the breakthrough curves important information about 
retention of actinides in a granite fracture and the 
reversibility of the corresponding processes is ex-
pected. 
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Fig. 7: Measurement of 236U/238U isotopic ratio in two 
groundwater samples from the GTS, in a tap water sample 
from Karlsruhe and in the in-house standard Vienna KkU. 
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Introduction 
Radiation Protection Research at INE is focusing on 
assessing radiation exposures by estimation 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 measuring 
the field are the techniques applied in the work of the 
group. Basic vision of the work is to provide tech-
niques and models for an individualized dosimetry, 
which goes beyond the current approach of applying 
reference models in the dose assessments. The ex-
posed 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 2013 we again focused 
on the three main topics 

‐ Dosimetry in external radiation fields 
‐ Dosimetry after intakes of radionuclides 
‐ Modeling and simulation of radiation protec-

tion scenarios 

The ASF group is collaborating with national and 
international partners in several research projects 
funded by BMBF (e.g. Projects “Strahlung und Um-
welt 2” in Competence Alliance Radiation Research 
KVSF) or EC (e.g. project “BOOSTER” in FP7Sec). 
Our group is also engaged in the European Radiation 
Dosimetry Group (EURADOS e.V., 
http://www.eurados.org), which promotes and devel-
ops research and European collaboration in radiation 
dosimetry. 

Selected results from the 2013 work of the radiation 
protection research group at INE are presented in this 
chapter. 

Personalised body counter calibration using 
anthropometric parameters 
Body counting is a method for in vivo activity as-
sessment applied to the monitoring of people with risk 
of radionuclide incorporation. Energy-sensitive radia-
tion detectors are arranged relative to the body to 
quantify the activity of radionuclide deposits in ana-
tomical structures, such as lungs, liver and skeleton. 
This method is sensitive to the common interindividu-
al anatomical variation in the measured persons. Ac-
curate activity estimates, which are the basis for dose 
calculation [1], require extensive calibration proce-
dures typically involving experimental measurements 
of anthropomorphic phantoms conforming to a refer-
ence person. Current calibration methods [2] offer 
personalisation for lung and liver counting only with 
respect to ratios of body mass and height and do not 
specify uncertainties. 

This work [3] revises and extends the currently ap-
plied personalisation methods using radiation 
transport simulation in combination with computa-
tional phantoms, allowing a large range of individual 
anatomies and incorporation scenarios. It is applied to 
the calibration of the In Vivo Measurement Laborato-
ry (IVM) at Karlsruhe Institute of Technology (KIT), 
which comprises four freely arrangeable high-purity 
germanium detectors in lung, liver, knee and head 
measurement setups. The XCAT computational phan-
tom series [4] was selected for the calibration. The 
advantage of this series is that each phantom is direct-
ly derived from tomographic imaging data of a medi-
cal patient. 

The detectors of the IVM have been individually 
modelled [5] including their kinematics for realistic 
positioning. A selection of 30 voxelized phantoms of 
the XCAT series was applied to body counter calibra-
tion for standard measurement setups including lungs, 
liver, knee, and head, and 26 samples of photon ener-
gies in the range of 25 keV to 2 MeV. The integration 
of each phantom into a body counting scenario with 
according detector arrangement using anatomic land-
marks, preprocessing for the Monte Carlo code 
MCNPX [6] and subsequent peak identification and 
peak area computation was done with Voxel2MCNP 
[7]. The results of this virtual calibration method are 
comparable to experimental measurements. This was 
tested on physical torso phantoms. 

In addition, 19 anthropometric parameters, partially 
based on standard body measures for clothing sizes 
defined by EN 13402-1 [8], were specified and com-
puted on all phantoms using geometric algorithms 
with regard to actual measurement on persons during 
in vivo monitoring from the perspective of the per-
forming technicians. The computed parameter values 
are comparable to those of persons measured at the 
IVM. 

Statistical analysis was applied to the generated 
samples consisting of photon energy, anthropometric 
parameters and counting efficiency for each pair of 
source organ and detector to determine subsets of 
sensitive anthropometric parameters. Those were then 
used to estimate mean and variance of counting effi-
ciencies among the population of phantoms. Meta 
optimization was performed to reduce overfitting to 
the available training data and to guarantee generali-
zation of the estimators. 

The results show largest deviations in the computed 
counting efficiencies of the available phantoms for 
lungs, followed by liver, knee and head (Fig. 1). They 
generally increase with a reduction in photon energy 
and can triple from 2 MeV to 25 keV. These devia-
tions can be reduced by creating estimators related to 
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body circumferences close to the source structures. 
These are bust circumference for lungs, waist circum-
ference for liver, thigh circumference for knee, and 
head circumference for head. The relative reduction 
generally increases with photon energy. Whole-body 
measures, such as body mass and its derivatives, have 
a lower impact. An explanation for this effect could 
be that body circumferences at the vicinity of the 
source structure are positively correlated to local 
tissue thickness, which has a considerable impact on 
photon attenuation. 

An extension of the presented method can easily be 
achieved by applying the same workflow to additional 
phantoms of the XCAT series or other phantom se-
ries, and defining additional specific anthropometric 
parameters. The method can also be applied to differ-
ent body counters by replacing the associated models 
and implemented measurement setups. 

This work is funded by the BMBF under project no. 
02NUK015A. 

