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1 Introduction to the Institut für Nukleare Entsorgung 

 

Activities at the Institut für Nukleare 
Entsorgung, INE, (Institute for Nuclear Waste 
Disposal) are integrated into the programme 
NUKLEAR of the Forschungszentrum 
Karlsruhe within the Helmholtz-Gemeinschaft 
Deutscher Forschungszentren (HGF). INE 
contributes to the German R&D on long-term 
safety assessment for final disposal of nuclear 
waste. Further activities deal with the 
separation of minor actinides from high-level 
waste (partitioning) for subsequent 
transmutation and the immobilization of high-
level liquid waste by vitrification. 

In Germany, the safe disposal of radioactive 
waste is in the responsibility of the federal 
government. Based on the presently scheduled 
operation times for nuclear power plants in 
Germany, about 17000 tons of spent fuel will 
be generated. More than 6200 t of them have 
been shipped to France and UK for 
reprocessing to recover plutonium and 
uranium. Therefore two types of high level 
radioactive waste, i.e. spent fuel and vitrified 
high level waste have to be disposed of safely. 

There is an international consensus that 
emplacement in deep geological formations is 
the safest way to dispose of high level heat 
producing radioactive waste. It ensures the 
effective protection of the population and the 
biosphere against radiation exposure over very 
long periods of time. The isolation and 
immobilization of nuclear waste in a repository 
is accomplished by the appropriate 
combination of redundant barriers (multi-barrier 
system). INE research focuses on the 
geochemical aspects of nuclear waste 
disposal. Special emphasis is laid on actinides 
and long-lived fission products because of their 
significant contribution to the radiotoxicity for 
long periods of time.  

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

precipitation of pure solid phases and solid 
solutions. Prediction and quantification of all 
these processes require the availability of 
thermodynamic data and a comprehensive 
understanding at a molecular scale.  

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

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

The Partitioning & Transmutation (P&T) 
strategy is pursued in many international 
programmes, to achieve a significant reduction 
of nuclear waste radiotoxicity. The aim of R&D 
at INE is to separate and isolate long-lived 
minor actinides from high-level nuclear waste 
for subsequent transmutation into short-lived or 
stable fission products, in order to reduce the 
time horizon for waste storage from some 
hundred thousend to less than thousend years. 
INE develops highly selective extracting agents 
and performs experiments to derive kinetic and 
thermodynamic data for the extraction reaction. 
R&D spans theoretical and experimental work 



- 6 - 

dedicated to a mechanistic understanding of 
extraction ligand selectivity on a molecular 
scale, to the development of extraction 
processes. 

With the third R&D activity at INE, the 
vitrification of high active waste, INE 
contributes to the decommissioning of nuclear 
facilities. The core process technology for the 
Karlsruhe Vitrification Plant (VEK) at the 
Karlsruhe Reprocessing Plant (WAK) site 
located at the Forschungszentrum Karlsruhe 
has been developed at INE. This work 
comprises design of process components, 
including the glass melting furnace and the off-
gas cleaning installation. The VEK facility has 
now finished the cold commissioning phase 
and hot operation is scheduled for 2009/2010. 
INE has been involved in functional testing of 
major process systems, the preparation of 
qualification records and certification of product 
quality and in the performance of the recent 
cold test operation. 

Teaching of students and promotion of young 
scientists is of fundamental importance to 
ensure a high level of competence and to 
maintain a leading international position in the 
field of nuclear- and radiochemistry. Therefore, 
close cooperation with universities is 
indispensable. In association with the new 
director of INE, Prof. Dr. Horst Geckeis, a 
radiochemistry chair was established at the 
Karlsruhe University. The start of term was in 
winter semester 2008/2009. In November 
2008, Prof. Dr. Petra Panak moved to the 
Heidelberg University on a professorship of 
radiochemistry. She continues heading a 
working group on actinide speciation at INE. 
Radiochemistry lectures at the Universities of 
Karlsruhe and Heidelberg are supplemented 
by practical training courses at FZK and the 
INE hot laboratories. In addition INE scientists 
are strongly involved in teaching at the 
Universities of Berlin, Jena and Mainz.  

Presently, FZK and the University of Karlsruhe 
are going to merge in the “Karlsruhe Institute of 
Technology (KIT)”, a unique model in the 
German research landscape. KIT will bundle 
the activities in research and teaching to hold a 
key position in the international natural 
scientific community. 

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

level, the Network of Excellence (NoE) 
ACTINET has been established within the 6th 
Framework Programme (FP) of the                          
European Commission (EC). One objective of 
the NoE was the education of young scientists 
by opening the main European actinide 
laboratories to universities and other 
institutions in Europe. FZK-INE is one of the 
core institutions of this network. 

INE laboratories are equipped with all the 
infrastructur necessary to perform 
radionuclide/actinide research, including hot 
cells, alpha glove boxes, inert gas boxes and 
radionuclide laboratories. Classical 
spectroscopy instruments exist for the 
sensitive detection and analysis of 
radionuclides. Trace element and isotope 
analysis is made by instrumental analytical 
techniques such as X-ray fluorescence spec-
trometry (XRF), atomic absorption spectro-
metry (AAS), ICP-atomic emission spectro-
metry (ICP-AES) and ICP-mass spectrometry 
(ICP-MS). Surface sensitive analysis and 
characterisation of solid samples is done by X-
ray diffraction (XRD), scanning electron 
microscopy (SEM), photoelectron spectro-
scopy (XPS) and atomic force microscopy 
(AFM). Laser spectroscopic techniques are 
developed and applied for sensitive actinide 
speciation such as time-resolved laser 
fluorescence spectroscopy (TRLFS), laser 
photoacoustic spectroscopy (LPAS), sum 
frequency infrared spectroscopy, laser-induced 
breakdown detection (LIBD) and Raman 
spectroscopy. Recently a tunable optical 
parametric oscillator (OPO) laser system with 
TRLFS-detection was installed for high 
resolution spectroscopy at liquid He 
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 expertise in the field of 
chemistry and spectroscopy of the actinides. 

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

 

Contributions collected in this report provide a 
representative overview of the scientific 
outcome of INE research activities in 2008. 
The structure of the report follows widely the 
organisation of the institute according to 
research topics: Basic research towards 
understanding geochemical reactions of 
radionuclides on a molecular scale, with a 
direct link to applied studies of ‘real’ repository 
conditions. In order to obtain detailed chemical 
information on radionuclide speciation and 
structures, INE consequently develops 
speciation methods and analytical techniques. 
Beside spectroscopic methods, quantum 
chemical calculations are increasingly 
implemented as an additional tool to gain 
insight into the molecular and electronic 
structure of radionuclide species. Speciation 
techniques are not only applied to geochemical 
studies but also used to elucidate mechanisms 
underlying the partitioning of minor actinides by 
solvent extraction using new types of 
extractants.  

Research dedicated to the immobilisation of 
high-level radioactive liquid waste is much 
more technically oriented. In this field, the long 
time experience of INE engineers has led to 
the realization of a vitrification plant on the 
WAK site using INE technology. 

A selection of milestones and highlights out of 
the research activities in 2008 are listed below:  

The final closure of the Asse II salt mine is a 
major national project with respect to 
radioactive waste management. INE's 
research contributes to the geochemical safety 
assessment and to the planned closure 
concepts. In order to provide confidence into 
modelling approaches, comparisons with data 
from long-term term leaching experiments with 
simulated full scale cemented waste forms are 
required. The investigations made use of a 
wide variety of methods in order to analyze the 
mechanical properties and the porosity, the 
radionuclide (tracer) and non-radioactive 
constituent distributions in the waste forms, as 
well as the element and mineralogical 
compositions. Halite, brucite, calcite, ettringite, 
gypsum, Mg-oxychloride and (Mg,Ca)-Al-
chlorohydroxides (Friedel’s salt) were identified 
as mineral phases. Modelling and experimental 
results on cement corrosion under the different 
geochemical conditions in the emplacement 
caverns of the Asse salt mine agreed well. It 
was shown that in NaCl and MgCl2 solutions 
the corrosion processes of the cement product 
have approached close to equilibrium. These 
results demonstrate that a profound process 

understanding on geochemical processes in 
the Asse salt mine is available. The fact that 
equilibria are obtained within relatively short 
time scales provides a good basis for 
predicting radionuclide behaviour over long 
time scales.  

Bentonite is considered as backfill and buffer 
material in radioactive waste disposal in 
granite host rock. Most probably the bentonite 
will come in contact with groundwater. The 
bentonite will be saturated and form gel layers. 
The recently discussed scenario of glacial 
water intrusion estimates a high erosion of 
bentonite buffer due to high pH and low salinity 
of the intruding water. The bentonite colloid 
stability is decisive for the glacial water 
intrusion scenario. Experiments lasting now for 
more than 3 years reveal quite a pronounced 
clay colloid agglomeration even under low ionic 
strength conditions and at high pH. The 
agglomeration is explained by an ion exchange 
process where Ca2+ exchanges monovalent 
cations (Na, Li) and is obviously able to act as 
bridging cation for the clay platelets. The ion 
exchange process was confirmed by 
independent experiments revealing that 
steady-state of colloid agglomeration has not 
been reached after 3 years. This finding 
suggests the existence of destabilization 
reactions being active even under glacial water 
intrusion conditions counteracting colloid 
migration and bentonite barrier degradation.  

One actinide speciation method development 
highlight at INE in 2008 is the construction and 
commissioning of a Johann spectrometer, to 
be used at the INE-Beamline for actinide 
research at ANKA for high resolution X-ray 
emission spectroscopy and resonant inelastic 
X-ray scattering (HRXES and RIXS; cf. chapter 
6.1).  This spectrometer is the only existing 
one of its type at a dedicated radioactive 
synchrotron experimental station. To date, only 
one peer-reviewed report of RIXS on 
transuranium elements has yet been published 
in a scientific journal. HRXES investigations 
provide site-selective information on electronic 
structure and local geometric atomic 
environment of an actinide element of interest, 
are a true bulk probe - an obvious advantage 
over surface sensitive XPS techniques - and 
promise to foster synergistic collaboration 
between spectroscopists, synthetic chemists 
and quantum chemical theoreticians. 

A prerequisite for the transmutation of 
actinides is their separation from the fission 
products. Separating trivalent actinides from 
the chemically similar lanthanides is the key 
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step. Nitrogen-donor extracting agents such as 
2,6-bis-triazinylpyridines (BTP) are capable of 
performing this challenging separation with 
high selectivity. The efforts at INE are focussed 
on understanding the underlying reasons for 
this selectivity. To understand the influence of 
the electronic structure of the ligands, the H in 
the pyridine 4-position of BTP was replaced by 
Cl or OCH3, displaying decreased/enhanced 
electron density compared to the protonated 
BTP. The latter derivative showed increased 
Cm(III)/Eu(III) selectivity, whereas a strong 
decline was found for Cl. This was confirmed 
by a TRLFS speciation study on Eu and Cm 
complexes with substituted BTP’s in octanol, 
showing an excellent correlation between 
electron density, nitrogen basicity, 
complexation strength, and extraction 
properties. From an application point of view, 
these results pave the way to tailor-made 
extracting agents with improved properties.  

After finalization of the cold commissioning, the 
Karlsruhe Vitrification Plant has been prepared 
for entering the radioactive operation which will 
be executed within the 2nd partial operational 
license. The license is expected for early 2009. 
For the Vitrification Project China (VPC) the 
lab-scale glass development for enhanced 
sulfur incorporation has been finished. In 
November/December an operational test using 
INE’s Prototype Test Facility (PVA) was 
conducted to demonstrate the sulfur 
incorporation under technical conditions. The 
result showed on the basis of a total waste 
oxide loading of 16.0 wt. %, that sulfur could 
be incorporated in the glass of more than 
0.8 wt. % in terms of sulfate. 
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3 National and international cooperation 

 

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

“Fundamental processes of radionuclide 
migration” (FUNMIG) was an Integrated 
Project within the 6th FP of the EC. It started 
January 2005, with duration of four years. The 
project was coordinated by INE, with Enviros 
S.L. as the coordination secretariat. FUNMIG 
had 51 contractors from 15 European countries 
and 20 associated groups from an additional 
three European countries, Korea and Canada. 
All types of stakeholders were represented, i.e. 
research organizations, universities, SME’s, 
national waste management organizations and 
national regulatory bodies. The FUNMIG 
research program comprised around six 
research and technological development 
components (RTDC’s). Two of these dealt with 
well established and less established 
processes, applicable to all host-rock types. 
Three of them dealt with processes specific to 
the three host-rock types under investigation in 
Europe, clay, crystalline and salt. Another 
RTDC dealt with integration of the scientific 
progress into long-term safety assessment of a 
nuclear repository. An important part of the 
project dissemination of knowledge, including 
training of students and young scientists. 

The European "Network of Excellence for 
Actinide Sciences” (ACTINET) (see above) 
within the 6th FP of the EC was a consortium 
of more than twenty-five European research 
institutions. The NoE started in 2004 and 
ended 2008. The main objective of ACTINET 
was to bring both research infrastructures and 
human expertise in Europe to an enhanced 
performance level, thereby contributing to the 
development of European research in the 
fields of physics and chemistry of actinides. 
INE acts as one of the core members of the 
ACTINET consortium together with the 
coordinating institution Commissariat à 
l’Energie Atomique (CEA, France), the Institute 
for Transuranium Elements (ITU, European 
Joint Research Center), and the Studiecentrum 
voor Kernenergie - Centre d’Etude de l’Energie 
Nucléaire (SCK•CEN, Belgium). A top priority 
objective within ACTINET was to pool selected 
parts of the major actinide laboratories of some 
large European institutes (CEA, ITU, INE, 
SCK-CEN, Forschungszentrum Dresden 
(FZD), and Paul Scherrer Institut (PSI)) and to 
operate this pool as a multi-site user facility. 
From the beginning INE laboratories were 
used extensively by the scientific community. 
From 2004 – 2008, INE initiated and  

participated in 21 ACTINET research projects. 
Within these projects, guest scientists worked 
at INE for in a total of about 140 person weeks 
in different fields of actinide sciences. In the 7th 
FP of the EC, the philosophy of the NoE 
ACTINET is continued by the ACTINET-I3-
Project (I3: Integreation-Infracture-Initiative). 

The Collaborative Project (CP) “Redox 
Controlling Systems” (ReCosy) was 
successfully applied for within the 7th FP and 
was started in April 2008. Main objectives of 
ReCosy are the sound understanding of redox 
phenomena controlling the long-term 
release/retention of radionuclides in nuclear 
waste disposal and providing tools to apply the 
results to Performance Assessment/Safety 
Case. Although redox is not a new 
geochemical problem, different questions are 
still not resolved and thus raised by 
implementers and scientists. Radionuclide 
redox transformations on minerals are 
considered to be decisive scenarios in various 
FEP lists. The project was coordinated by INE, 
with Amphos 21 as the coordination secretariat 
and 32 institutions from 13 European countries 
contribute to the 4-years CP. 

INE is partner in the European ACSEPT 
Project, which follows the EUROPART projects 
in the 6. FP of the EC. The research within the 
project concerns the separation (partitioning) of 
minor actinides contained in high active wastes 
from reprocessing of spent fuel. INE’s R&D is 
focused on the selective extraction of actinides 
over lanthanides. This includes spectroscopic 
investigations to understand the high selectivity 
of extraction reagents for trivalent actinides, as 
well as kinetic studies of the extraction 
process. 

Two international projects focus on the 
influence of colloids on radionuclide migration 
in crystalline host rock: the Colloid Formation 
and Migration (CFM) experiment, coordinated 
by NAGRA (National Cooperative for the 
Disposal of Radioactive Waste, Switzerland) at 
the Grimsel Test Site, and the Colloid Project, 
initiated by SKB (Swedish Nuclear Fuel and 
Waste Management Co., Sweden), which 
includes field experiments at the Äspö Hard 
Rock laboratory. INE plays a decisive role in 
the laboratory programmes of both projects 
and is also involved in the field activities.   

INE is involved in various bi- and multilateral 
cooperations with national universities on 
different topics. Scientific cooperation with 
various German universities is partly supported 
by the German Federal Ministry for Economics 
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and Technology (BMWi). These research 
programs are dedicated to actinide 
geochemistry and, specifically, the impact of 
colloidal and natural organic matter.  

The collaborative project THEREDA should be 
specifically mentioned here. INE generates a 
centrally managed and administered database 
of evaluated thermodynamic parameters in 
cooperation with Gesellschaft für Anlagen- und 
Reaktorsicherheit (GRS) mbH, Braunschweig, 
Forschungszentrum Dresden-Rossendorf, 
Institut für Radiochemie (FZD-IRC), 
Technische Universität Bergakademie 
Freiberg, Institut für Anorganische Chemie 
(TU-BAF) and AF-Colenco AG, Baden 
(Schweiz). Thermodynamic data are required 
for environmental applications in general and 
radiochemical issues in particular. This 
database is to be developed to a national 
(reference) standard and will be the basis for 
performance assessment calculations for a 
national nuclear waste repository. The project 
is supported by the Federal Ministry of 
Education and Research (BMBF), the Federal 
Ministry of Economics and Technology (BMWi) 
and the Federal Ministry for the Environment, 
Nature Conservation and Nuclear Safety 
(BMU). 

The Helmholtz University Young Scientist 
Group (HHNG) “Elucidation of Geochemical 
Reaction Mechanisms at the Water/Mineral 
Phases Interface” is supported by HGF and 
FZK since 2005. The partner of the HHNG is 
the Faculty of Chemistry and Geosciences of 
the University of Heidelberg. The project will 
run for five years with funds totaling 1.25 
million Euro, including funding of the positions 
for the working group leader and for scientific 
or technical staff members, as well as non-
personnel items. The leader of the working 
group has teaching functions at the Heidelberg 
university.  

The Virtual Institute (VI) “Advanced Solid-
Aqueous Radio-Geochemistry“ supported by 
HGF and coordinated by INE began in March 
2008. The work is focused on the elucidation of 
reaction mechanisms which are responsible 
forthe migration and/or retardation of 
radionuclides. The investigations range over a 
broad scale of complexity, from a thorough 
study of a model system for the formation of 
solid solutions (calcite, powellite), up to 
monitoring the complex interaction of cations 
and anions with cementious material under 
repository conditions. Experimental work, 
modern spectroscopy and Monte Carlo 
simulations as well as quantum mechanical 
calculations are performed to achieve a 
process understanding on a molecular level. 
Members of the VI are the universities of 

Karlsruhe and Frankfurt (Germany) and 
Oviedo (Spain), the Paul Scherrer Institut in 
Switzerland and FZK-INE. 

FZK-INE together with the Chemistry 
Department of Lomonosov Moscow State 
University, was awarded funding for a 
Helmholtz – Russia Joint Research Group 
(HRJRG) entitled “Actinide Nano-Particles: 
Formation, Stability, and Properties Relevant 
to the Safety of Nuclear Waste Disposal”. This 
is one out of eight HRJRGs rewarded funding 
for collaborative projects between of one of the 
15 HGF centers and one or more Russian 
Institutions in the first round of proposals in 
2007. The scientific goal of this particular 
project is to develop a molecular-level 
understanding of the formation, stability, and 
properties of nano-sized actinide containing 
colloids relevant to safe spent nuclear fuel 
(SNF) and high level radioactive waste (HLW) 
disposal, thereby filling conceptual gaps in the 
source term and transport models used in 
long-term assessment for deep geological 
repositories. The activities began in January 
2008. One of the major goals of the funding 
scheme is providing support for young 
researchers to spend time at German research 
institutions. 
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4 Fundamental Studies: Process understanding on a molecular 
scale 

In the following section recent achievements are presented on basic actinide chemistry in aqueous 
solution which are relevant to the migration of actinides and long-lived fission products in the near- and 
far-field of a nuclear repository in deep geological formations. This includes provision of reliable 
thermodynamic data and models but also fundamental understanding of relevant processes. The 
reported studies deal with the aquatic chemistry of actinides, their interaction with mineral interfaces 
and the formation of actinide containing solid solution phases. The solubility of Pu in CaCl2 and MgCl2 
brines has been studied in the presence and absence of metallic iron and compared to improved 
Pitzer model predictions. To improve the basic knowledge and mechanistic understanding of actinide 
redox reactions, Np(V) reduction to Np(IV) was systematically investigated under pH and pe conditions 
carefully controlled by various reducing agents. We continued our efforts to survey actinide 
complexation reactions at elevated temperature studying the complexation of Cm(III) with fluoride by 
TRLFS. Interface reactions of trivalent actinides with alumina have been focused at INE on the 
sorption of Cm(III) onto alteration phases such as gibbsite and bayerite using TRLFS under variation 
of pH. In addition the influence of Eu(III) on the zeta-potention of the single crystal corundum a-plane 
has been studied. Another very active research field presents the study on formation of actinide solid-
solutions, which may be formed as secondary phases in the near and far field of the repository. Sound 
thermodynamic data based on detailed knowledge of the incorporation mechanism are necessary to 
benefit from this kind of retention process in performance assessment calculations.  

4.1 Chemistry and thermodynamic of actinides in aqueous solution 
V. Neck, M. Altmaier, J. Runke, D. Fellhauer, J. Lützenkirchen, A. Skerencak, P.J. Panak,  
R. Klenze, Th. Fanghänel 

Introduction 

In the context of the Asse project the solubility 
of Pu in CaCl2 and MgCl2 brines was studied. 
The results with and without metallic iron indi-
cates the predominance of Pu(III) and Pu(V) 
solution species below pH 10, respectively. At 
high pH in CaCl2 ternary Ca-Pu(III/IV)-OH 
species dominate. To improve the basic 
knowledge on actinide redox reactions, Np(V) 
has been reduced to Np(IV) at neutral pH by 
various reducing agents. The temperature 
dependency of the Cm(III) complexation with 
fluoride has been derived by TRLFS.  

Solubility of plutonium in MgCl2 and 
CaCl2 solutions in the presence and 
absence of metallic iron 

The solubility of plutonium in chloride brines 
and the effect of corroding iron metal is of 
particular interest for the storage of nuclear 
waste in underground salt mines. Intrusion of 
water will lead to NaCl- or MgCl2-dominated 
salt brines, in the Asse salt mine predominantly 
to MgCl2 brines. Brucite-based backfill material 
is supposed to buffer pH at values around 
pHc ≈ 9. CaCl2 solutions become relevant 
when the corrosion of cementitious waste 
forms in MgCl2 brines leads to CaCl2-domina-
ted solutions with pH limited to values of 
pHc ≈ 12 by calcium hydroxide or hydroxyl-
chlorides. The containers for the waste pack-
ages provide an excess of corroding iron which 
is expected to control the redox conditions 
(redox potential Eh vs. SHE or pe = 16.9 Eh at 

25°C). In order to determine the solubility 
limiting solid phase of plutonium, ionic strength 
effects and the aqueous speciation, including 
effects from ternary Ca-Pu-OH complexes, the 
solubility of plutonium (Pu-242) has been 
studied at 22 ± 2°C under Ar atmosphere in 
0.25 and 3.5 M MgCl2 (pHc ≈ 9) and in alkaline 
1.0 - 4.0 M CaCl2 up to pHc = 12. 

Solubility experiments in MgCl2 solutions with 
additions of iron powder were performed 
(i) from the direction of oversaturation by 
adding aliquots of a Pu(III) stock solution and 
(ii) from undersaturation by adding solid Pu(IV) 
hydrous oxide. The Pu(III) concentrations 
measured from oversaturation with fresh 
Pu(OH)3(s) precipitates decrease slowly (within 
a year) but continuously to values close to 
those obtained with PuO2xH2O(s) as initial 
solid (Table 1). The results agree with thermo-
dynamic calculations predicting the conversion 
of Pu(III) hydroxide into Pu(IV) hydrous oxide 
for redox conditions controlled by corroding 
iron powder (pe + pH ≈ 2 [1]). Concerning the 
effect of iron powder it is to note that, parti-
cularly at higher ionic strength and pHc < 9, the 
Pu(III) concentration in equilibrium with 
PuO2(s,hyd) is significantly higher than the 
Pu(IV) and Pu(V) concentrations in corres-
pondding solutions without additions of 
reducing agents (Table 1). The latter experi-
ments were performed with a Pu(IV) hydrous 
oxide that contained about 0.5 % of oxidized 
plutonium (PuO2+x(s,hyd)) under redox 
conditions in the range (pe + pH) = 14 ± 2. 
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a) Calculated with log*Ks,0(Pu(OH)3(s)) = 16.2 ± 0.8 [4]; the Pitzer approach is used for ionic strength corrections 
b) Contrary to the data in the oversaturation experiment, the low Pu concentrations measured after 4 - 582 days in 
   the studies from undersaturation show no trend with time. 