EURADOS intercomparison exercise on 
Monte Carlo modeling for the in vivo 
monitoring of 241Am in skull phantom 
An intercomparison exercise on the topic of in vivo 
monitoring of 241Am was launched by EURADOS at 
the end of 2011. The project focused on the measure-
ments oh three human skull phantoms, which circulat-
ed among the participants. In September 2012 a Mon-
te Carlo (MC) exercise using the voxel representa-
tions of the real phantoms was proposed. The full MC 
exercise consists of three tasks. In the first one the 
participants simulate a given detector and a defined 
semi-skull phantom. In the second one they model 
their own detector and compare their simulated re-
sponse with the measurement. In the third task  
the participants simulate the detector geometry they 
use for routine measurement with a provided  
skull as subject. The first task is described in the fol-
lowing [9].  

A detector from Helmholtz Zentrum München was 
used for the reference measurement. It consists of a 
germanium crystal with 50 mm diameter and 10 mm 
thickness, encapsulated in an aluminium alloy end-
cap with a carbon-epoxy window. The participants 

modelled this detector using their MC software. The 
technical drawings were provided to uniform the 
simulated geometry that, in this case included also the 
inactive part of the detector. 

The voxel model of the phantom was created from 
CT measurement of the physical phantom and  
was distributed among the participants as a fully seg-
mented and labelled phantom with the material de-
scription. The labels were necessary in order to orient 
it correctly. 

All surface voxels of bone equivalent material were 
treated as source region, with 241Am as source, whose 
emission spectrum, containing 31 energy lines from 
10 to 60 keV, was distributed to the participants as 
input data. The experimental measurement setup is 
shown in Fig. 2. Each participant returned a simulated 

 

 
 

Fig. 3: Sketch of the simulated geometry. 

 
 

Fig. 1: Calibration values ࣁ at 60 keV normalized to their 
mean ࣁഥ  for 30 XCAT phantoms in different measurement 
setups of the IVM body counter. The percentages show the 
according standard deviations. 

 
 

Fig. 2: Experimental setup of the measurement of the physi-
cal phantom with the Helmholtz Zentrum München detector. 
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spectrum including its statistical uncertainties, the 
detection efficiency for the 59.54 keV peak (in unit 
counts Bq-1 s-1) and all the relevant information about 
the simulation.   

There were 16 responses, 13 of them obtained with 
different versions of the MCNP/MCNPX family [10], 
one with GEANT4 [11], one with EGS4 [12] and one 
with VNC [13]. 

We used the version 2.7 of MCNPX; our results 
have been accepted without need of revision. In  
Fig. 3 a sketch of the simulated experimental setup is 
shown, while Fig. 4 shows the relative detection effi-
ciency for the several participants. The geometric 
mean of the simulated detection efficiencies (after 
revision for some participants) underestimate the 
experimental value of about 10%, while the variation 
among the simulated results is relatively small. Our 
result (participant ID P07) follows this tendency. 
Since an experiment with another detector and the 
same physical phantom compared with the corre-
sponding simulation did not exhibit this large discrep-
ancy, there is the hypothesis that the difference be-
tween the average of the simulations and the meas-
urement is due to a mistake in the detector/phantom 
positioning. 

The BOOSTER project: Development of tools 
for triage of a large group of individuals 
exposed to radioactive material 
The BOOSTER (BiO-dOSimetric Tools for triagE to 
Responders) project, founded by the European Union 
under the Seventh Framework Programme, focuses on 
developing new biodosimetric tools and the effective 
management of an event involving the exposure of a 
large number of people to radioactive material, either 
accidentally or following a malevolent use of radioac-
tive material. This includes a mechanism for fast 
triage of exposed individuals, for an efficient and fast 
categorization of potentially affected victims, and to 
provide medical staff crucial information for further 
treatment in the longer term following the event. 

New measurement tools allow securing the first re-
sponder from the radiation exposure as these tools do 
not only check the affected people but also provide 
clear and comprehensive information on the existing 
contamination level which is far beyond existing 
radiation equipment available so far. KIT-INE activi-

ties in 2013 are related to a gamma camera developed 
by CEA and Canberra. This device is a radiation 
measurement instrument that creates two images of  
a scenario: gamma radiation and video pictures of a 
scene are superimposed. 

It allows for quasi real-time visualization and locali-
zation of radioactive spots. The contribution of  
KIT-INE was the calibration of the prototypes in well-
defined reference radiation fields of X-rays and  
Cs-137.  

The BOOSTER system was successfully presented 
during a field exercise in May 2013, on the  
KFKI Campus, Budapest (examples are shown in 
Fig. 5 and 6). This project dissemination event 
showed the functionality of all devices and the ap-
plicability of the BOOSTER system to intended crisis 
management. KIT-INE was involved in the prepara-
tion and demonstration of the Decision Support Sys-
tem (DSS) (developed by KIT-IKET). The DSS col-
lects all data from measurements taken in the field as 
well as the victims’ radiological and status data. It 
informs a crisis manager on the location of radioactiv-
ity and allows for evaluating the situation of each 
victim and elaborates detailed reports from the results 

 
 

Fig. 5: A picture of the field exercise scenario simulating a 
terrorist attack with dirty bombs in a stadium. The event 
started with sounds of explosions, smoke coming from 
smoke machines, and stroboscopic lights simulating the 
explosion. 

 
 

 
 

Fig. 6: A picture of the gamma camera as employed in the 
field exercise. 

 
 

Fig. 4: Relative detection efficiencies. 
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of the different tests in order to help the medical staff 
in performing a triage of victims. 
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