.
The solubility of this PuO2+x(s,hyd) solid was 
also measured in 1.0, 2.0 and 4.0 M CaCl2 
(pHc = 8 - 12) without additions of reducing 
chemicals [2]. Additional studies were 
performed in 3.5 M CaCl2 (pHc = 11 - 12) with 
additions of iron powder [3]. Fig. 1 shows the 
solubility data determined in 3.5 and 4.0 M 
(3.91 and 4.56 m) CaCl2, where ternary Ca-Pu-
OH complexes raise the solubility from about 
10-10 M at pHc = 11 to 10-8 - 10-7 M at pHc = 12, 
both in the absence and presence of Fe 
powder. In the absence of reducing agents  the 
aqueous speciation is dominated by Pu(V), 
with significant contributions of the Pu(IV) 

complexes Pu(OH)4(aq) and Ca4[Pu(OH)8]
4+ at 

pHc > 10. In neutral and alkaline solutions 
without reducing agents (pe + pH = 14 ± 2), 
Pu(III) species do not play any role. In the 
presence of Fe powder the aqueous speciation 
is dominated by Pu(III) species at pHc < 10 and 
by Pu(IV) complexes at pHc > 10.  

The solubility and speciation lines in Fig. 1 are 
calculated with the Pitzer model. They are 
based on the data set of Harvie et al. [5] for the 
seawater salt system and the well-known 
oxidation state form analogous complexes and 
that ion interaction parameters for oxidation 
state analogs can be set equal. The Pitzer 

Tab.1: Plutonium solubilities (log [Pu] after 10 kD ultrafiltration) in 0.25 and 3.5 M MgCl2 solutions (22°C, Ar 
atmosphere) at pH values adjusted by pre-equilibrating the matrix solutions with Mg(OH)2(s) and 
Mg2(OH)3Cl.4H2O(s), respectively. 

Solubility experiment    0.25 M MgCl2 3.5 M MgCl2 Pu(aq) 

(initial Pu solid, redox condition)   pHc = 9.0 pHc = 8.7 oxidation state 

Pu(III) hydroxide from oversaturation 

Fresh Pu(OH)3(s), Fe powder (calc.)    (- 7.9 ± 0.8)a) (- 5.6 ± 0.8)a) Pu(III) 

After 4 days      - 8.1   - 5.7  

After 582 days       - 9.4   - 7.3   

Pu(IV) hydrous oxide from undersaturation b) 

Aged PuO2(s,hyd), Fe powder    - 9.7 ± 0.5  - 7.9 ± 0.2 Pu(III) 

Aged PuO2+x(s,hyd), no reducing agent   - 9.4 ± 0.5   - 9.4 ± 0.4 Pu(IV+V) 
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Fig. 1: Solubility of Pu(IV) hydrous oxide in 3.5 M MgCl2 at maximum pHm = 8.7  and in alkaline CaCl2 solutions 
(22°C, Ar atmosphere).  
a) without additions of reducing agents (solid line: [Pu]tot = [Pu(IV)] + [Pu(V)]), 
b) in the presence of Fe powder (solid line: [Pu]tot = [Pu(IV)] + [Pu(III)]). The dotted lines represent the concen-
trations of Pu(III), Pu(IV) and Pu(V), with [Pu(III)] = [Pu3+] + ∑ [Pu(OH)n

3-n] + ∑ [Cax[Pu(OH)n]
2x+3-n] calculated for 

(pe + pH) = 2, [Pu(IV)] = [Pu(OH)4(aq)] + [Ca4[Pu(OH)8]
4+] and [Pu(V)] = [PuO2

+] +∑ [PuO2(OH)n
1-n].  
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parameters for the interactions 
Ca4[An(OH)8]

4+ / Cl- ((0) = 0.58, (1) = 8.9 and 
C =  0.07) are derived from the extensive data 
for the Th(IV) complex in 0.20, 0.51, 1.02, 2.11 
and 5.26 m CaCl2 [2]. The equilibrium 
constants at I = 0 for the solubility increasing 
reaction 

An(OH)4(s)  +  4  H2O  + 4  Ca2+   
 Ca4[An(OH)8]

4+  +  4 H+ 

are calculated to be log*K°s,(4,1,8) = - 55.0 ± 0.3 
for Th(IV) and - 59.5 ± 0.5 for Pu(IV). Unknown 
equilibrium constants and Pitzer parameters 
for Pu(III) species are adopted from known 
An(III) oxidation state analogs in the system 
An(III)-Na-Mg-Ca-Cl-H2O, including the ternary 
complexes Ca[Cm(OH)3]

2+, Ca2[Cm(OH)4]
3+ 

and Ca3[Cm(OH)6]
3+ [6, 7]. The Pu(V) concen-

tration calculated for PuO2+x(s,hyd) in 4.0 M 
(4.56 m) CaCl2 (Fig. 1a) is based on apparent 
equilibrium constants for Np(V) hydroxide 
complexes in 4.5 M (5.26 m) CaCl2 [8]. 

Reduction of Np(V) to Np(IV) in 
aqueous solutions at pH 5 - 10 

The migration behaviour of neptunium in 
geochemical systems depends primarily on its 
oxidation state. Under most conditions Np(V) is 
highly soluble and mobile whereas the 
solubility of Np(IV) in the near-neutral pH range 
is limited to 10-(9±1) M [10]. The reduction of 
Np(V) has been investigated in numerous site-
specific groundwater systems containing 
reducing sediments, humic substances or 
dissolved iron and iron minerals. However, the 
experimental observations are usually 
described phenomenologically. In order to 
investigate whether there is a well-defined 
redox potential or pe value (pe = 16.9 Eh at 
25°C) for the reduction of Np(V), we performed 
a systematic study on the reduction of 
(3.5 ± 0.2).10-5 M Np(V) solutions in the 
pH range 5 - 10 in carbonate-free 0.1 M NaCl 
(Ar glove box). To cover a wide range of 
chemically different reducing systems, 
including both homogeneous solutions and 
heterogeneous suspensions, the following 
inorganic and organic reducing agents were 
used: 1 - 20 mM solutions and suspensions of 
Fe(II)/Fe(III) buffers (10:1), metallic iron 
powder, magnetite Fe3O4(cr), Na2S2O4, 
hydroquinone and sodium anthraquinone/ 
anthrahydroquinone disulfonate (AQDS/ 
AH2QDS) redox buffers. The reduction process 
was monitored spectroscopically and by the 
decrease of the aqueous Np(V) concentration 
determined after removal of colloidal Np(IV) 
particles by 10 kD ultrafiltration. The results are 
shown in Fig. 2. In all systems at Eh  0.03 V 
(pe  0.5) Np(V) is found to be stable, whereas 
in all systems at Eh  - 0.01 V (pe  - 0.2) 

reduction to Np(IV) is observed. The redox 
potential of Eh = 0.01 ± 0.02 V (pe = 
0.15 ± 0.35) represents a general border for 
the reduction of NpO2

+(aq), independent of the 
reducing agent and whether the system is 
homogeneous or heterogeneous. The more 
negative the redox potential the stronger is the 
thermodynamic driving force and the faster is 
the reduction ("pseudo" first order with regard 
to NpO2

+). In systems at pe < - 3 the reduction 
is complete after one day (t1/2  0.1 d) while in 
AQDS/AH2QDS solutions at pH = 5.7 and pe = 
- 1.4 the complete reduction takes 150 days 
(t1/2 ≈ 15 d). In the hydroquinone solution and 
the magnetite suspension slightly below the 
borderline for the reduction of Np(V), the 
reduction of Np(V) is extremely slow (t1/2 ≈ 
300 d and 460 d, respectively). 

The observed borderline for the reduction of 
Np(V) is about 0.35 V (6 pe-units) lower than 
the Np(V) / Np(IV) borderline usually calculated 
in a Pourbaix (Eh-pH) diagram for [Np]tot = 
3.5.10-5 M from the redox couple 
NpO2

+(aq) / NpO2(am, hyd). The experimental 
border does not refer to the reaction NpO2

+ + 
e-  NpO2(am, hyd) but rather to an initial 
reduction step from NpO2

+(aq) to Np(OH)4(aq) 
or small polymers Npm(OH)4m(aq). However 
these polymers undergo further agglomeration 
to colloidal NpO2(coll, hyd) particles which are 
sorbed on the container walls or solid phases 
present in heterogeneous systems. The 
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Fig. 2: Experimental studies on the reduction of 
Np(V) in 0.1 M NaCl [8, 9] and in dilute Gorleben 
groundwaters [11, 12]. In the systems shown as 
open symbols Np(V) is reduced to colloidal Np(IV), 
in the systems shown as filled symbols Np(V) is not 
reduced within the time of investigation ( 100 
days). 
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reduction of Np(V) is probably a complex 
process including consecutive and/or parallel 
reactions: 

NpO2
+ + 2 H2O + e-  {Np(OH)4(aq)}  

  Npm(OH)4m(aq)  
  Npm(OH)4m(sorbed), NpO2(coll, hyd) 

Therefore, the observation that Np(V) is 
reduced in the presence of corroding iron 
powder or Fe(II)-bearing solid phases does not 
necessarily mean that the reduction process is 
a surface reaction as often concluded. Under 
the same redox conditions (pe and pH) in 
homogeneous solutions, Np(V) is reduced as 
well. Vice versa, above the borderline of pe = 
0.15 ± 0.35, Np(V) is neither reduced by 10-3 M 
Fe2+ in solution nor in an investigated 
Fe3O4(cr) suspension at pH ≈5. 

Complexation of Cm(III) with fluoride in 
the temperature range from 20 to 90°C  

The complexation of Cm(III) with fluoride is 
studied by time resolved laser fluorescence 
spectroscopy (TRLFS) in the temperature 
range from 20 to 90°C. The experiments are 
performed in a quartz cuvette and the 
temperature is kept constant within ±1°C. The 
fluoride concentration in the studied samples is 
varied from 0.3.10-3 to 3.4.10-3 mol/kg H2O. The 
ionic strength in all samples is kept constant at 
0.1 mol/kg H2O. The proton concentration is 
fixed at 7.039.10-4 mol/kg H2O, corresponding 
to pH20°C ≈ 3.2. Cm(III) concentration is 10-7 
mol/kg H2O in all samples. 

The speciation of Cm(III) in fluoride solutions 
as function of ligand concentration and 
temperature is derived by peak deconvolution 
of the emission spectra. At ambient 
temperature the species distribution is 
governed by a mixture of the Cm3+ aquo ion 
and the CmF2+ complex at the fluoride 
concentration studied; the CmF2

+ complex is 
only a minor species. 

With increasing temperature the chemical 
equilibrium is shifted towards the complexed 
species. The fraction of CmF2

+ increases 
gradually and this complex is the dominating 
species at the highest fluoride concentrations 
and highest temperatures. Using the SIT 
approach, the complexation constants at zero 
ionic strength are calculated as function of 
temperature.  

Assuming constant enthalpy and heat capacity 
of reaction, a linear Van’t Hoff approach is 
used to model the temperature dependency of 
the stability constants (Fig. 3). This approach 
describes the experimental data accurately 
over the studied temperature range, thus 
enabling the evaluation of the thermodynamic 
constants (∆rG

0
m, ∆rH

0
m, ∆rS

0
m) for the 

formation of CmF2+ and CmF2
+ complexes 

(Table 2).  

 

Outlook 

Results on the complexation of Cm(III) at 
elevated temperatures with nitrate [13] and 
fluoride demonstrate the high sensitivity of 
TRLFS, allowing such studies also on 
compounds forming sparingly low solid 
phases, such as hydroxides and carbonates. 
Contrary to Cm-nitrate, it was found that in the 
fluoride system the fluorescence of Cm(III) was 
quenched already at 100 °C. This reason for 
this process needs to be understood. Another 
difficulty is given by the pH measurement 
above 130 °C. First promising attempts have 
been performed on the fluorescence of pH-
sensitive organic dyes. 

 
Fig. 3: Stability constants of CmF2+ and CmF2

+ as 
function of temperature 

Tab. 2: Derived thermodynamic data 

Reaction 
Cm3+ + F- → 

CmF2+ 
CmF2+ + F- → 

CmF2
+ 

log K0(25°C) 3.70 ± 0.05 2.49 ± 0.20 

log K0 Lit. [10] 3.4 ± 0.3 2.4 ± 0.4 

∆rG
0

m [kJ/mol] -21.12 ± 1.1 -14.21 ± 0.52 

∆rH
0

m [kJ/mol] 13.71 ± 1.85 39.95 ± 3.03 

∆rS
0

m [J/molK] 116.82 ± 5.83 181.65 ± 8.93 
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4.2 Sorption of Cm(III) and Eu(III) onto gibbsite, bayerite and corundum 
T. Kupcik, N. Huittinen§, Th. Rabung, J. Lützenkirchen, A. Filby, H. Geckeis, Th. Fanghänel* 
§Laboratory of Radiochemistry, University of Helsinki, P.O. Box 55, FIN-00014 University of Helsinki, Finland 
*Universität Heidelberg, Physikalisch-Chemisches Institut, Im Neunheimer Feld 253, D-69120 Heidelberg

Introduction 

For the long-term performance assessment of 
a nuclear waste repository in deep geological 
formations, knowledge on the aquatic and 
geochemical reactions of actinide ions in the 
near- and far-field of this repository is desired. 
Besides attachment to mobile colloidal phases, 
retardation processes such as sorption and 
incorporation reactions at the water/mineral 
interface influence the mobility of the released 
radionuclides. Therefore, mechanistic insight 
into radionuclide interactions with mineral 
surfaces is of major importance. For a 
fundamental understanding of sorption/incor-
poration processes and a reliable thermo-
dynamic description by surface complexation 
models, surface species have to be identified, 
characterized and quantified. A major point in 
this respect is the detailed knowledge of the 
properties and constitution of the reactive 
mineral surface and the nature, distribution and 
concentration of surface sites which is not 
available or only in a limited way for most of 
the selected minerals.  

In the context of nuclear waste disposal, 
aluminum oxides/-hydroxides may be of minor 
importance, but they are considered as 
isomorphous model phases for trivalent iron 
oxides/hydroxides and other Al-containing 
minerals present in nature. Among these, clays 
are of great importance for metal ion 
retardation. In contrast to iron oxides/hydroxi-
des, aluminum oxides/hydroxides show no 
absorption in the visible light region, thus 
allowing TRLFS experiments. 

Extensive studies of metal ion sorption on dif-
ferent aluminum oxides/hydroxides have been 
performed during the last years. TRLFS experi-
ments on Cm(III) sorption onto α–Al2O3 single 
crystals at pH values of 4.5 and 5.1 and γ–
Al2O3 colloids show, that sorption onto the 
(001) α–Al2O3 surface differs with regard to 
peak position and fluorescence lifetime compa-
red to the other four crystal planes [1]. In case 
of γ–Al2O3, three different Cm(III) surface 
species at different pH are identified by their 
emission spectra but no variation of emission 
decay was detected [2]. The reactivity of alu-
minol groups present depends on the minera-
logical structure, their orientation, acidity and 
the way they are bound to the surface leading 
to a slightly different metal ion sorption beha-
viour on different aluminum oxides/hydroxides. 

As pure Al-oxide surfaces are not thermo-
dynamically stable in water and undergo (surf-
ace) phase transformations into the hydroxides 
[3], [4] former speciation investigations were 
extended to the pure α-Al(OH)3, gibbsite. From 
the Cm(III) emission spectra two different 
inner-sphere surface complexes can be distin-
guished. A third species appearing at pH 6 - 11 
is assigned to a incorporated Cm(III) species, 
forming as a consequence of precipitation of 
Al(OH)3 from oversaturated solutions. Emis-
sion lifetimes for the surface-bound Cm(III) 
complexes and the incorporated species are 
140-150 an 180-200 µs respectively [5]. The 
aim of this work is to study trivalent metal ion 
sorption onto α-Al2O3 powder, α–Al2O3 single 
crystals at pH ≥ 5 and onto a second pure 
aluminum hydroxide, bayerite, β-Al(OH)3.  

Experimental 

The preparation for the gibbsite used in this 
work is described in the literature [5]. α–Al2O3 
powder was supplied by Taimicron (TM-DAR). 
Bayerite microrods were synthesised by titra-
tion of an aluminate solution with HCl to pH 9 
at elevated temperatures [6]. The mineralogical 
purity, morphology and surface area of the 
product were characterized by XRD, SEM and 
BET, respectively. To determine the isoelectric 
point, IEP of the mineral, i.e. the pH value at 
which the net surface charge equals zero, ζ-
potential measurements were performed in 
0.1, 0.01 and 0.001 M NaClO4, NaCl and MilliQ 
water. The α–Al2O3 and bayerite suspension 
was diluted in all media to a final concentration 
of 1 g/l. pH adjustments were done with NaOH. 
Additionally the adsorption Eu to sapphire 
single crystals was studied using streaming 
potential/current measurements.  

Batch sorption experiments 

α–Al2O3 powder batch experiments were 
conducted in a glove box under Ar atmosphere 
to exclude CO2 that influences the speciation 
of trivalent actinides through the formation of 
carbonate species at pH values > 6. All 
reagents were prepared in the glove box. 
Europium, as a lanthanide homologue to 
curium and americium, was chosen as the 
metal ion for the study. Europium sorption onto 
α–Al2O3 was investigated as a function of pH in 
0.1 M NaClO4. The α–Al2O3 concentration was 
fixed to 6 g/l in each batch, while the Eu3+ 
concentration was varied between 6.6·10-9 M 
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and 6.6·10-5 M, leading to maximal 
Eu3+/surface ratios of 7.6·10-11 to 7.6·10-7 
mol/m2 respectively. pH adjustments were 
done in small steps by addition of CO2-free 
NaOH. The suspensions were shaken 
periodically for 7-10 days to reach sorption 
equilibrium. After the equilibration time the 
samples were centrifuged at 18 000 rpm and 
the aluminum and europium contents were 
analyzed in the supernatant with ICP-MS. 

TRLFS study 

All samples samples were prepared in a glove 
box in 0.1 M NaClO4 with α–Al2O3 powder, 
bayerite and gibbsite concentrations of 0.5 g/l 
and a curium concentration of 2·10-7 M 
respectively.  

Results and discussion 

Corundum powder – characterization and 
Eu(III)/Cm(III) sorption 

SEM pictures show a homogeneous 
microstructure with spherical particles but 
undefined crystal planes with an average 
particle size of 200 nm (Fig. 1), the specific 
surface area of the platelets was determined to 
be 14.5 m2/g.  

The value for the isoelectric point (IEP), 
measured by micro electrophoresis is 9.8 in 
NaClO4 and 10.2 in NaCl (Fig. 2). These 
values are in good agreement with previous 
IEP measurements in different electrolytes [7]. 

Under the experimental conditions Eu(III) 
sorption starts at pH > 4 at low Eu(III) concen-
trations and slightly above pH 5 at higher metal 
ion concentrations (Fig. 3). At these pH values, 
the surface is positively charged, indicating the 
formation of an inner sphere surface complex. 
A shift in the pH edges with increasing Eu(III) 
concentration is observed, which may be due 
to surface saturation effects and different 
surface binding sites. In case of gibbsite, the 
pH shift was also observed, but only at higher 
metal ion concentrations. 

 
Fig. 3: pH edges for sorption studies onto α–Al2O3 
powder with Eu(III) 

Normalized emission spectra characterising 
Cm(III) sorption onto α–Al2O3 powder at vari-
ous pH are shown in Fig. 4. Sorption starts at 
pH > 4 with the appearance of a shoulder in 
the emission spectrum at ~ 600 nm, which is 
also observed for curium sorption on γ-Al2O3 
by Rabung et al. [2]. This peak was explained 
to arise from a curium inner-sphere complex 
bound to the oxide surface in a monodentate 
fashion. Increasing the pH from 4.0 to 7.0 is 

 
Fig. 2: ζ - potential of 1g·L-1 α–Al2O3 in NaCl and 
NaClO4 

 
Fig. 1: SEM picture of α–Al2O3 particles 

 
Fig. 4: TRLFS spectra of 2·10-7 mol·L-1 Cm(III) in 
aqueous α–Al2O3 powder suspension (0.1 M 
NaClO4) at various pH 
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accompanied by a further redshift of the spec-
tra, leading to a Cm(III) emission band at ~ 602 
nm. At pH 7.0, no Cm3+ aquo ion is present 
and the small variation in the spectra from pH 
7.0 to 10.0 is due to an almost constant 
species distribution in this range. Increasing 
the pH to 11.0, a Cm(III) emission band at ~ 
604 nm appears. As no peak deconvolution 
has been performed so far, the exact specia-
tion of sorbed Cm(III) cannot be given, but 
from the peak shifts, the presence of at least 
two Cm(III) sorption species is concluded. 

Bayerite – characterization and Cm(III) 
sorption 

XRD spectra indicate the synthesis of pure 
bayerite, while SEM pictures show 1-5 µm long 
rod shaped crystals together with small parti-
cles with mixed morphologies (Fig. 5). The 
BET surface area was determined to 14 m2·g-1, 
an isoelectric point IEP = 8.7 was obtained 
(Fig. 6). 

To gain a comparison of the sorption 
properties of the bayerite described above, 
sorption on a second bayerite sample, 
obtained from Fédoroff et al., is investigated. It 
was prepared through titration of an aluminate 
solution with HNO3 at 70°C to a pH value of 8. 
The BET area was determined to be 44 m2·g-1 

[6]. The TRLFS emission spectra for Cm(III) 
sorption on bayerite synthesised at INE and 
synthesized by Fédoroff et al. at various pH 
are shown in Fig. 7a and 7 b, respectively. 

Because of the relatively low point of zero 
charge observed for bayerite (pH 8.7) compa-
red to gibbsite (pH = 11.1), sorption starts at 
lower pH for bayerite (pH > 4), leading to a first 
sorbed Cm(III) surface species at ~ 600 nm. A 
gradual redshift of the Cm(III) fluorescence 
emission band with increasing pH is observed, 
indicating different Cm(III) surface sorbed 
species with emission peak maxima ranging 
from 602 to 606 nm. As no peak deconvolution  

has been performed so far, single component 
spectra cannot be given. In addition, as the pH 
is raised from 4 to 11, Cm(III) sorption is 
accompanied by precipitation of Al(OH)3 due to 
oversaturation, leading to a coprecipitated or 
incorporated Cm(III) species and a shoulder in 
the emission spectra at ~ 609 nm (clearly seen 
at pH = 10.0). A similar effect but much more 
pronounced was already observed for gibbsite. 

Similar results are obtained for Cm(III) sorption 
on bayerite obtained from Fédoroff et al (Fig. 7 
b). In this case, a freeze dried sample was 
used and has been equilibrated with the 
electrolyte solution only a few days before 
starting the sorption study. Under these 

 
Fig. 6: ζ - potential of 1g·L-1 bayerite  in NaCl 

Fig. 7: TRLFS spectra of 2·10-7 mol·L-1 Cm(III) in 
aqueous bayerite suspension (0.1 M NaClO4) at 
various pH. Top: bayerite synthesized at INE. 
Bottom: bayerite obtained from Fédoroff et al.  

 
Fig. 5: SEM picture of bayerite 
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experimental conditions the formation of the 
“incorporated” species was not observed.  

Cm(III) sorption onto gibbsite 

In earlier sorption studies on gibbsite, using an 
equilibrated gibbsite stock suspension at pH 
4.3, four different Cm(III) species were identi-
fied: the free Cm3+ aquo ion (593.8 nm), two 
surface species (603.0 and 605.2 nm) and a 
further species strongly red shifted (609 nm). 
The latter indicates the incorporation of Cm(III) 
into the Al-hydoxide structure by a dissolution 
/re-precipitation process due to oversaturation 
of Al(III) between pH 5 and 9 [5]. This assump-
tion was confirmed by a new experiment, 
starting with a gibbsite suspension at the 
solubility minimum (pH = 6.2), which was 
equilibrated four months before the Cm(III) 
sorption study (Fig. 8). 

The pH is increased and decreased, 
respectively, starting from pH = 6.2, in two sets 
of experiments. After equilibration of the 
gibbsite suspension at pH 6.2 and a 
subsequent increase or decrease in the pH, 
the formation of the 609 nm species is not 
observed, confirming the assumption that 
under these conditions an „incorporated“ 
Cm(III) species will not be formed (Fig. 9).  

The emission bands at 604 and 605 nm, 
indicating the first and second Cm(III) surface 
complex, are similar to those described in the 
literature [5].  

Streaming current/potential measurements 
of Eu sorption onto corundum single 
crystals 

As shown in Fig. 10 the ζ-potential of the 
corundum a-plane at pH around 5.7 obtained 
from streaming current/potential measure-
ments increases with the Eu concentration. It 
changes from negative (as in the absence of 
Eu) to positive values. This indicates strong 
adsorption of Eu to the surface, which is able 

to change the sign of surface charge. These 
data are complementary to previous investi-
gations [1].  

Fig. 11 shows the ζ-potential as a function of 
pH at constant Eu-concentration. Clearly the 
corundum a-plane is positively charged over 
the pH-range studied. In the absence of Eu, 
this plane has a pH of zero ζ-potential (or 
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Fig. 9: TRLFS spectra of 2·10-7 mol·L-1 Cm(III) in a 
gibbsite suspension (0.1 M NaClO4) equilibrated in 
the solubility minimum at various pH 

Fig. 8: Solubility diagram of aluminum 
oxides/hydroxides 
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Fig. 10: Zeta-potential of the corundum a-plane as 
a function of Eu-concentration at pH around 5.7. 
These data were obtained in collaboration with Ralf 
Zimmermann (IPF Dresden). 
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Fig. 11: Zeta-potential of the sapphire a-plane as a 
function of pH for 0.1 mM Eu-concentration (In 
collaboration with Ralf Zimmermann (IPF Dresden) 
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isoelectric point) around 4, which is signifi-
cantly lower than isoelectric points typically 
obtained with powders. The decline of the 
ζ-potential at pH < 3 is due to decreased 
adsorption of Eu at low pH and/or the 
enhanced shielding due to the increased 
concentration of monovalent anions (which are 
required to decrease the pH). pH values 
beyond 7 were not studied to avoid precipi-
tation of Eu phases on the single crystal 
samples. Similar results were obtained on 
other orientations of sapphire single crystals. 

The combination of spectroscopic results 
(TRLFS [1] and planned EXAFS measure-
ments), uptake information (auto-radiographic 
data) and zeta-potential data are expected to 
provide a unique information for understanding 
and quantifying the interaction of trivalent 
metal ions with such idealized surfaces.  

Conclusions 

Eu(III) sorption onto α–Al2O3 powder starts at 
pH > 4 by inner sphere surface complexation. 
Due to surface saturation effects and different 
surface binding sites, a shift in the pH edges 
with increasing Eu(III) concentration is obser-
ved. Results of the present TRLFS study show, 
with regard to surface speciation, some 
similarities in the sorption behaviour of curium 
on -alumina compared to bayerite. The 
spectra show the presence of at least two 
different Cm(III) surface species. pH depen-
dent dissolution and precipitation of gibbsite 
affects significantly the speciation of sorbed 
Cm(III). Equilibration of the gibbsite suspen-
sion in the solubility minimum at pH = 6.2 and 
increasing or decreasing the pH prevents the 
formation of the “incorporated” Cm(III) species 
and leads to the formation of two surface 
sorbed Cm(III) species. In a further step the 
evaluation of the fluorescence spectra is 
necessary, including the determination of the 
pure compound spectra and a detailed peak 
deconvolution and species distribution. By 
comparing the different Al-containing minerals, 
similarities and differences concerning their 
sorption properties can be extracted.  

Additional data were collected on sapphire 
single crystals. These data indicate strong 
interaction of Eu with a-plane samples. 
Combination of such data, with spectroscopic 
results and uptake data allows for model 
development and relating the results to 
observations made on powders finally will 
provide enhanced structural understanding.  
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4.3  Retention of radionuclides by secondary phase formation 
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Introduction 

Various secondary alteration phases may form 
during the geochemical evolution of stored 
high-level nuclear waste (HLW). Radionuclides 
(RN), which may have been released from the 
corroded HLW matrix, may bind to these 
secondary phases by several distinct retention 
mechanisms. Specifically, the RN incorporation 
into the bulk structure of host minerals may 
occur by coprecipitation or recrystallization of 
the dissolving matrix in aqueous systems. 
Such secondary phases may be mobile, in 
colloidal form, or immobile, thus enhancing or 
retarding the RN migration. The formation of 
an immobile solid solution represents a 
potentially efficient retention mechanism. A 
sound safety assessment for a HLW repository 
in deep geological formations consequently 
requires molecular-level understanding of the 
interaction processes of RN with secondary 
phases. The formation of actinide containing 
solid solution phases is currently investigated 
at INE for selected secondary phases by 
various spectroscopic techniques.  

An(III) – Ca2+ -bearing mineral phases 

Encouraged by promising results obtained for 
the interaction of trivalent actinides with calcite 
[1, 2], the question of the transferability of 
substitution mechanisms observed for calcite 
to other Ca2+-bearing mineral phases arises. In 
Eu3+ and Cm3+ doped calcite powders, three 
species have been identified: two structurally 
incorporated species and one surface sorbed 
species. We were able to show that 
incorporation of dopant cation takes place on 
Ca2+ lattice sites, having differing degrees of 
distortion. Coupled substitution with Na+ 
provides for charge compensation. 

In order to gain molecular-level mechanistic 
insight, two additional Ca2+-bearing mineral 
phases were investigated: aragonite and 
gypsum. All these mineral phases contain Ca2+ 
as the sole substitutable cation. Due to their 
similar size, any effect of ionic radii difference 
between Ca2+ and Cm3+ or Eu3+, which is often 
regarded as the key factor of solid solution 
formation [3], can be neglected. This has the 
advantage that determinant parameters 
controlling incorporation in these complex 
systems are more easily identified. 

Aragonite is – like calcite – a CaCO3 modifi-
cation, but with a different structure. While the 
Ca2+ lattice site in calcite is six-fold coordinated 

by carbonate oxygen atoms in an octahedral 
C3i point symmetry, the aragonite Ca2+ lattice 
site is characterized by nine-fold coordination 
by carbonate ions, resulting in a Cs point sym-
metry. The Ca2+coordination polyhedron in the 
gypsum structure is comprised of two mono- 
and two bidentate sulphate groups, as well as 
two crystal water molecules. The respective 
coordination environments are shown in Fig. 1. 

The study of trivalent cation incorporation into 
the aragonite structure directly probes the influ-
ence of structural parameters such as symme-
try and coordination numbers on structural 
compatibility. Especially coordination number 
is expected to have considerable impact, as 
nine-fold coordination is deemed optimal for 
trivalent actinides. The Cm3+/Eu3+ sulfate/water 
coordination in gypsum should be significantly 
weaker than that for carbonate in CaCO3 mine-
rals. This becomes evident upon comparing 
the first complex stability constant 0

1log  , for 

Eu3+ with CO3
2- and SO4

2-, 8.1 and 3.95, re-
spectively [4]. 

Experimental 

Aragonite and gypsum powders homogene-
ously doped with Cm3+ and Eu3+ were obtained 
from mixed-flow reactor experiments described 
elsewhere [5]. Note that ICP-MS analysis of 
the output solutions showed a lower Eu/Cm 
recovery (1%) for aragonite than for gypsum 
(29%), reflecting a macroscopic effect resulting 
from the weaker interaction of Eu3+ and Cm3+ 
with the sulfate mineral phase. The doped 
powders were investigated by means of time-
resolved laser fluorescence spectroscopy 
(TRLFS).  

Results and Discussion 

Fig. 2 (top) shows the excitation spectra of the 
7F0 → 5D0 transition of Eu-aragonite, Eu-
gypsum, and Eu-calcite. Both mineral phases 
exhibit only one fluorescence signal in this 

Fig. 1: Coordination environment of Ca2+ in 
aragonite (left) and gypsum (right). (Ca2+: blue, O2-: 
red, C4+: black, S6+: yellow, H+: white). 
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spectral range, corresponding to one dominant 
form of Europium interaction in each phase. 
We compare the peak positions in these 
spectra with those for the known Eu-calcite 
species (surface sorbed species A, and 
incorporated species B&C). The Eu-aragonite 
signal is found at 17,258cm-1, close to the Eu-
calcite incorporation species C signal at 
17,253cm-1. The Eu-gypsum species’ signal, 
however, is centered at 17,325cm-1, blue-
shifted even to the Eu-calcite surface sorption 
species A’s signal.  

The decay of the Eu3+ emission intensity with 
time is shown in Fig. 2 (bottom) for all hosts. 
The decay rates are linearly related to the 
number of water molecules in the first 
coordination shell of Eu3+ [6]. For Eu-aragonite 
k = 0.61ms-1 is found, corresponding to a 
complete loss of hydrated water. For Eu-
gypsum k = 5.03ms-1 correlates with 4.8 water 
molecules in the first coordination sphere, 
which can not be explained by the two crystal 
waters in the gypsum unit cell. Coordination by 
4-5 H2O molecules is, however, typical for 
“inner sphere” surface complexes [7, 8]. We 
conclude that Eu3+ is structurally incorporated 
into aragonite, but forms an inner-sphere 
surface sorbed species on gypsum. 

TRLFS investigations with Cm3+ doped 
aragonite and gypsum were conducted in the 

trace (below 1ppm) concentration region. The 
upper part of Fig. 3 shows the 8S7/2  6D7/2 

excitation spectra of Cm-aragonite, Cm-
gypsum, and Cm-calcite. In the case of Cm3+, 
the red shift of this transition, relative to that for 
the aquo ion, gives direct information about the 
coordination of the investigated Cm3+ species. 

Similar to the results for the Eu3+-doped mine-
rals, we observe a Cm-aragonite species 
fluorescence signal close to the Cm-calcite 
incorporation species signal at 16,320cm-1. 
The second peak in the Cm-aragonite spec-
trum corresponds to the excitation of the A2 
crystal field level of Cm3+. The Cm-gypsum 
signal, however, is at 16,591cm-1, which lies in 
between the region typical for sorption species 
(16,575cm-1 Cm3+ sorbed on kaolinite, 
16,526cm-1 Cm-calcite sorption species) and 
for the sulphate complex (Cm(SO4)3

3- at 
16,606cm-1) 

The fluorescence emission decay rates k, deri-
ved from the profiles shown in Fig. 3 (bottom), 
correlate to complete hydration loss for Cm-
aragonite and to 3.6 coordinated water mole-
cules for Cm-gypsum [9]. However, due to the 
very weak Cm3+ sorption on gypsum, this 
hydration number is only an estimate. Interpre-
tation of Cm3+ TRLFS results lead to the same 
conclusions as for the Eu3+ system. In arago-

Fig. 2: (top) Excitation spectra of the 7F0 → 5D0 
transition of Eu3+ doped aragonite, calcite, and 
gypsum recorded at T < 20K. (bottom) 
Fluorescence decay profiles of Eu3+ species in 
these minerals. 

Fig. 3: (top) 8S7/2  6D7/2 excitation spectra of Cm-
aragonite, Cm-gypsum, and Cm-calcite recorded at 
T< 20K. (bottom) Fluorescence decay profiles of 
Cm-gypsum and Cm-aragonite. 
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nite structural incorporation of Cm3 into Ca2+ 
lattice sites is observed, while on gypsum only 
inner-sphere surface complexes are observed 
(Fig. 4). 

These findings for aragonite are further 
substantiated by the high-resolution emission 
spectrum of Cm-aragonite, featuring a large 
splitting of the ground state into all four 
Kramers’ doublets of 66cm-1 in total. This 
corresponds to a strong coordination in a low 
symmetry environment, as expected for nine-
fold carbonate coordination with Cs point 
symmetry [10, 11]. Fig. 5 shows the emission 
spectrum after excitation to A1 (16,320cm-1), A2 
(16,461cm-1), and B1 (20,215cm-1), as well as 
the same splitting observed in the excitation 
spectrum itself. 

The difference in the interaction modes found 
for Ca2+-bearing aragonite and gypsum 
minerals unambiguously shows that similarity 
in ionic radii is not solely determinant in the 
formation of a solid solution; structural 
parameters such as coordination number, 
aquatic speciation and the anion binding 

strength play a key role. The mode of 
interaction, i.e. sorption vs. incorporation, 
however, will greatly influence the retardation 
capability of a mineral phase in a nuclear 
waste repository. Thus, a molecular-level 
understanding is essential for reliable 
repository long-term safety assessment. 

Np(V) – Calcite 

In on-going investigations to elucidate 
molecular processes leading to structural 
incorporation of Np(V) in calcite, activities in 
2008 focused on calcite surface charging 
properties and Np(V) sorption onto calcite. 

Experimental 

Phase analyses light scattering (PALS) and 
streaming potential / streaming current measu-
rements were used to measure the zetapoten-
tial of calcite in contact with aqueous solutions 
of varying composition. PALS measurements 
were performed using a Brookhaven Instru-
ments PALS Zeta Potential Analyzer. As 
calcite we used Merck p.a. calcium carbonate 
equilibrated with an aqueous solution and a 
gas phase. Solutions were composed of MilliQ 
water, NaCl, HCl, or NaOH, in order to reach 
an ionic strength of about 0.1 M and the largest 
possible pH spread. The gas phases CO2 
(log10p(CO2) = 0), air  (log10p(CO2) = -3.44), 
and N2 (log10p(CO2) = -5.2) were used. The 
suspensions were allowed to equilibrate until 
the pH predicted by thermodynamic modelling 
with PhreeqC [12] and the NAGRA/PSI 
thermodynamic database [13] was reached. 

Streaming potential and streaming current 
measurements were performed in an Anton 
Paar Surpass Electrokinetic Analyzer. In this 
case, solutions were not in equilibrium with 
calcite. Automatic titration procedures were 
used to adjust pH with HCl and NaOH, or to 
vary ionic strength, Ca2+, or CO3

2- concentra-
tion. Natural Iceland spar purchased from 
Ward’s Natural science was used in the mea-
surements as single crystals (freshly cleaved 
(104) faces) or as a coarse grained powder 
(grain size > 45 µm). Due to the low solid-to-
liquid ratios and the short contact time between 
solution and calcite, the change in solution 
composition due to calcite dissolution turned 
out to be negligible during the entire titration 
procedure. ICP-OES analyses of the solutions 
after the titrations showed that, even for titra-
tions down to pH ~5.5, Ca2+ concentration did 
not increase by more than 10-5 M. Using a 
procedure where the solution was in contact 
with the calcite sample just once and then 
discarded, did not significantly change the 
results. 

Batch type sorption experiments were carried 
out using a similar experimental setup as for 

Fig. 4: Schematic representation of the two 
interaction modes observed for trivalent f-elements 
(green) with aragonite (left) and gypsum (right). 
Eu3+/Cm3+ is shown in green, other designations as 
in Fig. 1. 

Fig. 5: Cm-aragonite (6D7/2  8S7/2 (Z1-4)) emission 
spectra recorded with high resolution at low 
temperatures (16K) after excitation to A1 (black), A2 
(red), and B1 (green). The excitation spectrum 
(blue) in the corresponding range is plotted for 
comparison. 
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the preparation of the solutions for the PALS 
zetapotential measurements, except that no 
acid or base was added to adjust pH; instead 
only CO2 -partial pressure was varied. The 
same gas phases were used, together with 
one additional mixture of N2 and CO2 with 
log10p(CO2) = -1.7. Sorption was investigated 
at four pH values: 6 (CO2), 7.2 (CO2/N2 
mixture), 8.3 (air), and 9.4 (N2). Merck calcium 
carbonate suprapur was used as calcite 
powder. Calcite, water, and gas phase were 
equilibrated prior to the sorption experiments. 
A NpO2

+ stock solution (pH 2.5, 0.005 M) was 
added to reach the desired initial NpO2

+ 
concentration. Seventy-two hours of reaction 
time were applied for the sorption isotherm 
determinations. The specific surface of the 
calcite powder was measured by N2-BET to be 
1.3 m2/g. Twenty-five mL of the equilibrated 
solution were added to 500.5 ± 0.5 mg calcite. 
Model calculations show that, in all the experi-
ments, solutions were undersaturated with 
respect to the relevant solid neptunyl carbona-
te phase, NaNpO2CO3·3.5 H2O (s). A detailed 
description of the experimental method can be 
found in Heberling et al. (2008) [14]. 

Results and discussion 

Results of the PALS zetapotential measure-
ments are shown in Fig. 6. The different 
colours indicate experiments in equilibrium with 
different gas phases. Red dots designate 
experiments in equilibrium with CO2, blue 
those in equilibrium with air, and green those in 
equilibrium with N2, which contained about 6 
ppm CO2. The shift in the point of zero zeta-
potential with change in CO2 partial pressure is 
clearly visible, from pH 6.5 in equilibrium with 
CO2, over pH 8.7 in equilibrium with air, to pH 
9.4 in equilibrium with N2.  

Results of streaming potential measurements 
on a polycrystalline sample during pH titrations 
at various Ca2+ concentrations are shown in 

Fig. 7. There is only a weak pH dependency of 
the zetapotential in non-equilibrium solutions 
(blue graphs in Fig. 2), but a decrease in 
zetapotential above pH 9.5 is observed. 
Between pH 9.5 and pH 5 the zetapotential 
remains near -17mV. Below pH 5 it increases 
rapidly, but dissolution also increases. 
Therefore these results are hardly reproducible 
and not quantitatively reliable and thus not 
shown here.  

The main obvious effect in Fig. 7 is that 
calcium sorption onto the calcite surface plays 
a major role in the zetapotential increase. This 
effect has often been reported in the literature 
[15-17]. At pH > 10 and c(Ca2+) > 0.5mM (see 
yellow, orange, and red curves) a strong 
increase in zetapotential is observed. This 
might be due to specific bonding of Ca2+ ions 
to the deprotonated calcite surface. This also 
could possibly explain the hysteresis between 
up and down titrations (i.e. increasing and 
decreasing pH). For example, the upper red 
curve shows the down titration using NaOH, 
while the lower red curve corresponds to the 
up titration using HCl. 

Additional experiments on single crystal 
surfaces, in which Ca2+ was added stepwise to 
the solution at constant pH and varying ionic 
strength, showed that at medium pH (between 
7 and 9) the zetapotential becomes zero at a 
Ca2+ concentration of about 3 mM. 

In equilibrium solutions the Ca2+ concentration 
increases with decreasing pH. The Ca2+ 
concentration in solutions in equilibrium with 
calcite reaches the point of zero zetapotential 
at different pH values, depending on CO2 
partial pressure: at pH 6.5 in equilibrium with 
CO2, at pH 8.3 in equilibrium with air, and at 
pH 8.8 in equilibrium with N2 containing 6 ppm 
CO2. Results of the streaming potential and 

Fig. 6: Results of the PALS zetapotential 
measurements, of calcite in contact with various 
solutions. I = 0.1 M, p(CO2) = 1 (●), p(CO2) = 10-3.44 
(●), and p(CO2) = 10-5.2 (●). 

 
Fig. 7: Streaming potential measurements during 
pH titrations performed on a polycrystalline sample 
at various solution concentrations of Ca2+: [Ca2+] = 
0 (■), [Ca2+] = 0.1 mM (■), [Ca2+] = 0.5 mM (■), 
[Ca2+] = 1 mM (■), and [Ca2+] = 5 mM (■). 
Background electrolyte: [NaCl] = 0.01M. 
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PALS are therefore qualitatively consistent in 
that an increase in Ca2+ concentration causes 
an increase in zetapotential. In order to attain 
quantitative agreement between PALS mea-
surements in equilibrium solutions and the 
streaming potential measurements, other 
effects such as surface and surface-water pro-
tonation and deprotonation, or carbonate and 
background electrolyte ion co-sorption must 
also be considered. This will be accomplished 
in the new surface complexation model for 
calcite which is currently under construction. 

Sorption isotherms of NpO2
+ on calcite are 

shown in Fig. 8 in the pH range 6.0 – 9.4. A 
small but significant pH dependence of the 
sorption was observed; the sorption is highest 
at pH 8.3 and decreases with increasing and 
decreasing pH. The difference in surface 
loading as a function of pH decreases with 
increasing NpO2

+ concentration. Extended X-
ray absorption fine structure (EXAFS) investi-
gation of a sample of NpO2

+ adsorbed to cal-
cite indicated that NpO2

+ sorbs to the calcite 
surface as an inner-sphere sorption complex. 
The low Np concentration in the sample, limi-
ted by the low solubility of NpO2

+ in the 
system, prohibited a detailed characterization 
of the sorption complex structure. Results of 
the EXAFS study can be found in Heberling et 
al. [14]. 

Fig. 9 depicts the NpO2
+ speciation distribution 

as a function of pH. Comparing Figs. 7 and 9 
show that at pH 6, where NpO2

+
(aq) species 

dominate in solution and the surface is positi-
vely charged, sorption is lowest. With increa-
sing pH sorption increases. This most likely 
reflects an increase of NpO2CO3

-
(aq) species in 

solution, which are expected to be attracted by 
the still positively charged calcite surface. 

Above pH 8.3, where NpO2CO3
-
(aq) becomes 

the dominant solution species, surface charge 
decreases. This probably causes the decrease 
in sorption. 

Surface complexation modeling of the surface 
charging properties will be supported by future 
crystal truncation rod studies of the calcite- 
water interface structure under varying pH and 
ionic strength conditions. These results, to-
gether with spectroscopic structural characteri-
zation of surface sorbed species, will facilitate 
reliable modelling of the pH and concentration 
dependence of neptunyl cation absorption on 
the calcite surface. Knowledge of the sorption 
behaviour is requisite to development of a 
molecular process understanding of subse-
quent structural incorporation. 

Ln(III)/An(III) – Clay mineral (hectorite) 

Clay minerals may be present as major sorbing 
solids in geological and engineered barriers in 
a HLW repository. They may form as 
secondary phases upon alteration of the HLW 
matrix over geological time scales in the 
presence of ground water. The formation of 
such alteration phases represents a significant 
retention potential for radionuclide, including 
actinides. Various distinct molecular-level 
binding mechanisms may operate. This study 
focuses on the coprecipitation of trivalent 
lanthanide cations, as non-radioactive, 
chemical homologues for actinides, with the 
clay mineral hectorite. This magnesian 
smectite was chosen as model system, since it 
has been frequently observed in HLW glass 
corrosion experiments[18]. 

Experimental 

Hectorite was coprecipitated in the presence of 
Lu(III) or Eu(III) [19]. Separately, Ln(III)-
containing Mg(OH)2 ((Mg/Ln) hydroxide) and 

Fig. 8: Isotherms resulting from the sorption 
experiments. Shown is surface load q [mol/g] vs. 
solution concentration c [mol/L]. Measured values 
(symbols) and Freundlich-isotherms (lines) are 
displayed for the four pH values investigated. All 
experiments are carried out with c(NaCl) = 0.1 M, 
and a calcite content of 20 g/L. 

Fig. 9: Species distribution of NpO2
+ in an sorption 

experiment with 20 g/L calcite and an initial NpO2
+ 

concentration of 1µM. Data taken from sorption 
isotherms in Fig. 8 and calculated with PhreeqC 
[12] and the Nagra/PSI thermodynamic database 
[13]. (■) adsorbed NpO2

+, (●) NpO2
+

(aq), and (▲) 
NpO2CO3

-
(aq). 
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Ln(III) sorbed silica gel (Ln/silica) were 
prepared as reference compounds. The 
formation of the (Mg/Ln) hydroxide and the 
condensation of the silica tetrahedral layers 
onto this precursor phase were identified as 
key steps in the coprecipitation experiments 
[20]. Different species associated with the 
synthetic hectorite and with steps in the 
synthesis procedure were characterized by low 
temperature TRLFS and EXAFS spectroscopy. 

Results and discussion 

TRLFS – The Eu(III) molecular environment 
was monitored at different stages of the 
hectorite multi-step synthesis procedure [21]. 
Excitation and emission data were collected by 
selective excitation of the 7F0→

5D0 transition 
for the (Mg/Eu) hydroxide and the Eu(III)-
doped hectorite (Fig. 10). The excitation spec-
trum indicates the presence of more than one 
species in each sample. For both compounds, 
the incorporation into a solid phase is 
supported by the emission spectrum shape.  

The presence of more than one species was 
corroborated from the emission spectrum 
shape modification with the excitation wave-
length. The fluorescence life time of 350  30 
µs indicates the presence of 2.5  0.5 H2O 
[22], or alternatively 5  1 OH- bound to Eu(III) 
in the (Mg/Eu) hydroxide in the precursor. A 
lifetime of 580  50 µs indicates the presence 
of 1.0  0.5 H2O or 2  1 OH- bound to Eu(III) 
in the hectorite. These values strongly suggest 
the presence of an oxygen coordinated 
octahedral site in both the precursor and the 
hectorite. An additional minor species 
associated with each compound, having lost its 
entire primary hydration sphere (lifetime of 
1700  100 µs for the precursor and 1890  
100 µs for the hectorite), was also observed.  

EXAFS – The Lu(III) coprecipitated hectorite 
and the (Mg/Lu) hydroxide were prepared as 

self-supporting film for EXAFS measurement. 
Structural information of the Lu(III) chemical 
environment was extracted from analysis of 
polarized EXAFS (P-EXAFS) data. P-EXAFS 
spectra were recorded at different angles  
between the mineral layer plane and the elec-
tric field vector of the X-ray beam [23]. Least 
square fits of the (Mg/Lu) hydroxide data to the 
EXAFS equations gave best results using a 
model of an oxygen shell at 2.27 Å, comprised 
of ~6 atoms (Fig. 11). This result suggests that 
Lu(III) is located in an octahedral brucite-like 
environment. An additional Mg shell containing 
~2 atoms was detected at 3.29 Å. The 
decrease in apparent coordination number for 
both the O and the Mg shells with increasing  
values supports Lu(III) incorporation in strained 
brucite layers. The quality of the fit increased 
when an additional C shell at 2.83 Å is 
included, possibly suggesting the presence of 
a carbonate species. 

Data analysis of P-EXAFS data collected for 
the doped hectorite reveal that Lu(III) is located 
at a sixfold oxygen coordinated lattice site. A 
second shell of Mg and Si atoms with interato-
mic distances of 3.12 and 3.37 Å, respectively, 
has been identified. This shell exhibits a low 
angular dependence on Mg and Si coordina-
tion numbers, suggesting interference of oscil-
lations from backscattering atoms located in-
plane (Mg) and out-of-plane (Si). These data 
strongly suggest that lanthanide cations are 
located in a strained clay-like environment. 
Again, a C shell detected at 2.87 Å may 
indicate the presence of a carbonate species. 

Structural information was also obtained from 
P-EXAFS data collected for Lu(III) ions sorbed 
onto hectorite (Fig. 12). The results indicate a 
splitting of the oxygen shell in two subshells 
located at 2.23 and 2.35 Å, containing ~3 and 
~5 atoms, respectively. This splitting indicates 
different Lu-O bonds, e.g., coordinating  
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O atoms belonging to water molecules and 
other O atoms bound to the sorbent surface. 
The five atoms located at 2.35 Å are likely 
those associated with water ligands, as this 
coordination number is typical for hydration 
number of Ln(III) ions forming inner-sphere 
surface complexes [24]. This topological 
analysis suggests that Lu(III) binds to the layer 
edges.  

The structure of Lu(III) ions sorbed onto silica 
were also characterized from powder Lu L3 
edge EXAFS data (Fig. 12). A first coordination 
O shell containing 5-6 atoms was detected at 
2.22 Å. The next nearest FT peak can be 
modeled using two Si shells located at ~3.0 
and ~3.8 Å. These distances likely originate 
from Lu(III) binding to the edges and to the 
corners of the Si tetrahedra, respectively. 
Based on the data collected for these sorption 
experiments, the formation of such Lu(III) 
surface complexes during the coprecipitation 
experiments may be ruled out. 

Conclusion and outlook 

Different species associated with the Ln(III) 
coprecipitated hectorite and the species 
formed as steps in the hectorite synthesis 
procedure were characterized. TRLFS data 
(Eu) combined with EXAFS results (Lu) 
indicate that the lanthanide cation is located in 
an octahedral environment in the (Mg/Ln) 
hydroxide precursor, as well as in the Ln(III) 

coprecipitated clay mineral. Furthermore, the 
extent of incorporation may be limited, as 
suggested by the formation of carbonate 
species detected by EXAFS spectroscopy. 
This carbonate species may correspond to the 
dehydrated species detected by TRLFS. 

This study shows that the clay mineral neofor-
mation by reaction of clay minerals with water 
opens the possibility to structurally incorporate 
f-elements by coprecipitation. The thermodyna-
mic stability of this secondary phase remains 
to be verified. These results will help to deve-
lop robust models for the safety analysis of a 
nuclear repository, in particular by considering 
trace element incorporation in host minerals 
via coprecipitation or recrystallization in 
aqueous systems. 
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5 Applied Studies: Radionuclide retention in the multi-barrier 
system 

In this chapter, application-oriented studies of radionuclide retention in multi-barrier systems of nuclear 
waste repositories are presented. Different to the previous chapter, studies described here focus on 
the radionuclide behaviour in complex systems close to the “real” repository components. Even if the 
"isolation" is the most probable evolution of HLW/spent nuclear fuel repository, a possible "what-if" 
scenario is the penetration of groundwater to the wastes. In this case, interactions between the wastes 
and the aquatic systems need to be understood. Specific interest is attributed to changes the 
properties of water by radiolysis influencing the corrosion of spent fuel under deep repository 
conditions. The applied studies contribute to the safety assessment of the planned closure concepts of 
the Asse II salt mine. It covers the determination and application of thermodynamic and sorption data, 
selection and optimization of backfill materials, derivation of robust source terms for performance 
assessment modelling and related modelling studies. The demonstration of the applicability of 
geochemical methods and evaluation of their reliability is a decisive for the Safety Case. In the case of 
granite as host rock, bentonite is used as buffer material which probably comes in contact with water 
conduction features. In a scenario of glacial water intrusion, a high erosion of bentonite buffer is 
presently discussed in Sweden. In this case, an impact of colloids on radionuclide migration cannot be 
excluded and is to be addressed in SKB's Safety Case. Natural organic matter, such as humic and 
fulvic acid occur in many host rocks and exhibits a strong poorly understand interaction with 
radionuclides. Presently, the main issue is the characterization of mineral associated organic matter 
which might be an approach to explain the observed discrepancies between laboratory data and the 
predictive modelling of ternary systems. Modelling completes the applied radionuclide retention 
studies. In this field, the evaluation and improvement of thermo-mechanical-hydrological modelling 
capabilities to be used for rock salt are studied and the modelling of the hydro-mechanical processes 
around an excavation in a clay formation. Also the fluid flow and the correlated solute transport in a 
single fracture from the Äspö HRL granite is modelled by finite element methods. 

5.1 Key processes influencing corrosion of spent nuclear fuel 
A. Loida, V. Metz, M. Kelm, E. Bohnert, N. Müller, E. Soballa, D. Schild and  B. Kienzler   

 

Introduction 

The disposal in deep bedrock repositories is 
considered as the preferred option for the 
management of spent nuclear fuel, SNF, in 
many countries. Though, geological or geo-
technical barrier systems may prevent to some 
extent groundwater contacting the fuel, 
intrusion of solutions into disposal rooms has 
to be taken into account in long-term safety 
analyses of a SNF repository. The corrosion 
behaviour of the fuel is influenced by a variety 
of factors such as radionuclide inventory, 
resulting dose rates, temperature, groundwater 
composition, pH and redox potential. As long 
as concentrations of inhibitors such as H2 are 
sufficiently low, aqueous solution in contact 
with spent nuclear fuel could radiolytically 
produce oxidants to convert the relatively 
stable UO2(s) matrix of SNF into much more 
soluble U(VI) and thus promotes radionuclide 
release. Corrosion of Fe-based waste 
containers will result in strongly reducing 
conditions  and high hydrogen concentrations. 
SNF leaching tests and radiolysis experiments 
indicated that hydrogen both considerably 
inhibits corrosion of the UO2(s) matrix and 
impedes radiolytic decomposition of the 
studied groundwater simulates [1]. Additionally, 

recent studies on the behaviour of alpha-doped 
UO2(s) under reducing alkaline conditions 
show a strongly inhibited UO2(s) corrosion [2]. 
However, a mechanistic understanding of the 
inhibition effects of reducing / hydrogen rich 
conditions on SNF corrosion is missing.  

Our research program focuses on the effect of 
the geochemical environment on radiolysis 
induced corrosion of the SNF matrix as well as 
on the consecutive radionuclide release and 
retention processes. In the following, our 
present studies (i) on the hydrogen effect on 
radiolysis of chloride bearing aqueous 
solutions and (ii) on SNF corrosion under 
reducing alkaline conditions are described. 

Interaction of hydrogen with radiolysis 
products in 0.1 and 1.0 molal NaCl 

The effect of H2 on radiolysis induced corro-
sion of spent nuclear fuel is of major concern in 
a series of recent modelling studies (e.g. [3-5]). 
However, the widely used radiolytic reaction 
scheme of Sunder and Christensen (updated 
by Kelm and Bohnert) [6, 7] does not account 
accurately the effect of hydrogen on the pro-
duction and recombination of radiolytic radicals 
and chloride radiolysis products [5]. Using 
pulse radiolysis experiments and published 
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reaction constants, we are in the course of 
correcting the radiolytic reaction scheme [6, 7].  

Materials and methods of pulse radiolysis 
experiments 

The effect of H2 on radiolytic decomposition of 
0.1 and 1.0 molal NaCl solutions was monitor-
red by measuring the temporal evolution of the 

Cl2
-·

 radical in pulse radiolysis experiments. In 
corporation with E. Janata (HMI) these mea-
surements were conducted by M. Kelm (INE) 
at the 3.8 MeV pulsed Van der Graff electron 
accelerator facility ELBENA at the Hahn-
Meitner-Institut, Berlin. In order to determine 
the effect of an elevated hydrogen partial pres-
sure on radiolysis, we developed a pressurized 
flow-through cell (Fig. 1), which was integrated 
in the ELBENA pulse radiolysis apparatus.  

At ambient temperature, we irradiated the NaCl 
solutions at H2 concentrations of 0 – 0.07 mol 
(kg H2O)-1. Concentrations of primary radiolysis 
species, were controlled by variation of pulse 
duration and solution composition (H2, N2O 
and H+). Duration of the electron pulses ranged 
from 5 to 50 ns. In order to vary the ratio of 

solvated electrons to OH
·
 radicals, 0.003 - 

0.026 mol N2O (kg H2O)-1 was added; pH was 

fixed by adding 5·10-4 and 3.2·10-3 mol HCl 
(kg H2O)-1, respectively. Solutions were 
equilibrated with hydrogen and N2O prior to 

measurements. Optical absorption of Cl2
-·

 was 
measured at its absorption peak of 340 nm, 
where it is the only strongly absorbing species 
in the system. Raw data were averaged from 
10 to 25 individual experiments  and recalcu-
lated into molar absorptivity () versus time.  

Experimental results and kinetic 
simulations 

Pulse radiolysis measurements indicate a 
significant dependence of Cl2

-· absorbance 
(expressed in units of absorptivity as proxy for 

Cl2
-· concentration) on pulse duration as well 

on concentrations of H2 and Cl-. Exemplary 
results for the effect of H2 on the radiolytic yield 
of Cl2

-· are shown in Fig. 2. Within few micro-
seconds after irradiation, Cl2

-· absorptivity 
reaches a maximum. Afterwards the value of 
decreases as Cl2

-· is involved in consecutive 
chain reactions and recombination reactions. 
At high H2 concentration the radiolytic yield of 
Cl2

-· is relatively small compared to hydrogen 
free conditions (Fig. 2).  

Taking into account concentrations of primary 
radiolysis species, the temporal evolution of 
radiolysis products and the resulting absorp-
tivity of Cl2

-· 
was simulated using the 

Macksima Chemist code [8]. The underlying 
scheme of 31 reactions was derived from the 
kinetic database of The Radiation Chemistry 
Data Center of the Notre Dame Radiation 
Laboratory and recent pulse radiolysis 
publications. There is a considerable scatter in 
published rate constants of the critical reaction 
Cl2

-· + Cl2
-· = Cl3

-· + Cl- (0.2 - 4·109 L (mol s)-1). 
Based on Cl2

-· production / consumption 
kinetics measured in our experiments, we 
derive a rate constant of 5.2(±1.0)·108 L 
(mol s)-1 for reaction Cl2

-· + Cl2
-· = Cl3

-· + Cl- at 
ionic strength I = 0 molal. Within error, this 
value is equal to the rate constant, 
6.8(±1.0)·108 L (mol s)-1, determined by Lierse 
et al. [9].   

Conclusions 

With respect to the studied conditions, simu-

 
Fig. 1: Pressurized flow-through cell for pulse 
radiolysis measurements at elevated pH2. 

Fig. 2: Variation of absorbance expressed in units 
of absorptivity () of Cl2

-· as function of time (log 
scale) in experiments and simulations with 0 and 
0.07 M H2 concentration in 0.1 molal NaCl solution. 
Curves with filled triangles and squares denote 
modeling results for hydrogen free and 0.07 M H2, 
respectively. 
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lations agree well with measurements of our 
pulse radiolysis experiments. The observed 
agreement between simulations and experi-
mental results demonstrates the reliability of 
the applied kinetic data. Therefore we propose 
to update and correct the widely used radiolytic 
database [6, 7] with respect to 

 four rate constants for reactions of 
hydrogen atoms and hydroxyl radicals in 
H2O and  

 six additional rate constants for reactions 
of hydrogen atoms, hydroxyl radicals and 
chloride species in aqueous solution. 

The update in rate constants influences 
simulations of radiolysis in chloride bearing 
aqueous solutions with low LET radiation or 
with mixed radiation fields rather than 
simulations of alpha radiolysis enhanced spent 
fuel corrosion in pure water. 

Corrosion behaviour of spent nuclear 
fuel in high pH solutions 

The Belgian “Supercontainer Design” 

In Belgium, the planned design for final dispo-
sal of SNF is in a “supercontainer” in the Boom 
Clay formation.  This concept comprises the 
encapsulation of the spent fuel containers in a 
carbon steel overpack surrounded by concrete 
[10]. After saturation of the engineered barriers 
by porewater, the groundwater composition will 
be changed by interactions with concrete. The 
main compounds of the altered groundwater 
will be NaOH, KOH and Ca(OH)2 , while the pH 
will be shifted to high alkaline regions. Only 
after this process, the SNF could come in 
contact with the high alkaline solution, resulting 
in production of oxidizing and reducing radio-
lysis products. There is an ongoing discussion 
about the radiolytic yield of primary radiolysis 
products in alkaline media. In their review, 
Ferradini and Jay-Gerin [11] demonstrate that 
experiments of various authors on the effect of 
pH on radiolysis give contradictory results.  

Thus, the present study is focused on the cor-
rosion behaviour of high burnup SNF exposed 
to high alkaline solution. The used high alka-
line solution is representative for the Belgian 
"Supercontainer Concept". Special attention is 
directed on important processes which may 
control radionuclide release from the SNF into 
a contacting aqueous solution: (1) kinetics of 
corrosion of the SNF matrix, (2) formation of 
secondary alteration products / (co-)precipita-
tion processes limiting solubility, (3) sorption 
on surfaces of near field materials and (4) 
colloid formation. It depends strongly on the 
chemical nature of the nuclide and on environ-
mental conditions, which of these processes is 
dominant. The impact of the corrosion products 

from the iron based container is considered in 
one of the experiments by adding metallic Fe 
chip and magnetite granulate. 

Experimental approach 

High burnup LWR-UO2 SNF from the PWR 
power plant Gösgen, Switzerland, burnup of 50 
400 MWd/tHM was used for the experiments. 
More details are given in reference [12]. Two 
SNF slices, denoted “K11a” and “K11b” were 
prepared for the corrosion experiments. In both 
cases, an “evolved cement water” (ECW), 
representing an advanced stage of concrete 
alteration without carbonate was applied. The 
pH value was 12.5. It was produced in an inert 
gas box by using NaOH, KOH and Ca(OH)2 as 
defined by SCK•CEN [13]. The influence of the 
corroding Fe based container was simulated 
by adding a Fe chip and 773 mg magnetite 
granulate in one of the experiments. The 
experiments were started after 3 wash cycles 
(complete replacement of the solution) after 78 
days. Both experiments were performed in 250 
ml Ti lined stainless steel autoclaves running 
over totally 463 days  under Ar atmosphere. To 
study the reaction progress, the free gas phase 
and the solution were sampled and analyzed 
after 16 d, 50 d, 76 d (wash cycles), 142 d, 232 
d, 347 d, 463 d after start of the experiments. 
Detailed descriptions of the sampling and 
analytical procedures are given in [12]. After 
termination of both experiments, the solid 
materials (fuel samples, metal chips and 
magnetite granulate) were studied by means of 
light optical microscopy, SEM/EDS and Raman 
spectrometry. 

Results and discussion 

Release of radionuclides 

The releases of the radionuclides 85Kr, 137Cs, 
90Sr, 239/240Pu, 241Am, 238U and 237Np obtained 
during the entire experiment “K11a” (cleaning 
and wash cycles including) is shown in terms 
of FIAP/FIGP1  values as a function of time in 
Fig. 3.  

In the K11a experiment, 137Cs shows an 
increase from 1x10-3 to 4x10-3. The FIAPCs 
values and their time dependence  are found 
tobe in a similar range and course as observed 
for the fission gas 85Kr (FIGPKr  1.4x10-3 to 
1.5x10-2).  

Under these conditions, the progress of matrix 
dissolution may be indicated by the release of 
Sr. In the absence of carbonate, Sr is assumed 
to be completely dissolved. The released frac-
tions of Sr are found to be slightly increasing 
from 1.6x10-5 up to 5x10-5 (“K11a”), which is 

                                                      
1 FIAP: Fraction of the inventory in the aqueous phase;  
   FIGP: Fraction of the inventory in the gas phase 
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about two orders of magnitude lower than the 
releases of Cs and Kr.  The released fractions 
of other matrix bound radionuclides (U, Pu, 
Am, Np) are found to be distinctly lower indica-
ting a strong retention. In both experiments 
“K11a” and “K11b+Mt/Fe-Chip”, the fraction of 
dissolved U (FIAPU) is found to be about three 
orders of magnitude below the  FIAPSr. The 
fractions of Am, Np and Pu released into the 
solution are found to be at least two orders of 
magnitude below the FIAPSr values. 

In the presence of magnetite/Fe chip no 
significant deviation of the release behaviour of 
the considered radionuclides is measured. 

Solution concentrations 

The solution concentrations of Cs, Sr, Am, Pu, 
Np and U found in ECW at pH 12.5 obtained 
due to the end of the static test in both 
experiments “K11a” and “K11b+Mt/Fe” are 
compiled in Table 1. The concentrations of 
actinides are found to be close to (U) or below 
the detection limit (Am, Np, Pu). U Concentra-
tions below 10-8 M at pH 12.5 may indicate a 
solubility controlling solid phase. 

Matrix dissolution rates 

To assess the matrix dissolution rate, the 
release of Sr from the SNF inventory into the 
solution is used as matrix degradation monitor 

[12, 14]. It is assumed that the released Sr 
does not participate essentially in 
precipitation/sorption processes on the vessel 
wall, on the added magnetite and on the 
surface of the fuel sample. In the absence of 
carbonates, is not expected that Sr forms solid 
phases under these conditions. As dissolved 
[Sr] in solution is about the same in both 
experiments, it is assumed that no significant 
fractions of Sr are retained upon the surface of 
the magnetite and the Fe chip. Thus, the 
amount of Sr measuered in the solution during 
the related time interval is considered to reflect 
the dissolution progress of the fuel matrix. In 
the course of the wash cycles the matrix 
dissolution rates are found to be decreasing 
from 6x10-6 per day down to around 10-7 per 
day until the second sampling of the static test. 
Afterwards it remains constantly around 10-7 
per day during the residual static phase of both 
experiments “K11a” and “K11b+Mt/Fe”. The 
rate is found to be almost the same in the 
absence and in the presence of Fe-based 
container material (magnetite granulate/Fe-
chip) as well.  

For additional comparison: Matrix dissolution 
rates obtained in the course of several 
international spent fuel corrosion studies in 
various types of groundwater from Swedish 
(SKB), US-American (PNL), Canadian (AECL) 
and German (FZK-INE; EU-project) spent fuel 
corrosion studies were found to be scattering 
in the range between 10-6/d and 10-7/d after 
about 500 days [15] as shown in Fig. 4. The 
FIAPSr based matrix dissolution rates of the 
present experiments “K11a” and “K11b+Mt/Fe-
chip” in ECW are found to be at the lower side 
of this scattering range. 

Investigation of solid material 

Light optical microscopic investigations on the 
corroded spent fuel samples show on both 
surfaces reaction layers. Light optical 
micrographs from both spent fuel samples 
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Fig. 3: Release of radionuclides during cleaning in 
DIW, the wash cycles and during the phase of static 
corrosion of spent fuel sample K 11a in ECW water 
at pH 12.5 in terms of FIAP/FIGP values as a 
function of time 

Tab. 1: Solution concentrations of radioelements at 
the end of spent fuel corrosion in the 
absence/presence in ECW at pH 12.5 (total time 
since start of the static test: 378 days) in Mol/l. 

 K11a K11b +Mt/Fe 

Cs 2.2x10-6 2.0x10-6 

Sr 1.3x10-8 1.2x10-8 

Am <3.1x10-11 <3.1x10-11 

Pu <3.1x10-10 <3.1x10-10 

Np <2.9x10-11 <2.9x10-11 

U 5.9x10-9 4.9x10-10  
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Fig. 4: Matrix dissolution rates derived from the Sr 
release in terms of FIAPSr/d as a function of time in 
various groundwaters [15] and the present SNF 
corrosion studies.  
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K11a and K11b are shown in Figs. 5 and 6. 

Similar reaction layers are present on the 
surface of the metal chips, added during the 
corrosion experiment. SEM/EDS analyses 
show that the main elements of these reaction 
layers are Ca and O. In some cases a ratio Ca 
to O of 0.5 is found, the same as in the mineral 
phase portlandite (Ca(OH)2). The occurrence 
of this phase can be associated to the 
relatively high Ca concentration and pH in the 
ECW groundwater. The SEM micrograph of 
Fig. 7 shows a part of the surface of the Ti chip 
present in the K11a experiment. On the 
surface a white coloured agglomeration 
consisting mainly of Ca and O is present, too.  

By means of Raman spectrometry performed 
upon the surface of this layer the presence of 
CaCO3 is identified. This finding may be 

associated to carbonate uptake by (wet) 
portlandite (Ca(OH)2) during preparation and 
handling in air after termination of the corrosion 
experiment. 

Fig. 8 shows an overview of a grain of the 
magnetite granulate, which was stored 
commonly with the SNF sample K11b. The 
indicated part of the magnetite grain is shown 
at higher resolution. This picture reveals that 
the surface of the magnetite is covered by 
particles of reaction products. The composition 
of the large particle of the right image is 
determined by means of EDS to Ca 25 atom%, 
O 47 atom % and Fe 27 atom %. The Fe signal 
may be explained by the presence of the 
magnetite substrate. The ratio Ca/O is similar 
to portlandite (Ca(OH)2), however, the oxygen 
signal is not calibrated. In the case of 
magnetite (Fe3O4) accounting for the Fe signal, 
the oxygen concentration is expected to be 
higher. 

Summary and conclusions 

During anoxic corrosion of high burnup SNF in 
highly alkaline ECW groundwater at pH 12.5 
the matrix dissolution rates (derived from Sr 
release) are found to be around 10-7 per day. 
These rates are fairly low and also in good 
agreement with reference experiments from 
various international research programs. This 
finding indicates that the yield of oxidizing α-, 
β-, γ- radiolysis products in highly alkaline 
solutions appears to be similar as found under 
near neutral conditions. Strong retention 
effects of actinides upon the solid phases 
present in the system are indicated by both, 
solution concentrations close to or below the 
detection limit and by the FIAPactinide values up 
to three orders of magnitude below the FIAPSr 
values. Related processes may be sorption, 
precipitation and formation of new secondary 
phases as well. Reaction layers investigated 
onto the metal chips and magnetite grains 
consist of the ECW groundwater component 
Ca and of O. The layers cover almost the 
entire surfaces of the fuel. These layers might 
be the reason for the low dissolution rates and 
the strong retention of actinides. An additional 
effect of the reaction layers might also be an 

 
                                  1mm 

Fig. 5: Light optical micrograph of the corroded 
spent fuel sample K11a (no magnetite/Fe)
 

 
                                             1mm 

Fig. 6: Light optical micrograph of the corroded 
spent fuel sample K11b (presence of magnetite/Fe) 

    
Fig. 8: SEM micrograph of a magnetite grain 
(experiment  “K11b+Mt/Fe”) (left) and a Ca rich 
particle, a reaction product upon the magnetite 
surface. 

     
Fig. 7: SEM micrographs of reaction products 
detected on a Ti chip in the  K11a experiment at 
various resolutions 

Cladding 

Spent fuel,       
rim area  

Spent fuel, 
central area  

Ti chip 
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impediment of the interaction between 
oxidizing radiolysis products and the fuel. 

No significant enrichments of radionuclides are 
detected on the chip or grain surfaces by 
means of various surface characterization 
methods. The presence of Fe based container 
corrosion products, i.e. magnetite granulate 
and Fe- chips in the course of the static phase 
of the experiment provides no significant 
measurable effect. In both experiments, the 
matrix dissolution rates and the solution 
concentration of actinides are found to be 
almost identical. This observation is found to 
be in agreement with results obtained from 
similar experimental studies using (α-doped) 
UO2 in high alkaline solutions in 
absence/presence of magnetite/Fe-chips 
performed by SCK•CEN [13].  
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5.2 Geochemical Safety Assessment for the Asse Salt Mine 
B. Kienzler, V. Metz, J. Lützenkirchen, A. Bauer, M. Plaschke, S. Hilpp, T. Kisely, M. Schlieker, 
E. Soballa,  

 

Contributions to the Final Closure of 
the Asse II Salt Mine 

The final closure of the Asse II salt mine is a 
major national project with respect to 
radioactive waste management. INE's 
research contributes to the safety assessment 
of the planned closure concepts. Originally, the 
mine was excavated for rock salt and potash 
salt production. Between 1965 and 1978, the 
mine was used to investigate and demonstrate 
the safe underground disposal for low and 
intermediate level radioactive wastes. Until 
1978, about 126000 drums of solidified waste 
forms were disposed off. The total radioactive 
inventory amounts to about 1015 Bq of fission 
and activation products (presently) and a 
significant amount of -emitters, e.g. ~100 t U, 
~87 t Th and ~12 kg Pu [1]. The waste forms 
cover cemented NaNO3-bearing concentrates 
from reprocessing, operational wastes and 
activated metals from LWRs, as well as scrap 
metal, demolition wastes and a variety of 
organic materials. Most of the wastes were 
solidified by cementation. Thus, about 30000 t 
of hardened Portland cement is present in the 
emplacement caverns. In 2008 the German 
government decided to treat Asse as a 
repository in future. Since 2009, the 
responsibility for the operation of Asse has 
been transferred to the Federal Office for 
Radiation Protection (BfS). 

Today the Asse mine faces a major problem: 
Intrusion of about 10 m3 d-1 NaCl-rich brine into 
the mine has been observed for several years 
up to now. Within the Asse salt dome, soluble 
Mg salts are present in some areas close to 
emplacement caverns. It is expected that the 
NaCl-rich brine will get into contact with MgCl2- 
and MgSO4-rich salts. Dissolution of Mg salt 
bodies would have serious consequences for 
the mechanical stability of the mine: The mine 
is threatened by collapse.  

Since 10 years, INE has been performing R&D 
with respect to the long-term safety of the Asse 
salt mine. Brine intrusion is considered in the 
final closure concept developed by the former 
operator of the Asse salt mine. One option to 
stabilize the mine openings is to backfill the 
void space partly with Mg(OH)2-rich material 
and to deliberately flood the remaining pore 
volumes with MgCl2–rich brine, which is in 
chemical equilibrium with both the relevant Mg 
salts and rock salt [2]. Thus, MgCl2-rich brine 
will be in contact with the disposed waste  

forms and chemical reactions among salt 
solutions and minerals, components of the 
waste matrix, backfill materials, technical 
barriers and the RN will occur. Cement 
corrosion is fast in terms of equilibration time. 
Degradation of organic waste components by 
microbes under consumption of residual 
oxygen and subsequently nitrate and sulphate-
rich waste components may result in 
production of carbonate species. These 
processes affect the geochemical environment 
and the RN source term and have to be 
evaluated.  

Within several projects, the following items are 
quantified at INE, both by geochemical 
modelling and by various experimental 
approaches: 

- Determination of thermodynamic data 
required for modelling the actinide solu-
bility in concentrated electrolyte systems 
and comparison of geochemical calcu-
lations to experimental data in the complex 
site-specific solutions. 

- Determination of sorption data based on site 
and scenario specific considerations for 
application to performance assessment 
calculations in terms of Kd-values pertaining 
to the emplacement rooms. A range of 
materials, solutions and radionuclides has 
been studied. Furthermore, the variation of 
solid to liquid ratio and the effect of 
complexing agents such as EDTA have been 
investigated. Special focus is given on the 
need to develop (i) more mechanistic 
understanding of sorption processes in 
complex systems (ii) more complete sorption 
data sets and (iii) pragmatic sorption models 
capable of handling high salt concentrations. 

- Selection and optimization of backfill 
materials to keep pH and the concentration 
of CO3

2- within favourable ranges (low 
solubility of actinides by suppression of 
hydroxo/carbonato complexes and 
favouring strong retention of RN to the 
sorbing solid phases). 

- Derivation of robust source terms for PA 
(specific for each emplacement room). 

- Demonstration of the applicability of 
geochemical methods and evaluation of 
their reliability. 

- Modelling of the geochemical environment 
and comparison with results obtained from 
laboratory studies and experiments 
performed at the ‘waste product scale’, i.e. 
long-term leaching experiments. 
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In many cases, performance assessment (PA) 
for nuclear waste disposals is mainly based on 
transport processes and frequently neglects 
significant safety factors by overestimation of 
radionuclide mobilization and underestimation 
of radionuclide retention processes. To include 
well understood geochemical knowledge into 
PA, the quasi closed system approach (QCS) 
was developed and applied successfully in the 
scope of safety assessment for the LLW 
disposal in the Asse salt mine [3]. In order to 
provide confidence into the QCS approach, 
comparisons of modelling results with data 
from long-term experiments are required. 

Long-term leaching experiments with 
full scale cemented waste forms 

Relatively good data sets exist from leaching 
experiments which were started in the 1970s in 
Forschungszentrum Karlsruhe and the Asse 
salt mine. The aim of the experiments was to 
evaluate the applicability of results obtained by 
investigations of laboratory samples to real 
size waste forms and to evaluate the effects of 
the technical production process. For this 
reason full-size cemented waste simulates 
were prepared and immersed in saturated 
NaCl or MgCl2 solutions, respectively. Table 1 
shows the characteristics of the experiments 
under investigation. 

Until 2006, only corroding solutions could be 
sampled and analysed. The results are 
published [4, 5]. In 2006, it was possible to 
recover solid samples and to start an 
investigation program with the corroded solid 
material. In this contribution, results of these 
investigations are presented, both for systems 
corroded in saturated NaCl and MgCl2 brine. 

Materials 

Full-scale samples recovered from the 
leaching vessels at the Asse salt mine are 
identified by numbers #28, #30, #31 and #33 
(Table 1). The samples were prepared having 
water to cement ratios (W/C) of 0.4 to 0.5 
which are in the relevant ranges for cemented 
waste forms. In total, 10 wt.% of NaNO3 was 
incorporated in the cement products, together 
with a series of complexing agents typical for 
this kind of wastes. Samples #28 and #30 were 
doped with 137Cs, samples #31 and #33 with 

natural uranium. #28 and #33 were corroded in 
MgCl2 brine, #30 and #31 in saturated NaCl 
solution. Experiments with #28 and #30 started 
in 1984, #31 and #33 have been exposed to 
the solutions since 1988. The experiments with 
these samples have been running for 22 (#28, 
#30) and 18 years (#31, #33), respectively, in 
the Asse salt mine. 

After preparation, the full-scale samples were 
transported to Forschungszentrum Jülich (FZJ) 
where a dry-drilling device coupled to a 
glovebox was available. From the top of the 
samples, several vertical bore holes were 
cored parallel to the cylinder axis of the 
samples (see Fig.1). The drill dust was 
sampled for each 10 cm drill step as well as 
the drill cores. By this procedure, small scale 
samples were obtained for investigating 
vertical and radial profiles.  

Methods 

The investigations aimed at a number of 
different properties of the cemented waste 
forms which may have changed during the 
long leaching and corrosion period. These 
cover the radioactivity distributions and 
distributions of waste components, mechanical 
properties such as porosity, density and elastic 
modus, shear modulus, etc. To evaluate the 
degree of corrosive degradation of the cement 
products, element and mineralogical analyses 
were performed. A wide series of methods 
were applied: 

- Mechanical properties by acoustic 
vibration detection.   

- -spectrometry for 137Cs determination, 
- scanning electron microscopy, SEM-EDX, 
- element determination by X-ray 

fluorescence spectroscopy (XRF), 
- thermogravimetric measurements (DTA), 
- powder X-ray diffraction (XRD) analyses, 
- Raman spectroscopy. 

Additionally, drill dust samples are dispersed in 
water or HNO3, respectively, in order to 

Tab. 1: Investigated samples 

ID Tracer W/C Sol. Start Mass 
k

Volume
d 3

#28 137Cs 0,43 MgCl2 1984 332 122 

#30 137Cs 0,43 NaCl 1984 332 124 

#31 Unat 0,50 NaCl 1988 336 135 

#33 Unat 0,50 MgCl2 1988 336 135 
 

 
Fig. 1: Drill schema for sample #28 
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dissolve and analyse retained fractions such 
as NO3, or uranium.  

In the following sections, some results 
obtained by these methods will be presented. 
A specific cylinder coordinate system will be 
applied, where R denotes the distance from 
the original cylinder surface (periphery) of the 
sample under investigation, and Z denotes the 
depth from the top of the sample.  

Results 

The visual appearance of the full-scale 
samples after removal of the corroding 
solutions depended strongly on the type of 
solution. In MgCl2 a strong degradation of the 
waste forms is found, whereas in the NaCl 
brine systems no fractures are visible and the 
shape of the samples remained undisturbed. 

Thermogravimetric results 

Thermogravimetric measurements (DTA) 
revealed information on (i) the free water 
content of the samples, and (ii) the carbonation 
of the samples. Information on the sulfate 
concentrations and the hydroxides could not 
be deduced unambiguously.  

In the solid material of the NaCl systems (#30 
and #31), the free water content is found in the 
range between 13 to 14 wt-%. In the solids of 
the MgCl2 systems, the free water content 
amounts up to 20 wt.%. A radial distribution 
pattern is not observed. In uncorroded cement 
samples, the free water content is in the range 
of about 10 wt.%.  

The carbonate concentrations in the solids of 
the NaCl-systems are measured in a range of 
3 wt.%, indicating only a minor carbonization of 
these samples. In the solids of the MgCl2 
systems, the CO3 concentration is even less. 

Radioactivity Distribution 

 measurements are performed with drill dust 
samples. Results are presented in Fig. 2 for 
sample #28 and #30. Close to the top of both 
samples, measured count rates are 
comparable. However, in deeper layers, the 
count rates of the two samples show different 
distributions. To the deeper parts of the sample 
#28, the  activity decreases, whereas in #30 
an increase in  activity is observed. 

The absolute count rates found for the deeper 
layers of #30 correspond to the initial 
concentration of 137Cs (corrected for the 
radioactive decay). The 137Cs concentration 
profile can be explained by a diffusion process 
from the undisturbed sample to the 
surrounding solution. The decrease in 137Cs 
concentration with increasing distance from the 
outer surface of the cement block (#28) cannot 
be interpreted unambiguously with respect to 

the leaching/corrosion behaviour. It is not 
clear, why the Cs concentration close to the 
top of this sample is by a factor of 2 higher 
than in the deeper layers. In this case, an 
inhomogeneous initial 137Cs tracer distribution 
is assumed which has also been reported for 
the first Cs measurements in the corroding 
MgCl2 brine. 

Nitrate Distribution 

NaNO3 is the dominant non-radioactive waste 
constituent incorporated into the cement 
samples [6]. Nitrate was determined in the 
corroding solutions in the previous solution 
measurement campaigns [4]. In order to get 
information on the [NO3

-], drill dust samples 
are dispersed in distilled water for several 
weeks. After separation of the undissolved 
material, the solutions are analyzed with 
respect to NO3. In Fig. 3, some representative 
profiles of the NO3

- concentrations are shown 
for the samples corroded in MgCl2 and in NaCl 
solutions. As sodium nitrate is a highly soluble 
salt, it was assumed that nitrate was dissolved 
in the pore water of the cement samples. For 
this reason, the concentrations shown in Fig. 3 
are calculated by relating the NO3

- load to the 
pore water content of the respective drill dust. 
Pore water content was determined by thermo-
gravimetry between room temperature and 
120°C. 

The nitrate concentration given for R = 0 in 
Fig. 3 is determined in the corroding solutions. 
Fig. 3 shows clearly a difference between the 
systems corroded in MgCl2 brine and in NaCl 
solution: The profile in the NaCl system shows 
an increase of concentrations towards the 
inner parts of the waste forms for both depth 
levels. In the MgCl2 brine systems, the 
concentration profile is almost constant over 
the radius of the samples for both levels. This 
finding indicates the completion of the 
exchange processes. 

 

40000

60000

80000

100000

120000

140000

160000

180000

200000

220000

0 10 20 30 40 50 60

 Z / cm

C
o

u
n

ts
 / 

g
 / 

h

#28, R=7.5 cm #28, R=13.5 cm

#30, R=6 cm #30, R=12 cm

 
Fig. 2: 137Cs distribution in sample #28 and #30 
measured by  counting 



- 38 - 

Elemental composition 

Composition of the samples was determined 
by XRF spectroscopy. It is shown clearly that 
the chloride concentrations are independent on 
the position within the full-scale samples. The 
observed difference of the calcium 
concentrations between samples #28 and #33 
(~30%) may be related to the same artefact as 
in the case of Cs-137 and nitrate. 

Mineralogical composition 

Drill dust of samples #28 and #30 were 
analyzed by XRD. In contrast to previous XRD 
analyses, washing of the drill dust was not 
performed. In the case the drill dust of the 
MgCl2 brine system (#28) the following phases 
could be identified: 

- Halite 
- Brucite 
- Calcite 
- Ettringite 
- (Mg,Ca)-Al-chlorohydroxide and 
- Gypsum (in 8 of 9 powder samples). 

Mg-Oxychlorid (Korshunovskit) was found only 
in some of the X-ray diffractions patterns. In 
most samples, an unambiguous identification 
of the (Mg,Ca)-Al-chlorohydroxide was not 
possible, due to the weakness of the diffraction 
lines. A detailed characterization of the 
(Mg,Ca)-Al-chlorohydroxid is prevented by 
superposition of diffraction lines of other 
minerals. The diffraction patterns of the drill 
dust samples of the NaCl system (#30) 
revealed the following mineral phases 

- Portlandite 
- Calcite 
- Halite 

Phases of the hydrotalcite group such as 
Friedel's Salt as well as calcium silicate 
hydrate phases (CSH) could not be identified 
unambiguously. The reason is correlated with 
superposition of lines as well as the small size 
of these CSH "gel" phases. 

Scanning electron microscopy 

SEM-EDX analyses provided microscopic 
pictures of structures as well as the respective 
elemental compositions. From combinations of 
the information, mineral phases were deduced. 
Identified phases are partly crystalline such as 
brucite. Compositions of phases are similar to 
the calcium sulfate/chloride phases and the 
typical reaction product Friedel's salt 
(3CaOAl2O3CaCl210H2O) (see Fig. 4). 

Mg and Cl containing phases were found close 
to the cylinder periphery and in the centre line 
of the MgCl2 systems. As the hardened cement 
does not contain brucite, the occurrence of the 
mineral Mg(OH)2 is an important indication of 
the corrosion of the MgCl2 systems (Fig. 5). 

Dominating minerals in the case of NaCl 
systems were portlandite Ca(OH)2, and 
calcium-aluminum-chloride / sulfate phases 
(Figs. 6 and 7). The presence of portlandite 
shows that equilibrium between the relatively 
low calcium concentration of the corroding 
NaCl brine and the solid cement product has 
been approached closely. 
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Fig. 3: Nitrate distribution in all samples.
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Fig. 4: Sample #28, drill hole 4 (75 mm from 
border), depth: 30-40 cm, size: 5 µm, Composition: 
Al4Si2Cl29Ca64 

 
Fig. 5: Sample #28, central drill hole, depth: 30-40 
cm, size: 5 µm, Composition: Mg88Al1Si1Cl4Ca4 
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pH of the porewater 

It was not possible to measure pH of the 
porewater directly. To get information, 5 g of 
drill dust are dispersed in distilled water and 
the pH is measured after several days. For 
MgCl2 systems, pH is found in the range 10.2  
pH  12.2 (mean: 11.7  0.4, glass electrode, 
no ionic strength correction). In the case of the 
NaCl system, pH = 12.53  0.03 is measured. 
The scatter of measurements in the case of the 
NaCl system is extremely small. 

Summary and Conclusions 

The analytical methods applied in these 
investigations provided for various details with 
respect of the composition and the mineral 
phases. XRF, XRD, DTA give average values 
of a certain mass of the samples, whereas 
scanning electron microscopy SEM-EDX 
resulted in details of single phases in a scale of 
some µm. All methods have specific detection 
sensitivities, and the combination of the 

different methods supports the highest 
possible degree of information. The following 
statements could be proven: 

- Distribution of radioactive and non-
radioactive waste components: Sample 
#28 shows heterogeneous distribution 
patterns for both 137Cs and for NO3

-. It is 
suspected that these patterns result from 
artefacts during preparation of the 
samples. In the case of the NaCl system 
#30 the 137Cs distribution is very 
homogeneous and the mobilization is 
restricted to a 6 cm layer. 

- Thermogravimetric investigations show the 
free water content of the samples in the 
range of 13 - 20 wt.% for the MgCl2 
systems and 12-14 wt.% for NaCl systems. 
Carbonates contribute to the mass loss by 
1.5 – 2.8 wt.% even in the case of the high 
pH conditions of the NaCl systems.  

- Element analyses show only a slight radial 
dependence with respect to chloride 
indicating complete corrosion of the 
samples during the time of exposure.  

- By XRD and SEM mineral phases are 
identified, such as halite, brucite, calcite, 
ettringite, gypsum, Mg-oxychloride and 
(Mg,Ca)-Al-chlorohydroxides (Friedel’s 
salt).  

In summary, the various analytical methods 
complement each other. Results obtained by 
bulk analytical methods like XRF, XRD, DTA 
and the results of detailed microscopic 
analyses of single phases or phase 
agglomerations agree well. The results indicate 
that the corrosion processes of the cement 
products in NaCl and MgCl2 solutions (W/C 0.4 
- 0.5) have approached close to equilibrium 
with the solutions.  
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Fig. 6: Sample #31, drill hole 4 (40 mm from 
border), depth: 10-20 cm, size: 5 µm, Composition: 
Na4Al23Si6S1Cl20Ca47 

 
Fig. 7: Sample #31, drill hole 4 (40 mm from 
border), depth: 10-20 cm, size: 5 µm, Composition: 
Na15Mg3Al5S25Cl7Ca42 
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Introduction  

The engineered barrier system (EBS) of a 
deep geological repository for high-level nu-
clear waste foresees in most concepts (Nagra, 
2003; SKB, 2004) the use of bentonite as 
backfill material. In the case of granite as host 
rock formation the bentonite will be most 
probably in contact with water conduction fea-
tures (fractures) and consecutively water satu-
rated with the formation of a gel layer. Espe-
cially in the case of the unlikely event of de-
fects in the construction and installation of the 
EBS as e.g. poor backfilling of tunnels and 
defects in plugs giving rise to relatively fast 
radionuclide transports paths along the tunnels 
the backfill material might be passed rather 
quickly. The recently discussed scenario of 
glacial water intrusion estimates a high erosion 
of bentonite buffer due to the contact with gla-
cial water of high pH and low salinity favouring 
the release of bentonite/ smectite colloids/ 
particles [1]. 

In the framework of the Grimsel Test Site 
(GTS) Phase VI the international Colloid For-
mation and Migration (CFM) project with part-
ners from Japan (JAEA, AIST and CRIEPI), 
Switzerland (NAGRA), Sweden (SKB), Finland 
(POSIVA), South Korea (KAERI) and Germany 
(FZK-INE, GRS) investigates processes re-
lated to this bentonite erosion and the possible 
formation of colloids. The migration of ben-
tonite colloids and associated radionuclides in 
the shear zone and groundwater chemistry 
under investigation in CFM has been demon-
strated in earlier CRR studies [2]. Beside the 
formation/erosion of colloidal material of smec-
tite origin also the neo-formation of colloids 
due to the geochemical gradients and over-
saturation of mixing waters has to be consid-
ered [3]. Work performed in the framework of 
the BMWi project KOLLORADO is closely re-
lated to the in situ experiments of the CFM 
project. The aim of the project goes way be-
yond the pure investigation of colloid behavior 
in the geological barrier of a nuclear waste 
repository in crystalline rock. The goal is to 
obtain general experimental data on colloid 
behavior in the geosphere, to gain deeper 
insight into fundamental processes, and to 
implement these data into PA relevant model-
ing codes in order to provide significant pro-

gress in the assessment of the colloid rele-
vance for various repository concepts. In this 
chapter, we report on the progress concerning 
(a) field activities at the GTS and the first 
homologue tracer test within CFM, (b) studies 
on radionuclide bentonite sorption reversibility, 
and (c) colloid mineral surface interaction 
forces probed by AFM colloid probe technique. 

The CFM homologue test (Run 08-01) 

In the CFM project colloid tracer tests are per-
formed in a low gradient flow field within the 
Migration (MI) shear zone at the GTS. The 
tunnel section of the MI shear zone was 
equipped with a 3 meter diameter steel tube 
which was sealed at both ends with large o-
ring type packers (submountain packer). The 
objectives of the submountain packer were to 
lower hydraulic gradients within the shear zone 
towards the laboratory drift and therefore 
realize near-natural ground water flow 
conditions.  

For the first homologue test colloids and 
homologues were injected in borehole CFM 
06.002 I1 (Run 08-01) without recirculation. 
The extraction point of this tracer test was the 
Pinkel surface packer resulting in a dipole 
length of 6.08m. Subsequently to Run 08-01 
tracer test Run 08-02 was performed injecting 
solely uranine into the same flow field, 
however using recirculation (Fig. 1). This 
difference will be discussed later forcing some 
difficulties in comparing directly the 
breakthrough curves. It was necessary to split 
the colloid/homologue and uranine injection 
because of possibly homologue complexation 
by elevated uranine concentrations. The aver-
age number-weighted colloid size as deter-
mined by LIBD for the Febex bentonite colloids 
is 144 ± 4 nm and therefore very similar to the 
colloid size injected in the homologue tests of 
the CRR project of 148  ± 4 nm. Ultracentrifu-
gation (90,000 rpm for 60min) of the cocktail to 
check colloid association of the homologues as 
well as the colloidal nature of the Al-signal 
revealed that 98% of Al, 98% of Hf, 89% of Tb 
and 97% of Th, respectively, are associated to 
colloidal material that can be centrifuged off.  

The injection of the homologue cocktail was 
performed by pressurizing a 1L HDPE bottle 
containing the tracer cocktail using argon gas. 
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A total volume of 900.01mL was injected in a 
time span of 89 min resulting in a linear 
injection flow rate of 10.09mL/min. This results 
in a total injected mass of 15.0 ± 4.2 mg Febex 
bentonite colloids, 23.4 ± 1.4 µg Hf, 14.3 ± 1.2 
µg Tb and 19.8 ± 1.3 µg Th, respectively. The 
outflow rate at the Pinkel surface packer was 
held constant at 165mL/min.   

Samples were collected for the partners AIST 
(AFM investigations), PSI-LES (single particle 
counting; SPC), FZK-INE (LIBD, ICP-MS) and 
the associated group CIEMAT (PCS). The 
sampling bypass had a flow rate of 100 
mL/min.  

The tracer test was stopped after 18846min 
(about 13 days) and a quantitative recovery of 
the injected bentonite colloids was determined 
by LIBD and ICP-MS Al- signal analysis within 
the analytical uncertainty of the respective 
method. The recovery of the homologues were 
quantified to be 56 ± 9% for Tb, 78 ± 6% for Hf 
and 93 ± 6% for Th, respectively. Comparing 
the first arrival times of the conservative tracer 
uranine and the homologues a retardation 
factor Rf of 0.78 could be determined. Due to 
the different injection methods used (circulation 
vs. non circulation) a direct comparison of the 
peak arrival times is not possible. Based on 
batch-type experiments of bentonite colloid 
radionuclide desorption kinetics and taking the 
residence time of Run 08-01 the expected 
recovery of tetravalent actinides is estimated to 
be in the range of ~86%. Therefore, the 
observed recoveries of the tetravalent 
homologues in Run 08-01 are not in 
contradiction with the batch data on 
sorption/reversibility. 

Detailed analysis of the colloid size distribution 
in samples of the breakthrough curve (Fig. 2) 

could not resolve by SPC or LIBD a size 
chromatography as observed in laboratory 
column experiments [4]. Both, the observed 
high colloid recovery together with the 
observed lack in size exclusion effect indicate 
that the flow path of Run 08-01 is a rather 
broad channel. In summary, the results of the 
first CFM homologue test together with data 
obtained within the CRR project clearly show 
the sensitivity especially of colloid mobility on 
the flow path geometry and heterogeneity of 
the fracture. Further in situ tests are planned in 
2009 under variation of dipole geometry and 
higher residence time to obtain detailed 
information on the colloid filtration and 
radionuclide sorption reversibility under near-
natural flow conditions before emplacing the 
compacted bentonite block for the integral 
experiment.       

Interaction of Bentonite Colloids with 
Eu and Th in Presence of Humic Acid: 
A Flow Field-Flow Fractionation Study 

Asymmetric Flow-Field Flow Fractionation 
(AsFlFFF) coupled to UV-Vis and ICP-MS is a 
sensitive colloid characterization method that 
yields important information on the metal 

 
Fig. 1: Breakthrough curves of the homologues Hf, 
Tb and Th in Run 08-01 in comparison to the 
conservative tracer uranine of Run 08-02 under the 
same hydraulic conditions, but using recirculation in 
the packer interval. The peak maximum for the 
homologues is after 239 min, whereas the peak 
maximum of the uranine peak is delayed through 
the recirculation used to 544.5min. 

 

Fig. 2: (top) Comparison of colloid breakthrough 
curves detected by LIBD and different channels of 
the single particle counting SPC (data C. 
Degueldre; PSI-LES). (bottom) Colloid 
breakthrough curve plotted as contour plot of colloid 
concentration (ppt) against the experimental time 
(x-axis) and colloid size (y-axis) taken from LIBD s-
curve analysis. For discussion see text. 
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ion/colloid interaction mechanism. It has been 
previously used to characterize bentonite 
colloids [5] and their interaction with actinides 
or homologues [6]. Complete description of the 
equipment, size calibration and metal ion 
quantification method used can be found in [7]. 
In this study, Febex [8] suspensions were 
prepared in natural groundwater from the GTS 
(borehole BOMI 87.010) [2, 6] after 
transformation in its monoionic form (1M LiCl). 
For the kinetic study, single- (20 mg·L-1 
bentonite colloids), two- (20 mg·L-1 bentonite 
colloids + 10 µg·L-1 Th and Eu) and three- 
(“equilibrium system”: simultaneously mixed 10 
mg·L-1 GoHy-573HA + 20 mg·L-1 bentonite 
colloids + 10 µg·L-1 Th and Eu) component 
suspensions have been prepared in parallel in 
GGW and were measured after different 
contact times (CT). All solutions were prepared 
in a glove box. The concentrations of Eu and 
Th in the batch samples are then, respectively, 
6.6·10-8 M and 4.3·10-8 M. For the reversibility 
study, an additional set of batch experiments 
was prepared, where 10 mg·L-1 humic acid is 
added to the two component system (20 mg·L-

1 bentonite colloids + 10 µg·L-1 Th and Eu) 
aged from 1 day up to 3 years. Here, the effect 
of the delayed addition of the humic acid is 
followed as a function of desorption time (DT) 
from 24 hours up to 1 year. The pH of all 
suspensions remained in the range [8.3-8.9] 
over 3 years. This is on average 1 pH unit 
lower than the GGW pH value and is due to 
the addition of a small amount of the RN-
cocktail with low pH (~1.3).  

Bentonite colloid stability 

The evolution of the Al-fractograms over time 
allows to state on the size and stability of the 
bentonite colloids. A marked evolution with a 
pronounced shift of the elution position of the 
Al-fractograms after 17 months but for constant 
and highly reproducible colloid recoveries (84 ± 
3 %) can be detected. This demonstrates a 
slow agglomeration process with a bentonite 
size distribution varying from 15-300 nm 
initially (with peak maxima at 40 nm and 150 
nm) up to 50-500 nm after 18 months (peak 
maximum at 300 nm). Measurements per-
formed after 3 years reveal a more pronounced 
agglomeration with a small residual bentonite 
colloid fraction observed at 300 nm while the 
major fraction has a size bigger than 500 nm. 
This could be confirmed by measuring the 
same suspension after a filtration at 450 nm. In 
this case, only a residual fraction at 300 nm 
was detected and the recovery decreased from 
84 % down to only 3%.  

The agglomeration can be explained by Li+  
Ca2+ ion exchange process leading to the slow 
agglomeration process evidenced by following 

the Al-fractogram evolution. Our hypothesis 
was confirmed by preparing a bentonite colloid 
stock suspension after equilibrating the initial 
Febex bentonite powder directly in GGW, 
without bringing it in Li monoionic form. A 
direct agglomeration of the clay colloids 
platelets due to the Ca concentration present 
in GGW was observed in the Al-fractograms. 
The results clearly show that steady-state of 
colloid agglomeration has not been reached 
after 3 years in this long-term study which 
might lead to different conclusions compared 
to previous short term works [9].    

Kinetic studies 

In addition to the Al-fractogram changes, the 
evolution of the Eu- and Th- fractograms has 
been followed over 3 years (Fig. 3). The Eu- 
and Th- fractograms follow the Al-fractograms 
suggesting the Eu and Th attachment to 
preferentially smaller sized bentonite colloids 
(surface area effect). According to previous 
CRR results [2], 80 % of Th and ~100 % of Eu 
are expected to be bound to bentonite colloids. 
90 ± 5 % of Th are bentonite colloid bound 
over the first 17 months which is in agreement 
with the bentonite colloid recovery determined 
from the Al-fractograms. This value is corro-
borated by the additional ultra filtration data 
(polyethersulfone membrane with a 1000 kD 
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Fig. 3: Interaction of Eu and Th with bentonite 
colloids observed with their respective fractograms 
as a function of time. (#): For the solution measured 
after 3 years, one has to consider the change in the 
AsFlFFF elution mode, from the so-called “normal 
mode” where the smallest colloids are eluted first to 
the “hyperlayer mode” where the bigger colloids are 
eluted first. 
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pore size) and agrees with previous results [2].  

The results are different for Eu. The Eu 
bentonite colloid bound fraction determined in 
the first measurement (fresh solution) and the 
fraction found 2 weeks later, increases from 25 
% to 60 %. This final value is much lower than 
expected from previous studies [2] and 
additional ultra filtration experiments. The 
observation can be explained by a possible 
competition between the bentonite colloids and 
the cellulose membrane for Eu binding leading 
to the lower recovery value, which gives a first 
indication on the “kinetic strength” of the 
complex formed between the bentonite and the 
different elements investigated. Finally, the 
major conclusion is that the interaction 
between the bentonite colloids and Eu and Th 
is not subject to kinetics, at least over 17 
months under these conditions.  

Sorption reversibility 

Humic acid was used as a competing ligand 
and added to the bentonite-RN cocktail 
suspension after a given contact time. The 
results are compared with those obtained after 
a simultaneous mixing of the three 
components (humic acid, bentonite colloids 
and RN-cocktail) considered as the 
“equilibrium system”. The different colloidal 
fractions (humic acid or bentonite) can be 
clearly differentiated by AsFlFFF.  

The evolution of the Eu and Th distributions 
between the bentonite colloids and the humic 
acid, as a function of desorption time for 
different initial contact times (CT) prior to the 
humic acid addition, are shown quantitatively in 
Fig. 4. Eu desorption is slightly kinetically 
hindered, but nevertheless, the final Eu 
repartition is similar to that obtained in the so-
called “equilibrium system” (stars in Fig. 4). Eu 
mainly binds to humic acid and Eu sorption to 
bentonite colloids is reversible at least over a 
contact period of 1 year. Th behaviour after the 
addition of humic acid is different. Firstly, the 
contact time prior to the addition of humic acid 
seems to have a stronger impact. Secondly, 
even though it is decreasing, the bentonite 
colloid bound Th fraction remains at ~30 % 
and does not attain the distribution found in the 
“equilibrium system” (15-17 %) even after three 
years desorption time. Th- fractions associated 
to humic acid vary from 50 % to 80 %, 
respectively. Th appears to be more strongly 
bound to the bentonite colloids than Eu. In 
conclusion, within the current time frame of this 
study, Th binding to bentonite colloids appears 
to be partly irreversible and the results 
furthermore highlight the importance of the 
addition sequence in the case of Th. 

The effect of the addition sequence on the 

sorption/complexation results has been already 
demonstrated by numerous authors in different 
systems (i.e. surface precipitate or surface 
diffusion process) as discussed in detail in [10]. 
Further work is clearly necessary to clarify the 
underlying process on a molecular scale. 

An AFM force spectroscopy study of 
carboxylated latex colloids interacting 
with mineral surfaces 

Natural colloids and the fracture rock surfaces 
on which colloids might be retained generally 
have negative surface charge under the 
groundwater conditions in the GTS, so that 
colloid adsorption is not to be expected [11]. In 
laboratory migration experiments using 
carboxylated polystyrene (latex) colloids as 
model for bentonite colloids in a granodiorite 
bore core colloid recoveries ranged between 
10 to nearly 50% depending on colloid size 
and flow velocity [6]. The conclusion of this 
work was that even under highly colloid 
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Fig. 4: Effect of humic acid (HA) on the Eu (lower 
grpah) and Th (upper graph) sorption on bentonite 
colloids. The Eu and Th desorption from bentonite 
colloids induced by HA addition is followed as a 
function of time (desorption time) for different initial 
contact time (CT) between the Eu or Th and 
bentonite colloids prior to the HA addition. See text 
for more details. The filled symbols represent the 
fraction of Eu or Th desorbed and complexed by 
the HA while the open symbols represent the 
fraction of Eu or Th remaining bentonite colloid 
bound. The stars represent the element 
distributions between HA and bentonite colloids for 
the “equilibrium” system (see text). 
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stabilizing geochemical conditions (low salinity, 
high pH) adsorption/filtration onto mineral 
surfaces may occur. The extent of colloid 
sorption on natural mineral surfaces can be 
influenced by, e.g., the chemical heterogeneity 
of the mineral surfaces, roughness, impurities, 
discrete sur-face charges (mineral edges and 
planes), charge heterogeneities, mineral 
dissolution, the presence of dissolved ions, 
matrix diffusion or by surface contaminations. 
Binding mechanisms of negatively charged 
colloids on natural mineral surfaces are not 
sufficiently understood. It can be expected that 
electrostatic interaction will dominate colloid 
adsorption. However, it is not clear if additional 
binding mechanisms are present especially 
under generally repulsive electrostatic 
conditions. In the present study, AFM colloid 
probe force spectroscopy measurements with 
several mineral surfaces (quartz, muscovite, 
biotite, feldspar, apatite, titanite) under differing 
geochemical conditions are performed. Attrac-
tive and repulsive forces emerging from the 
colloid-mineral surface interaction can be 
easily identified and quantified by this method. 
The influence of different mineral properties 
such as permanent and variable charge on the 
sorption behaviour is discussed. Furthermore, 
colloid/mineral surface interaction is also stu-
died under unfavourable conditions (alkaline 
pH) and the influence of a polyvalent cations 
(Eu(III), Ca(II)) and natural Grimsel ground-
water on colloid adsorption is addressed.  

AFM force spectroscopy measurements 

The principles of AFM and the colloidal probe 
technique for force measurements are 
described in detail in the literature [12]. For the 
force measurements silicon nitride AFM probes 
attached with a spherical carboxylated 
polystyrene particle (1 µm diameter, Novascan 
Technologies, Ames, Iowa, USA) are used 
(Fig. 5). 

Experiments with background electrolyte and 
Ca(II) are carried out from pH 2-10. The 
influence of Eu(III) (CertiPUR Europium ICP 
Standard, Merck, Germany) is investigated in 

the pH range of 2-6, since Eu(III) undergoes 
carbonate complexation and hydrolysis under 
alkaline conditions. The Eu(III) concentration 
was set to 10-5 or 10-6 M. The Ca(II) concen-
tration is set to 10-4 M which corresponds to 
the Ca(II) concentration found in Grimsel 
groundwater. The ionic strength is held 
constant at 0.01 M NaCl. Additional experi-
ments are carried out with Grimsel ground-
water (pH = 9.6) derived from the GTS to 
compare the results from the model systems 
with natural groundwater. Teflon bottles are 
used to prepare the sample solutions in order 
to avoid adsorption of colloids or cations on the 
bottle material itself. Measured snap-in and 
adhesion forces on quartz are shown as an 
example of our results (Figs. 6 and 7). In 
absence of background electrolyte snap-in 
forces are only measured at pH 2 snd 3 (blue 
diamonds, Fig. 6)), whereas at pH values > 4 
no attractive forces are measured. The 
presence of Ca(II) or Eu(III) has no significant 
influence at pH 2 and 3 on the measured snap-
in forces. The absence of snap-in forces at pH 
values > 3 can be simply explained by 
electrostatic repulsion, since the pHpzc of 
quartz is at pH 3.5 as proven by streaming 
potential measurements. In presence of 10-
5/10-6 M Eu(III) (pink/green dots) snap in 
forces increase with increasing pH value (pH 
4-6). This observation might be explained by a 
complexation of Eu(III) with the silanol-groups 
on the mineral surface, which decreases the 
mineral surface charge. The presence of 10-4 
M Ca has no measurable influence on the 
snap-in forces. 

Fig. 7 shows the measured adhesion forces on 
quartz. Blue dots represent measurements in 
presence of 0.01 M NaCl background 

 
Fig. 5: Colloid probe cantilever with carboxylated 
polystyrene sphere (1 µm diameter) attached. 

 
Fig. 6: Measured snap-in forces on quartz. Error 
bars are shown exemplary for the measurements 
with 0.01M NaCl background electrolyte. Data with 
addition of 10-4M Ca show no snap-in forces.  
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electrolyte. Maximum adhesion forces are 
measured at pH 2. These forces decrease with 
increasing pH and diminish at pH 8 and 10 due 
to the de-protonation of the quartz surface 
silanol-groups and the colloid carboxyl-groups 
with increasing pH. The presence of Eu(III) and 
Ca(II) does not have an significant influence at 
pH 2 and 3. At pH 4-6 the presence of Eu(III) 
increases the adhesion forces significantly 
(green and pink dots), whereas the highest 
adhesion strengths are measured with the 
highest Eu(III) concen-tration (pink dots). 10-4 
M Ca also increases the adhesion at pH 4-10 
significantly (red dots). Measurements with 
Grimsel groundwa-ter also show increased 
adhesion forces (violet crosses). The 
observations can be explained by the 
complexation of these cations with the surface 
silanol-groups and/or the colloid car-boxyl-
groups thus increasing the positive min-
eral/colloid surface charge. 

Experiments carried out with other minerals 
(muscovite, biotite, feldspar, apatite and ti-
tanite) also show that relatively strong 
attractive forces are measured at pH values 
close to or below the expected pHpzc of the 
corresponding mineral surfaces. Depending on 
pH and the mineral surface, an increase of 
attractive forces is observed in presence of 
Eu(III), Ca(II) and Grimsel groundwater. 
However, only the measurements with apatite 
show snap-in forces even at pH 10 in presence 
of Ca or GGW. 

In conclusion, the experiments performed so 
far show that the colloid-mineral surface 
interaction is driven by electrostatic 

interactions and that a fair agreement exists to 
the data of sorption experiments carried out 
with fluorescing latex colloids. 
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Introduction  

Natural organic matter (NOM) can occur in a 
wide variety of structures starting with low mo-
lecular weight compounds (LMWC) as e.g. 
found in the porewater of claystone formations 
(Opalinus clay, Callovo-Oxfordian), humic 
substances (HS) and finally the immobile most 
mature organics (depleted in oxygen content) 
called kerogen.  

The focus of the INE research in the last 
decade was on the characterization, radio-
nuclide interaction and mobility of HS (humic 
and fulvic acids) [1]. Humic and fulvic acids 
(HA and FA) are a class of organic compounds 
with a large number of similarities, for example 
in the comparably long residence time/ chemi-
cal stability. Special focus is currently on the 
interaction of redox sensitive functional groups 
of HA/FA and their influence on speciation of 
redox sensitive actinide ions. A new aspect 
within recent years is the characterization of 
mineral associated organic matter. The fractio-
nation of HA/FA via mineral adsorption might 
be an approach to explain the observed discre-
pancies between laboratory data and the pre-
dictive modeling of ternary systems (mineral-
organics-RN) using linear additive models [2]. 
The studies on isolation, characterization and 
reactivity of kerogen found in natural host-rock 
formations (Callovo-Oxfordian, Opalinus Clay, 
Toarcien) were continued.  

There are still many open questions for ade-
quate description of the overall influence of 
NOM on the geochemical behavior of actinide 
ions and their mobility in deep groundwater 
systems. Three of these topics are discussed 
in more detail below, namely (a) trivalent 
actinide complexation with humic substances 
and the role of agglomeration processes, (b) 
inventory of redox functional groups and 
influence on the redox state of actinide ions 
and (c) characterization of sedimentary organic 
matter (Opalinus Clay). 

New insights in the Cm3+complexation 
mechanism with HS: The role of fast 
interchange 

Complexation of radionuclides with organic 
ligands is of major relevance for the prediction 

of radionuclide migration in the environment, 
especially in aquifers or surface waters that are 
rich in organics [3]. Among these, humic 
substances (HS) are subject to considerable 
interest because they are omnipresent in 
natural waters, form complexes with metal 
ions, are stable over long time periods and can 
be transported over long distances. Over the 
past decades, the Cm(III) complexation with 
humic substances has been frequently studied. 
Reasons are Cm(III) serves a model for 
trivalent actinides and that the Cm laser 
fluorescence spectroscopy provides a great 
deal of information also at trace level 
concentrations [4]. 

A variety of complexation models are being 
used, reflecting different degrees of complexity 
in the assumed complexation process. Very 
simple approaches have recently been 
reassessed. It was shown that the complexa-
tion process follows a 1:1 stoichiometry 
between reactive molecules and metal ions, 
followed by humic-humic molecule association 
[5]. Thus, only one type of complex is expected 
with a certain degree of variability around a 
centre value. At pH < 5.5, we observed a fast 
interchange of the Cm3+ ion on the millisecond 
time scale between Cm(III)HS complexes and 
the aquo ion. At higher pH, we found evidence 
for the presence of additional species - 
probably agglomerates due to the presence of 
highly charged metal ions [6] and/or reflecting 
the progressive hydrolysis of the metal ion.  

In a TRLFS study (10 mg/L Gohy 573 HA, 
trivalent metal ion concentration between 1·10-

8 and 5·10-5 mol/l and pH between 2.5 and 7) a 
slight blue-shift/broadening of the fluorescence 
peak position for the Cm(III)-HA complex 
combined with an enhanced contribution of a 
short-lived fluorescence component with 
increasing metal ion loading and decreasing 
pH was observed [7]. Fluorescence decay for 
Cm(III)-HA is non-monoexponential under all 
investigated conditions and lifetimes can be  
described by assuming a short lived (=61 µs) 
and a longer lived contribution (=142 µs). 
These findings could be explained by the 
existence of a certain heterogeneity in binding 
sites inducing slightly variable ligand-field 
splitting in the Cm(III)-HA complex. Batch 
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experiments with a Eu(III)-HA solution 
contacted with a chelating resin reveal a 
decrease of the solid/ liquid distribution 
coefficient by decreasing the occupancy of HA 
ligand sites from 4% to 0.2%. This observation 
indicates that complexation constants for the 
Eu(III)-HA complex vary with metal loading. 
Differences in related constants are, however, 
smaller than one order of magnitude. 
Variations in fluorescence lifetimes are 
interpreted as a consequence of increasing HA 
agglomeration at increasing metal loading and 
decreasing pH, thus leading to an enhanced 
local density of chromophoric groups close to 
the Cm(III) ion favouring non-radiative energy 
transition. HA agglomeration at low pH and 
increasing metal ion loading is well known from 
previous studies using flow-field flow 
fractionation (FFF) coupled to ICP-mass 
spectrometry and UV-Vis spectrophotometry. 
These experimental results demonstrate the 
dynamic properties of metal-HA complexes 
depending on chemical conditions. 

 In the subsequent study, we have investigated 
solutions containing 10 mg/l HS (GoHy 573HA) 
and [Cm3+] = 10-7 - 10-6 M at pH 3-8.5 and 
I=0.1 (HCl/NaCl) by TRLFS which allows one 
to gain information on complexation strength 
from shifts of the spectral emission lines and 
on the number of coordinated water molecules 
from measurements of the fluorescence 
lifetime [8]. In addition to H2O we used D2O as 
a solvent, which strongly reduces fluorescence 
quenching and allows one to study kinetics on 
extended time scales of several milliseconds. 
In contrast to the biexponential decay obser-
ved in H2O we found monoexponential decay 
between pD 3 and pD 5.5 in D2O (Fig. 1) with 
the decay rate increasing continuously with 
increasing pD (pD denominates –log10[D

+] in 
analogy to pHC) [9]. Since the formation of 
multiple species with ever decreasing lifetime 
for each pD is very unlikely and, furthermore, 
should have been observed in H2O before, we 
suggest a different interpretation: The Cm3+ ion 
interchanges between the Cm(III)HS complex 
(decay rate kCmHS~2000s-1) and the Cm3+ aquo 
ion (kCm~750s-1 ). For interchange rates faster 
or of the same order of magnitude as the 
fluorescence decay rates, a mono-exponential 
decay is observed in spite of the simultaneous 
presence of two species. On the faster time 
scales of the fluorescence decay in H2O, the 
interchange is not observable.   

for complexation of metals with inorganic Fast 
interchange is a common phenomenon ligands 
and was also observed for interaction of 
Cm(III) with glycolic acid. Further evidence was 
achieved by quick freezing the samples in 
liquid nitrogen (77K) preventing the 
interchange of the Cm3+ ion. As expected, we 

then observed bi-exponential decay with the 
respective rates of the aquo ion and the 
Cm(III)HS complex. Furthermore, we could 
selectively excite Cm3+(aq) and HS complexes. 

At pD>6, bi-exponential decay was observed 
also in D2O at room temperature, accompanied 
by a further bathochromic shift of the emission 
spectrum. These findings might originate in 
one or several of the following processes: 

 Formation of the ternary Cm(III)HS(OH-) 
complex. 

 Configurationally changes of the HS 
molecule due to pH/pD increase. 

 Simultaneous coordination of Cm(III) to 
several carboxylic groups, either of one or 
of different HS molecules. The latter case 
is equivalent to Mz+ induced 
agglomeration as suggested in previous 
investigations. 

Kinetic studies showed a continuously 
increasing red shift of the fluorescence 
emission over a time span of several days 
indicative of an increase of coordination 
strengths. This finding is best interpreted 
assuming the third possibility of the above list, 
i.e. metal induced agglomeration [10], with the 
Cm ion being coordinated to several carboxylic 
groups. Further experiments are being 
conducted to elucidate this hypothesis. 

STXM and LSLM investigation of Eu(III) 
induced humic acid colloid aggregation 

Chemical speciation of HA using STXM/ C 1s-
NEXAFS provides information of structural 
subunits based on characteristic spectral 
features due to C 1s → π*/σ* transition reso-
nances. At the same time, STXM allows to 
image aggregate morphology of fully hydrated 
specimen at spatial resolutions down to 50 nm. 
A distinct complexation effect visible in the C 
1s-NEXAFS of, e.g., Eu(III) loaded HA aggre-
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gates (where the lanthanide is used to simulate 
trivalent actinides) has been proposed compa-
ring results obtained for Aldrich HA with those 
for polyacrylic acid (PAA). Complementary to 
the STXM spectro-microscopy of the carbo-
naceous material, confocal laser scanning 
luminescence microscopy (LSLM) allows to 
directly map the metal distribution in Eu(III)-HA 
aggregates, revealing metal distribution 
patterns correlating with STXM carbon density 
maps. Applying optical filtering of the Eu(III) 
luminescence yield enables us to gain 
additional spectroscopic information on the 
complexation mode of the metal cation in 
different sample regions. 

The aggregate morphology of Eu(III)-HA 
recorded by STXM at 288.5 eV reveals 
optically dense material (’dense zones’) 
embedded in a matrix of less dense material 
(’light zones’). Distinct spectral differences of 
the C 1s-NEXAFS extracted from the dense 
and light zones of Eu(III)-HA have been 
previously discussed [11]. 

The spatially resolved Eu(III) luminescence 
intensity obtained for Eu(III)-HA is shown in 
Fig. 2. Patches with increased luminescence 
intensity (bright spots in Fig. 2a) are embedded 
in a matrix of less fluorescent material. From 
the similar morphologies obtained by STXM 
and LSLM we infer the enrichment of Eu(III) 
cations in zones with high carbon density 
obtained by STXM. In order to discriminate 
contributions from HA and the complexed 
Eu(III) cations to the total luminescence yield 
we applied different emission filters with the 
center wavelength set to the organic HA 
luminescence emission (565 nm) and the two 
dominant Eu(III) metal cation emission lines 
(5D0→

7F1 at 592 nm and  5D0→
7F2 at 615 nm). 

The corresponding LSLM images are depicted 
in Fig. 2b-d. The dashed line in Fig. 2a is 
crossing a highly luminescent region (cf. 
circled area) and regions of less luminescent 
material. The fluorescence intensities along 
this line are depicted in Fig. 2e-h for the 
different filter settings.  

Coarse spectral information for these two 
sample regions can be derived from the 
integrated peak intensities obtained with the 
different filter settings (Fig. 3). The generally 
weak luminescence signal at 565 nm (Fig. 2b) 
corresponds to organic HA fluorescence. The 
5D0→

7F2 transition (hypersensitive band) at 
615 nm indicates changes in the Eu(III) coor-
dination geometry. This transition gains 
intensity upon complex formation while the 
adjacent 5D0→

7F1 transition is not affected by 
complexation. The intensity ratio 5D0→

7F2 (615 
nm) / 5D0→

7F1 (592 nm) is strongly increased 
in the dense, highly luminescent zones 

 
Fig. 3: Fluorescence intensities in the area with 
high Eu(III) luminescence yield (corresponding to 
STXM dense zones) and lower Eu(III) 
luminescence yield (corresponding to STXM light 
zones) shown in Fig. 2 (emission filters set to 565, 
592, and 615 nm, see text). 

 

Fig. 2: (a-d) LSLM images of a Eu(III)-HA 
aggregate at pH 5 ((a) recorded without emission 
filter and (b-d) filters set to 565, 592, and 615 nm) 
and (e-h) the corresponding fluorescence 
intensities (y-axis, a.u.) as line profiles (x-axis, µm) 
along the dashed line in (a); for explanations see 
text. 
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compared to the light, less luminescent zones. 
The following conclusions can be drawn from 
these observations: i) the aggregate morpholo-
gy in the unfiltered LSLM image is determined 
by the Eu(III) distribution in Eu(III)-HA (cf. Figs. 
2a and b); ii) Eu(III) is enriched in the confined 
bright spots corresponding to the STXM dense 
regions; iii) from the LSLM intensity ratios of 
the dominant Eu(III) emission lines different 
complexation mechanisms in dense and light 
zones can be inferred. The most plausible 
explanation for this observation is a higher 
density and/or strength of cation binding sites 
in the optically dense HA fraction. 

The combination of two spectro-microscopy 
methods probing the organic ligand 
(STXM/C 1s-NEXAFS) and the metal center 
(LSLM/luminescence spectroscopy) gives 
further evidence to our previous interpretation 
of metal ion induced aggregation and 
segregation in Eu(III)-HA. There are at least 
two different HA fractions. Eu(III) is enriched 
and/or more strongly bound in a minority 
fraction containing higher densities of 
complexing sites. This fraction is likely to play 
a dominant role in HA colloid mediated 
transport of lanthanide and actinide cations in 
the hydrosphere. 

Np(V) Redox Interaction by Anthra-
quinone as a Model Redox Compound 
Humic Substances 

Humic substances (HS) significantly affect 
redox sensitive actinides (e.g. U, Np and Pu) 
speciation, and therefore migration in aquifer 
systems [12]. It is assumed that hydroquinone/ 
quinone moieties are important electron-
donating/accepting groups, mainly responsible 
for the redox properties of HS. Previous 
experiments showed that an increase of 
hydroquinone moieties in humic derivatives 
magnifies the reducing capacity of HS [13]. It 
was demonstrated that the reduction rate of 
Np(V) by HS with enhanced quinoid moieties 
decreases with increasing pH [13]. For Pu(V) 
the opposite trend was found in a humic rich 
groundwater: With increasing pH the reduction 
rates rises [14]. The reason for such discre-
pancy is unclear so far and hence, more 
detailed investigation is needed to elucidate 
the reaction of Np with quinones as electron-
accepting groups in HS. To exclude the impact 
of cation complexation and the impact of the 
nearby unknown and complex chemical 
environment of such quinoid groups in HS, we 
have studied the Np(V) reduction by model low 
molecular weight reductant 9,10-anthrahydro-
quinone-2,6-disulfonate (AH2DS), that should 
simulate the reducing entities of HS. The use 
0f AH2DS is advantageous because both 
reduced form (AH2DS) and the oxidized form 

(AQDS) can be monitored by UV-Vis spectro-
scopy: their absorption bands lies far away 
from those for Np(V)O2

+. At the same time 
redox potential of the AH2DS/AQDS system 
could be reliably measured because of its 
reversibility and fast redox kinetics. 

To prepare redox buffer solutions with various 
Eh values, the AQDS (oxidised form, 2·10-3 M) 
was reduced to AH2DS by titration with sodium 
dithionite (Na2S2O4). The redox potentials of 
the AH2DS/AQDS solutions were measured 
and the concentrations of AQDS and AH2DS 
were monitored by the absorption band at 328 
and 386 nm, respectively. Aliquots of the Np(V) 
stock solution were mixed with anthraquinone 
solution with various AH2DS /AQDS ratios 
corresponding to various Eh values and the pH 
was fixed at about pH 7 with PIPES buffer. The 
total concentrations of anthraquinone and 
Np(V) in the solution were 2·10-4 M, and 5·10-5 
M, respectively. The redox potential of the 
solutions was measured after certain reaction 
times (0, 2, 7, and 13 d). Concentration of 
Np(V) was calculated from peak intensity at 
981 nm using a molar extinction coefficient of 
395 M-1·cm-1. 

As mentioned before the redox potential of the 
solution decreases with increasing 
AH2DS/AQDS ratio that correlates with the 
decrease in the absorption at 328 nm for the 
AQDS (Fig. 4). After addition of Na2S2O4, 
absorption bands at 386, 403, and 446 nm 
appear in the spectra (Fig. 1), which were 
attributed to absorption of different forms of 
reduced AH2DS.  

The Np(V) reduction was studied in four 
solutions with different AH2DS content, in 
AQDS solution (oxidized form only) and 
Na2S2O4 solution. As it is presented in Fig. 4b, 
the neptunium spectra consist of one narrow 
peak at 980 nm, which corresponds to the 
aquo ion NpO2

+. The spectra do not show any 
other bands of Np(V), indicating either absence 
or extremely low Np(V) complexation with 
anthrahydroquinone or dithionite. When 
reduction occurs the absorption decreases as 
a result of Np(V) reduction to Np(IV) with 
increasing reaction time. At pH 7.25 the 
tetravalent Np occurs mainly as amorphous 
NpO2, colloidal NpO2, or both. The 
NpO2(am,hyd) settled down on the bottom of 
the cuvettes. Both the amorphous and colloidal 
NpO2 do not contribute to the neptunium 
absorption at all. The rates of Np(V) reduction 
at constant C(Np(V)) depends on the 
concentration of AH2DS, which is reflected by 
the Eh value in solution. Anthraquinone AQDS 
does not reduce Np(V) during whole exposure 
timea) because the redox potential Eh = 
400 mV of the solution is too high for Np(V) 
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reduction. In the solution with Eh = -166 mV 
the Np(V) is only partially reduced until the 
major amount of C(AH2DS) = 2.73·10-5 M, that 
is 55% of C(Np)tot, is consumed. However, the 
system reached a quasi-equilibrium when 
about 40% of C(Np)tot was reduced. In the 
systems with Eh = -182 mV and Eh = -211 mV 
Np(V) was reduced quantitatively within ~15 
days. In these solutions the C(AH2DS) 
exceeds the C(Np(V)) by a factor of 1.3 and 
2.9, respecttively. However, the reduction rates 
keep constant, although the Eh value 
continues to decrease from -182 mV to -211 
mV. This is a hint at a rate limited reaction of 
Np(V) with AH2DS. Both rate curves can be 
plotted by ln(Co/Ct) vs. t (not shown) 
representing a pseudo-first order reaction with 
respect to Np(V). 

This work showed clearly, that 
anthrahydroquinones (AH2DS) reduces Np(V) 
to Np(IV) at negative redox potentials. The 
larger C(AH2DS) is the faster is the rate of 
Np(V) reduction, until a rate-limiting step is 
reached. In future activities thermodynamic 
calculations should show whether the 
reduction obeys equilibrium thermodynamics, 
and whether radical species plays a role. 
Furthermore, the pH dependences is one 
major focus for further studies. 

Characterization of Opalinus Clay 
organic matter by STXM and µFTIR 

Carbon K-edge STXM combined with synchro-
tron-based μFTIR is a very powerful tool to 
unravel organic matter heterogeneity under 
nanometer to micrometer resolution. This 
method can be applied even in very low carbon 
environments (<1mg/L dissolved organic 
carbon) as has been demonstrated in ultra-
oligothropic lakes [15]. Using rock microtome 
sections it is also possible to derive information 
on sedimentary organic matter functionality 
and its distribution in low carbon clay-rich 
formations as has been demonstrated for the 
Callovo- Oxfordian argillite [16]. Residual 
organic matter in diagenetically overprinted 
shales or argillites still shows some extractable 
hydrophilic compounds [17]. The objective of 
this investigation is to determine (a) the spatial 
distribution and functional group composition of 
organic matter in the Opalinus clay (OPA) and 
(b) localize possible sources of hydrophilic 
organic compounds in the undisturbed 
sediments. This is achieved by comparison of 
XANES spectra measured on the C K-edge, K 
L-edge and Ca L-edge with synchrotron based 
mid-infrared microscopy. 

The OPA sample (579.19-579.45m) of the 
borehole Benken was provided by the Swiss 
National Cooperative for the Disposal of Radio-
active Waste (NAGRA). The total organic 
carbon concentration (TOC) in the clay fraction 
of the Opalinus clay is < 0.4 wt. %. The untrea-
ted rock sample and the clay fraction were 
embedded in sulfur and ultra-microtomed. An 
aliquot of the clay fraction was alkaline extrac-
ted and yielded ~1.1 wt. % of TOC fulvic acid- 
type material and no quantifiable amount of 
humic acid-type material in the OPA. 

The combination of the C-, K- and Ca- spectra 
gives the possibility to differentiate between 
organic association to carbonates (strong Ca 
K-edge and carbon K-edge�  * resonance at 
290.2 eV), illitic clays (potassium L2,3-edge) 
and smectitic clays (Ca-edge and carbon K-
edge absorption without 290.2 eV carbonate 
peak) in the whole rock. Analysis of the OPA 
microtome section reveals organic matter in 
regions, where also significant K and Ca 
absorption indicative for illite/ mixed layer 
minerals (MLM) intergrown with nanocrystalline 
carbonate appears (Fig. 5). Both clusters 
identified are very similar and show a low 
aromaticity ((benzoquinone-type, Carom=Carom, 
phenol-type = 13-18%) with a very low amount 
of Carom associated oxygen containing 
functional groups (phenol-type 0-2%) and a 
high aliphaticity (24-25%). This observation 
raises the question if the illite/MLM region 
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could serve as source for the isolated fulvic 
acid-type organics in the OPA.  

From the target spectra map the illite/MLM 
region can be identified with a high certainty 
(= 0.0195) as source for the isolated fulvic 
acids. Differences between the combination of 
the first four principal components out of PCA 
and the target spectra (fulvic acid) are a lower 
absorption in the phenol-type group and Caliph 

region and a higher absorption in the carboxyl 
type group for the isolated fulvic acid indicating 
a higher overall hydrophilicity, which is in line 
with the observed extraction behavior. 

The IR spectra extracted from the clay-rich 
region of the OPA microtome reveals kaolinite 
group mineral, a weak OH-stretching feature of 
trioctrahedral chlorites (3666 cm-1), Si-O or Al-
OH vibrations of quartz and/or alumosilicates 
(1076 cm-1, 1039 cm-1) and carbonates (asym-
metrical stretch of CO3

-2 at 1426 cm-1). The 
band at 1163 cm-1 can be assigned to the C-C 
bond in aliphatics and polymeric substances or 
to a Si-O-C bond, which might indicate an 
organic linkage to the clay Si-O groups [18]. 
Characteristic features for organic components 
include a broad band of phenols, alcohols and 
carboxylic OH, aromatic CH groups by a 
pronounced shoulder at 3073 cm-1, aliphatic 
CH2 and CH3 bands, carboxylic bands of 
ketones, acids or esters, a peptitic amide II 
band at 1575cm-1 and the band at 1631 cm-1 
for mostly aromatic C=C. The observed high 
transmittance in the carboxylic band region of 
ketones, acids or esters at 1753 cm-1 indicates 
a loss of oxygen containing functional groups 
and strong increase in hydrophobicity/ 
polymerization of the sediment associated 
organic material. 
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5.5 Numerical simulation of thermo-hydro-mechanical (THM) processes 
in rock salt and of fluid flow and solute transport in a single fracture 

A. Pudewills F. Huber, F. Enzmann*, T. Schäfer 
* University of Mainz, Institute for Geoscience, D-55099 Mainz

Introduction 

Safety analysis for a deep geological 
repository requires modeling of different 
processes and effects. At INE codes are 
available and applied to various system which 
allow modeling (1) geochemical/ thermo-
dynamic equilibrium processes (EQ3NR/EQ6, 
GWB, PHREEQC, etc), (2) coupled reactive 
processes (TRANSAL, GWB), (3) thermo-
hydro-mechanical (THM) processes and fluid 
flow (ADINA). In this contribution, the ADINA 
Program-System was used for different 
applications related to waste in various host 
rocks. These cover the improvement of 
constitutive models for analysis of coupled 
processes in geological and engineered 
barriers in rock salt, the modeling of the hydro-
mechanical processes around an excavation in 
a clay formation and the simulation of fluid flow 
and solute transport in a single fracture in 
granite. 

Evaluation and Improvement of THM 
Modelling Capabilities for Rock Salt 
Repositories (THERESA Project) 

Background  

The objectives of the THERESA project [1] are 
to develop, verify and improve the modelling 
capabilities of constitutive models and compu-
ter codes for analysis of coupled processes in 
geological and engineered barriers for use in 
performance assessment of the long-term 
safety of nuclear waste repositories. The Work 
Package 3 of this project addresses the 
evaluation and improvement of numerical 
modelling capabilities for assessing the 
performance and safety of nuclear waste 
repositories in rock salt, with particular regard 
to the long-term evolution of the excavation 
damaged zone, considering the thermal-
hydraulic-mechanical (THM) processes. This 
comprises: 

 Evaluation of the capabilities of the 
numerical modelling codes used by the 
participating teams and compilation of data 
relevant for model calibration or 
improvement. 

 Implementation in the computer codes and 
testing of the calibrated models. 

 Definition and benchmark calculation of 
one test case, with measured data from a 
large-scale laboratory test involving 

coupled THM processes, focusing on code 
capacities for realistic system 
representation, quantification of the 
uncertainties in models and results, and 
capacities for the long-term performance 
assessment predictions. 

At the Institut für Nukleare Entsorgung (INE), 
the Finite Element Code ADINA [2] is used to 
study the mechanical behavior of rock salt 
under repository conditions. Recently, a new 
viscoplastic constitutive model for rock salt that 
can describe the volumetric strain and the 
damage of the rock has been proposed and 
implemented in this code.  A set of model 
parameters have been evaluated on various 
laboratory experiments [3]. 

Simulation of new transient creep tests 

The calculations included the calibration of the 
model parameters and also a first validation of 
the model by a comparison of numerical 
results with experimental data. The influence of 
different material parameters on the calculation 
results was also studied.  

Recently, in the framework of THERESA pro-
ject some numerical analyses of various labo-
ratory transient-creep experiments conducted 
by GRS [4] have been performed. The tests 
conducted on Na2S rock salt from the Asse 
mine for which the volumetric strain rates are 
measured was selected for the numerical 
analysis. The cylindrical specimen had a 
diameter of 86.5 mm, a length of 175.0 mm, 
and a density of 2160 kg/m3 at the beginning of 
the test and was subjected to an axial com-
pression with controlled strain rates of 10-7 1/s 
and a horizontal confining pressure of 1MPa. 
The main attention focused on the simulation 
of the development of volumetric strains and 
permeability. In this analysis it was assumed 
that the dilation of the samples starts imme-
diately after loading (i. e. the short time 
compaction of the sample was not modelled). 
A comparison of the measured and calculated 
strain-stress curves, as well as the develop-
ment of volumetric strains, are presented in 
Figs. 1 and 2, respectively. 

Using the calibrated parameters on earlier 
laboratory transient creep tests the model 
predicts the development of effective and 
mean stresses quite well, but the volumetric 
creep strain over-estimates the actual 
measurements (Model 1). With a minor 
adjustment of the damage parameters it can 
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be recognised that the results obtained are in 
better agreement to the experimental data 
(Model 2). Furthermore, taking into account 
that the damage of the salt sample starts after 
a short compaction phase, the translation of 
the calculation results along the horizontal axis 
leads to a good overall correlation to 
measurements (Model 2, dashed curve). 

The porosity-permeability relation described 
within the frame of the BAMBUS II [5] project 
was used to calculate the development of 
permeability of the sample. Fig. 3 shows the 
permeability of rock salt calculated from the 
obtained volumetric strain in comparison with 
the laboratory measurements. Surprisingly, 
Model 1 seems to yield the better fit for the 
permeability.  

Currently, a laboratory benchmark test is being 
performed at the GRS. As soon as it is 
finished, the test procedure and boundary 
conditions will be transferred to the modelling 
groups who will perform a blind prediction of 
the test. Afterwards, the actual test results will 
be compared with the numerical results. The 
modelling groups then have the opportunity to 
further improve/calibrate the models. 

Modelling of the hydro-mechanical 
processes around an excavation in a 
clay formation  

Background  

The scope of this analysis was to provide an 
overview of the present state of art of the 
numerical models and to improve our under-
standing of coupled effects related to the EDZ 
around a gallery in clay rocks. Two different 
elastoplastic constitutive models namely the 
Drucker-Prager model [6] and the modified 
Cam-Clay model [7] have been tested by 
simple numerical examples (i.e. compression 
tests under saturated undrained conditions). 
Both of these models are capable to describe 
the wide range of the clay behaviour such as 
the hardening/softening. No experimental 
validation has been yet performed but the 
results reveal the expected physical 
phenomena.   

Finally, the modified Cam-Clay model was cho-
sen as a basis for further numerical analyses. 
This material model is implemented in the 
ADINA code which allows the modelling of fully 
coupled hydraulic and mechanical behaviour of 
clay [2]. 

Simulation of the EDZ around a gallery 

The hydro-mechanical processes in the near 
field of a conceptual gallery in a clay formation 
are analysed numerically. The examined 
model represents a vertical cross section 
perpendicular to the horizontal axis of the 
gallery assuming plane strain conditions and 
using the modified Cam-Clay constitutive 
model for the porous solid skeleton. The entire 
finite element mesh and a detail of the mesh 
around the gallery are shown in the Fig. 4.The 
pore fluid flow was described according to 
Darcy’s law.  
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Fig. 1: Development of stresses as a function of 
axial strain; Model 1, with damage parameters fitted 
on strength tests (strain rate of 1E-05 1/s ), Model 
2, new parameters set. 
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Fig. 3: Permeability of the sample during the 
transient creep test and the calculated evolution of 
the permeability for two sets of parameters 
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The development of the pore water pressure, 
the flow field and the resulting strains and 
stresses in the vicinity of a gallery have been 
calculated. The distribution of the pore 
pressure and effective stresses at two time 
points are illustrated in Fig. 5.   

During the first 150 days considerable plastic 
strain and volumetric strain in the rocks near 
the gallery surface was calculated. The dis-
tribution of the volumetric strain characterizes 
the extent and formation of the EDZ in the 

rock. Fig. 6 shows the contours of the volume-
tric strain field around the excavation at two 
different times. 

Summary  

The numerical predictions indicate that the 
model used is able to describe the complex 
behaviour of clay rocks around a gallery in 
drained conditions. However, numerical 
simulations of the laboratory tests on clay are 
still mandatory to get an overall appreciation of 
the performance of the material model and to 
calibrate the parameters. The proposed 
modified Cam-Clay models will then be 
improved and used in order to study the 
evolution of the EDZ around a real gallery in a 
clay formation such Opalinus clay formation  at 
the Mont Terri Underground Laboratory. 
Furthermore, an extension of the model to 
include the material anisotropy will be a future 
research topic. 

Finite element modelling of fluid flow 
and solute transport in a single fracture 
from the Äspö HRL (Sweden) 

Background  

Fluid flow in fractured rock behaves completely 
different compared to flow in porous media, 
especially in fractured rocks with very low mat-
rix permeability. In contrast to porous media, 
fluid flow through fractured rock is bound to 
discrete roughly shaped planes, which act as 
main flow paths. Both experimenttal and 
theoretical approaches have been applied to 
shed light on the processes governing flow and 
solute transport in single fractures as well as 
fracture networks. In most cases, fractures 
were treated with the parallel plate model or 
the streaming tube approach, where real 
natural fracture geometries are replaced by 
simplified and abstracted geometries. These 
simplifications have been made because of a 
more easily mathematical description resulting 
in less computational effort. The governing 
equations describing fluid flow are the Navier-
Stokes equations which represents a nonlinear 

 
Fig. 4: Finite-element model and assumed 
boundary conditions 

 
Fig. 5: Distribution of the pore water pressure (a) 
and the effective stress (b) around the gallery one 
day and 150 days after excavation. 

 
Fig. 6: Development of volumetric strain near the 
gallery surface one day and 150 days after 
excavation. 



- 56 - 

system of partial differential equations, only to 
be solved numerically in 3D [8]. Modern 
laboratory techniques, like e.g. computer 
tomography (CT) can serve as a non-
destructive tool for characterisation of natural 
fractures in drill cores providing geometrical 
information which can be used directly in 
numerical codes to conduct flow and mass 
transport simulations on the measured scale. 
This more realistic approach has been applied 
in our study. 

Core characterisation 

The core used in this study stems from Äspö 
hard rock laboratory (HRL) in Sweden from drill 
hole KOV 01 774.7-775.2. From a petrologic 
point of view, it is classified as a diorite. For 
further geological, petrologic and geochemical 
details of the site, see [9]. Prior to characteri-
sation, the core was sealed on the outside by 
sticking it in a custom made Plexiglas column. 
To gain information both about geometrical 
features of the fracture and porosity as well as 
aperture distribution, it was scanned using a 
µXCT. Details of the applied techniques are 
given in [10]. The size of the core is L=13.5 cm 
and =5.1cm. With µXCT a resolution of 80µm 
was achieved. Fig. 7 shows the fracture as 
rendered from the pre-processed data set.  

As expected for a real fracture, it possesses a 
complex 3D spatial geometry and fracture 
surface morphology. One side of the fracture 
shows a relatively sharp border, while the other 
side has a very irregular boundary. This 
complex geometric feature is assumed to have 
a strong impact on the flow field and cones-
quently on the mass transport. Here, the 
occurrence of so called trapping zones is likely 
which can retard tracers and colloids when 
entering these recirculation zones, e.g. through 
dispersion and diffusion [11]. 

Finite Element Model 

We model fluid flow and tracer transport 
through the fracture using the commercial finite 

element code ADINA-F [2]. To study the effect 
of the fracture geometry two completely 
different models concerning the geometrical 
complexity have been generated. The first 
model in 2D dimension uses only mean values 
for the aperture, thus reducing most of the 
geometrical information of the CT data. The 
second model is a full 3D model using the 
complete CT data set, considering all of the 
geometrical information. Mesh generation of 
the 2D was produced using the ADINA-F build-
in mesh generator. The 3D volume mesh was 
generated out of the CT data set by means of 
the software 3-matic. Fig. 8 shows both finite 
element meshes used in the study.  

All surfaces except the inlet at the bottom and 
the outlet at the top of the fracture are 
assigned no-slip (no-flow) boundary conditions. 
In the semi-2D mesh a symmetric boundary 
has been applied at the upper side of the 
fracture. At the inlet of both models velocity 
profiles have been applied as velocity boun-
dary condition and the exact tracer input 
function from the experiment is used as mass 
load boundary condition. The possible 
existence of matrix porosity in the vicinity of the 
fracture boundary and especially on the very 
rough side of the fracture are completely 
ignored, to exclusively study the influence of 
geometry information on the velocity flow field 
and thus on the mechanisms dominating mass 
transport. Due to the same reason, calcula-
tions are conducted without regarding any 
chemical processes like e.g. sorption or 
sorptive reduction. The flow is laminar and 
water as fluid is  incompressible with a density 
of 998.1 kg/m3 and a viscosity of 0.001 kg/ms. 

 
Fig. 7: Rendered 3D image of fracture in core#8 on 
the basis of the µXCT data set which shows the 
complex overall geometry and surface morphology. 
Notice the very irregular boundary on one side of 
the fracture. 

Fig. 8: a.) View of the 2D finite element mesh with 
the applied boundary and load conditions. Note 
that the aperture is shown as 30 times exaggerated 
for displaying reasons b.) 3D model with the inlet 
and outlet velocity boundary condition. The detailed 
view of a part of the 3D mesh shows an area inside 
the model where the fracture is closed. 
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A diffusion coefficient of 2.5·10-9 m2/s for HTO 
has been used. Both models are used to 
calculate a HTO breakthrough curve (BTC) 
obtained by a migration experiment on core#8 
with a flux of 0.1ml/min. 

Results 

Calculated velocity, fluid pressure and mass 
distribution of the 2D model are shown in 
Fig. 9. As expected, a parabolic velocity profile 
has evolved and maximal fluid flow velocities 
correlate with zones of smaller aperture and 
vice versa. The pressure distribution shows a 
continuous gradient representing steady state 
flow conditions. A snapshot of tracer migration 
at 2250s reflects the parabolic velocity 
distribution which leads to a dispersion of the 
solute. Fig. 10 shows experimentally obtained 
breakthrough curves from migration 
experiments with core#8 in comparison with 
breakthrough curves calculated using the 
above described two finite element models 

Summary and conclusions 

Fluid flow and mass transport were simulated 
using the FEM approach on basis of datasets 
from a µXCT (resolution 80µm) of a single 
fracture in a diorite drill core. Goal of this study 
is to investigate the influence of real fracture 

geometry on the flow and transport behaviour. 
The 2D model only uses the averaged aperture 
of the fracture in contrast to the second model, 
a full 3D model using the full resolution of the 
CT dataset. Both models have been used to 
simulate a tracer migration experiment on 
core#8. The 2D model results can reproduce 
the peak position quite satisfactorily but 
smoothes the tailing of the experimental BTC. 
These differences can be explained regarding 
the averaged fracture geometry information 
used in the model. Despite the greater 
computational and technical effort in creating a 
3D model on a basis of CT data, these results 
will be a step towards a more fundamental 
understanding of the processes governing flow 
and mass transport in real single fractures. 

Regarding the semi-2D model, the calculated 
peak position correlates satisfactorily with the 
experimental peak position. A clear deviation in 
the tailing of the BTC is observed which can be 
explained by the averaging step of the 
geometrical information. The tailing is mainly 
produced by Taylor dispersion and to lesser 
extends by molecular diffusion. It is obvious 
that the application of a mean aperture results 
in an averaging of the tailing in the calculated 
BTC. First calculations using the 3D model are 
conducted at the moment. 
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Fig. 9: Results of the 2D model. a.) velocity 
distribution in the fracture. b.) detailed view of a part 
of the model showing velocity vectors. c.) calculated 
pressure distribution. c.) snapshot of the migrating 
tracer at time 2250s. 

Fig. 10: Normalized experimental HTO (open 
symbols) and calculated (line) BTC as function of 
time. 



- 58 - 

6 Development of speciation methods: Speciation of actinides at 
trace concentrations 

Development of innovative speciation methods and their application to actinide speciation in nuclear 
waste disposal issues continues to be a major activity at INE. This year the most notable 
advancements in spectroscopic methods and sample environments made available at the INE-
Beamline are a Johann spectrometer for high resolved X-ray emission spectroscopy at both the 
actinide M and L edges (cf. chapter 2 “Highlights”) and an electromchemical cell for the study of redox 
sensitive systems under defined conditions. The recently established vibronic side band spectroscopy 
(VSB) reported on in the Annual Report 2007 has been applied at low temperature to selectively 
characterize different vibrational modes in the [Cm(H2O)9]

3+ ion. This can be potentially useful in future 
complexation reaction studies; e.g., between Cm3+ (or Gd3+) and sulfate or nitrate. High-resolution, 
time-resolved laser fluorescence spectroscopy (TRLFS) studies have successfully allowed 
quantification of the ground state splitting for the curium nonahydrates and octahydrates. New 
opportunities for sum frequency generation spectroscopy using the free electron laser tuneable 
wavelengths above 10 µm at FELBE in Dresden and an auxillary 532 nm laser source are now 
available. For the first time, high energy X-ray scattering (HEXS) has been used to corroborate 
combined quantum chemical, X-ray absorption fine structure (XAFS) and electro-spray time-of-flight 
mass spectroscopy (ESI-TOF MS) results characterizing the structure of thorium hydroxide polymers 
in solution. Furthermore, ESI-TOF MS has found new applications: characterizing plutonium colloids 
(in the presence of oxygen), Al13-Keggin-clusters and lanthanide complexed with partitioning relevant 
N-donor ligands. 

6.1 Speciation of Actinides using X-Ray Synchrotron Radiation 
B. Brendebach, K. Dardenne, M.A. Denecke, X. Liu, J. Rothe, T. Vitova 

 

Introduction 

The INE-Beamline for actinide research at FZK 
synchrotron light source ANKA continues to 
serve as a well-established facility serving the 
actinide science community. This is document-
ted by 19 contributions to the ANKA Annual 
Report 2008, as well as the two-fold oversub-
scription of the INE-Beamline for beamtime 
requests. In addition to supporting in-house 
research and external user projects, beamline 
staff has further developed beamline instru-
mentation, in order to meet the growing user 
community demands for a variety of actinide 
speciation applications. In the following, INE-
Beamline operations and user projects in 2008 
are summarized, three main upgrades are 
described in detail and an outlook of planned 
activities in 2009 is presented. 

User operation 

The eight in-house projects in 2008 cover a 
broad range of themes related to the safe 
disposal of high level nuclear waste, including 
for example, colloid formation and stability [1], 
actinide incorporation into secondary phases 
[2], characterization of partitioning-relevant 
extraction ligands  [3] and spatially resolved X-
ray fluorescence (µ-XRF) and X-ray absorption 
fine structure (µ-XAFS) studies of a uranium-
rich clay sample natural analogue [4]. The 
results of many of these investigations can be 
found elsewhere in this report. 

Fifteen external groups were hosted at the 
INE-Beamline in 2008, representing use of 
50% of the total available beamtime. INE-
Beamline external users fall into three main 
categories: ACTINET users, ANKA proposal 
users, and INE cooperation partners. INE 
active laboratories, including the INE-
Beamline, are one of the pooled facilities of 
European Network of Excellence for Actinide 
Science (ACTINET). Six groups with approved 
ACTINET projects having team members from 
five different countries (Germany, France, 
England, Switzerland and the United States of 
America) performed experiments at the INE-
Beamline in 2008. Eleven projects or roughly 
30% of measuring time accessed the INE-
Beamline via the standard ANKA facility 
proposal system (for details see [5]). A 
measure of the INE-Beamline success is a 
near doubling of requested beamtime for the 
first cycle of 2009 (10 projects are submitted 
for the half-year period April-September 2009). 
A significant portion of beamtime (more than 
35%) was used by students from diverse 
universities (Universities of Bonn, Erlangen, 
Heidelberg, Karlsruhe, Manchester, Grenoble). 

Upgrades in 2008 

This year’s continuing efforts to fulfil in-house 
and external user demands for new 
instrumentation include implementation of a 
microfocus option for spatially resolved 
studies, construction and testing of a high 
resolution X-ray emission spectrometer 
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(HRXES) and development of a spectro-
electrochemical cell for investigations of redox 
sensitive species. 

Microfocus setup: A microfocus option is now 
available for spatially resolved XRF and XAFS 
investigations using a focused X-ray beam with 
micrometer dimensions. The experimental 
setup is shown in Fig. 1. The primary beam of 
500μm in diameter is condensed by a 
polycapillary (XOS, USA, on loan from 
HASYLAB), which is mounted on a hexapod 
positioner for alignment (Physik Instrumente, 
Germany). The sample fluorescence signal is 
registered by a silicon drift detector (SDD, 
Vortex; SII, USA) positioned perpendicular to 
the incident photon beam. The optical 
microscope aids in selecting and documenting 
sample regions of interest. 

The first sample investigated using this setup 
was a thin section sample originating from 
Schacht Konrad, Germany, a former iron ore 
mine, presently licensed as a repository for 
non-heat producing radioactive waste. Fig. 2a 
shows composite microscope images of a 
2mm wide sample area consisting of brown-
red oolites embedded in a dark material. 

Element distribution maps (Fig. 2b-d) of this 
area are obtained by plotting the measured 
relative Fe K, La L and Ca K fluorescence 
intensity recorded while scanning the sample 
through a photon beam of 18keV excitation 
energy, in 30μm steps. The maps show that 
the oolites are composed of iron with trace 
amounts of lanthanum. The oolites contain no 
measurable calcium; calcium presence is 
limited to the interstitial regions, most probably 
as calcite. 

A set of polycapillary half-lenses (IfG, 
Germany) optimized for the beam 
characteristics of the INE-Beamline are 
available for such microfocused studies. These 
have been characterized using a high 

resolution two-dimensional X-ray CCD detector 
(Seso, France) placed at the capillary nominal 
focal distance (Fig. 3a). The vertical and 
horizontal dimensions of the focused beam 
extracted from the spot intensity cross-section 
of one of the half-lenses are both near 30µm 
(Fig. 3b-d). 

HRXES spectrometer: INE has built a HRXES 
spectrometer, which is available for use at the 
INE-Beamline [8]). The spectrometer is of a 
compact, modular design, optimized for 
attaining a wide range of energies with a 
dynamically bent analyzer crystal. The crystal 
itself is exchangeable and the diameter of the 
Rowland circle variable. A HRXES 
spectrometer disperses the emitted photon 
energies from a sample excited by incident X-
rays and focuses them onto a position 
sensitive detector, e.g., a CCD camera. This 
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Fig. 3: Characterization of a new polycapillary. a) 
Registering beam spot at the focal distance with an 
X-ray camera; b) camera output; c) digitized beam 
intensity cross-section; d) approximately 30μm 
horizontal and vertical beam dimensions. 
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Fig. 1: Microfocus setup at the beamline using a 
polycapillary for focusing and a SDD fluorescence 
detector. 

33.0

33.5

34.0

34.5

35.0
9.09.510.010.511.0

y [mm]

z 
[m

m
]

33.0

33.5

34.0

34.5

35.0
9.09.510.010.511.0

y [mm]

z 
[m

m
]

Ca Kα

Fe Kα

33.0

33.5

34.0

34.5

35.0
9.09.510.010.511.0

y [mm]

z 
[m

m
]

2 mm

La Lα

a b

c d

Fig. 2: a) Microscope image of the sample from 
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setup can be used to resolve otherwise 
overlapping emission lines and to remove 
lifetime broadening by registering the partial 
fluorescence yield emitted by the sample. 
These results in highly resolved XAFS spectra, 
which often display resonant features not 
observed in conventional XAFS. The 
spectrometer can also be used for resonant 
inelastic X-ray scattering (RIXS) studies. RIXS 
provides bulk electron configuration 
information, which can be also exploited for 
valence-selective XAFS, where differences in 
local structure of an element present in 
multiple valence states can be studied. 

First measurements demonstrate the high 
resolution capability of the spectrometer. By 
registering the emission of a Mn foil with the 
analyzer crystal bent so that the fluorescence 
is focused towards a point lying outside of the 
spectrometer Rowland circle, the energy 
resolution is orders of magnitude superior to 
that of commonly used solid state detectors. 
The Mn Kα1 and Kα2 emission lines separated 
by 11.2eV are successfully resolved (green 
spectrum in Fig. 4b). In the blue spectrum in 
Fig. 4b, the emitted fluorescence is focused 
directly onto the CCD (i.e. sample, bent crystal 
and detector lie on or near the Rowland circle 
of the spectrometer), resulting in a decreased 
energy range covered by the detector, but 
increased signal strength. The black spectrum 
is recorded in an intermediate geometry. 

The high resolution will allow, e.g., studies of 
XAFS pre-edge region features below the 
electron ionisation energy. The L3 pre-edge 
region is interesting for studying the valence 
band electronic structure (weak electric 
quadrupol transitions to 4f or 5f states) of 
actinides and lanthanides. 

Spectro-electrochemical cell: A spectro-
electrochemical cell has been developed in 
order to study the speciation of actinides in 
thermodynamically unstable redox states using 
in situ XAFS spectroscopy. The coupling of in 

situ XAFS and electrochemistry allows probing 
thermodynamically labil redox states such as 
U(III), Np(III), or Pu(III) during spectroscopy 
experiments, thus avoiding the problems of 
possible re-oxidation/re-reduction and 
decomposition. 

A drawing of the spectro-electrochemical cell is 
shown in Fig. 5a. The total cell volume is 
limited to 10ml with a working volume of 7ml. 
The cell is constructed of chemical-resistant 
plexiglass. The cell windows are made of 
Kapton film, which is known for its resistance 
to aggressive electrolyte under prolonged 
exposure and for its transparency to X-rays. 

The optical path length between two windows 
is about 2cm. Our cell has a three electrode 
design, with the working and counter (or 
“auxiliary”) electrodes, both made of vitreous 
(or glassy) carbon. Other electrodes such as Pt 
and Hg can also be used. These two 
electrodes, as well as the gas inlet, are 
screwed onto the top of the cell using standard 
nuts and sealed with matched tight-sealing 
ferrules on the inside of the cell. The Ag/AgCl 
reference electrode used is mounted and 
sealed tight onto the cell top with a Viton O-
ring. Different connectors are used to ensure 
electric connection of the electrodes. The 
removable working and auxiliary electrodes are 
separated by a large fritted glass tube (1cm 
diameter). This separation ensures XAFS 
spectra to be free of compositional 
interferences from redox products evolving 
from auxiliary electrode reactions. The 
reference electrode is placed equidistant to the 
cathode and anode. The electrode geometry 
ensures not only a minimized ohmic drop 
between the reference and working electrodes, 
but also provides a uniform distribution of 
current density and potential over the working 
electrode. Consequently, both potentiostat and 
galvanostat modes can be performed with the 
cell for bulk electrolysis. The distance and the 
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Fig. 4: a) HRXES spectrometer setup at the INE-
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Fig. 5: a) Drawing of the electrochemical cell. 
Electrodes are inserted through the top. Numbering 
scheme in [7]. b) Photograph of the cell in use at the 
INE-Beamline. c) First XANES spectra of different 
stabilized oxidation states of Np. 
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angle between the working and counter 
electrodes are arranged so that X-rays pass by 
the working electrode without hitting the 
counter electrode in both transmission and 
fluorescence measuring modes. A detailed 
description of the cell design can be found 
elsewhere [7]. 

Fig. 5b shows a picture of the cell setup during 
its first radioactive run at the INE-Beamline, 
where the Np L3 XAFS of neptunium stabilized 
in different oxidation states was recorded. The 
X-ray absorption near edge structure (XANES) 
recorded for the endpoints of the bulk 
electrolyses of the four different redox species 
are shown in Fig. 5c. The curve color reflects 
the actual color of the sample solution (red-
brown = Np(III), green = Np(IV), turquoise = 
Np(V), purple = Np(VI)). The XANES major 
maxima or so-called white lines for the four 
spectra are well-resolved. The difference in 
energy position of the white lines, relative to 
that for Np(V) at 17614.0eV, for Np(III), Np(IV) 
and Np(VI) are approximately    -3eV, +1eV 
and +2eV, respectively (all spectra are 
calibrated against the first inflection point in the 
Zr K XANES of a Zr foil defined as 17998.0eV). 
The spectra in Fig. 5c exhibit features 
expected for the varying Np oxidation states 
[8]. That the L3 XANES of Np(IV) lies ~1eV 
above that of Np(V), which is in reverse order 
of prediction based on the usual increase in 
edge energy position with increasing absorbing 
atom valence state, is well-documented [9]. 
Np(III) and Np(IV) species exhibit intense white 
lines, whereas the white line intensities in the 
spectra of the Np(V) and Np(VI) neptunyl 
cations are comparatively reduced. Spectra for 
the neptunyl cations also exhibit shoulders on 
the high energy side of their white lines 
attributed to multiple scattering of the 
photoelectron along the linear O=Np=O 
moiety. As expected, this feature is absent in 
the Np(III) and Np(IV) XANES.  

The INE-Beamline as learning center 

As in the past, INE-Beamline staff members 
taught and assisted students in experiments at 
the INE-Beamline during recurring courses in 
2008. These include the FTU 
Radioisotopenkurs / Radiochemisches 
Praktikum, Abiturientinnen-Tag and Girls Day, 
ISS School on Synchrotron X-ray and IR 
Methods Focusing on Environmental Sciences 
and an ACTINET intensive XAFS course for 
PhD students from University of Potsdam. 

In this year two PhD theses were completed, 
which include investigations performed at the 
INE-Beamline. One masters program student 
from the Fachhochschule Offenburg did her 
required six months internship at INE, assisting 
in completing technical drawings for the 

HRXES spectrometer and the confocal 
microfocus setup. 

Outlook for 2009 

Instrumentation development and upgrades 
planned at the INE-Beamline for 2009 are as 
follows: 

 Eliminate horizontal beam drift during 
monochromator crystal rotation (i.e. large 
energy scans) with high precision 
actuators on the second monochromator 
crystal. 

 Extend the micro-focus capabilities to 
confocal irradiation-detection geometry for 
additional scanning in the third (depth) 
dimension. 

 First active measurements with the 
HRXES spectrometer, extension of 
attainable emission energy range and 
detector upgrade. 

 Combine the electrochemical cell with UV-
Vis spectroscopy capabilities. 

 Adapt and test a cell for high temperature, 
high pressure investigations. 

INE has the honor of hosting the 20th 
International Conference on X-ray Optics and 
Microanalysis (ICXOM20), in cooperation with 
the Institut für Synchrotronstrahlung (FZK-ISS), 
Institut für Microstrukturtechnik (FZK-IMT), and 
European Joint Research Centre Institute for 
Transuranium Elements (ITU), in the 
Kongresszentrum Karlsruhe, 14. – 18. 
September 2009. ICXOM20 is dedicated to the 
field of micro (nano) analysis by means of X-
ray beams (with an emphasis in 2009 on 
synchrotron sources), electrons or other 
energetic particles. Further information is given 
on the conference homepage 
(http://icxom20.fzk.de). 
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Introduction 

Laser spectroscopic techniques are sensitive 
tools for obtaining process understanding on a 
molecular level. Two recent applications are 
presented in this section: The first one focuses 
on probing the ligand shell of trivalent actinides 
in solution. Emphasis is on the hydration of the 
curium aqua (Cm3+) ion, e.g. the number and 
coordination of water molecules in the first 
coordination shell. Cm(III) is frequently used as 
an analogue of trivalent actinide ions due to its 
favourable spectroscopic properties. Besides 
time-resolved laser-fluorescence-spectroscopy 
(TRLFS), a recently established vibronic side 
band spectroscopy (VSB) is used to charac-
terize selectively water and other ligands in the 
first and second coordination sphere. To gain 
further insight into the coordination of water, 
crystalline lanthanide hydrates of known struc-
tures have been doped with Cm(III) and 
studied by TRLFS at low temperature, resol-
ving the crystal field levels. The second techni-
que, the vibrational sum frequency spectro-
scopy, allows for selectively investigating phe-
nomena at interfaces. Of particular interest is 
the spatial orientation of functional groups at 
the water-mineral interface. Besides the acti-
vities on the high-frequency OH-vibrations at 
the corundum-water interface with an OPO 
system, a new setup at the free electron laser 
facility FELBE at the Research Centre Dresden 
(FZD) was successfully commissioned to cover 
the surface lattice vibrations at wavelengths 
above 10 m.  

Crystal-field splitting of Cm3+ in aqua 
complexes  

It has long been known that Cm3+(aq) exhibits 
several isolated and relatively sharp UV-vis 
absorption bands which can be described with 
free-ion parameters of the 5f7 configuration [1]. 
The sharpness of the bands (fwhm ~200–400 
cm-1) indicates that the interactions between 
the 5f electronic transitions and the ligands are 
fairly weak, which is consistent with that the 5f 
electrons of the actinides are well shielded (but 
somewhat less shielded than the 4f electrons 
of the lanthanides). However, a closer look on 
the absorption spectrum of Cm3+(aq) shows 
that a number of these bands are asymmetric. 
This indicates that the electronic transitions are 
affected by the ligands. Indeed, the crystal field 

splits the 5f7 electronic states into crystal-field 
levels, even though the individual levels are 
not resolved in solution or in crystals at room 
temperature. The degree of splitting depends 
on factors such as the donor atom type (e.g. O, 
N) and the coordination geometry. In extremely 
strong crystal fields, for example in thorium(IV) 
dioxide, the excited 6D´7/2 multiplet may split as 
much as ~3000 cm-1 [2], albeit the splitting is 
considerably smaller in most aqua complexes, 
between 400 and 700 cm-1 depending on the 
actual coordination geometry [3-6]. Not only 
the excited multiplets are influenced by the 
crystal-field, but also the ground 8S´7/2 state; 
however, the ground state splitting is at least 
an order of magnitude smaller than the excited 
states splittings. Until recently, it was assumed 
that the ground state splitting of Cm3+(aq) was 
comparably small as that of Cm3+ in LaCl3, a 
mere 2 cm-1. This assumption was based on 
their similar UV-vis absorption spectra and 
their tricapped trigonal prismatic coordination 
geometries [1]. We believe that this qualitative 
comparison is justified, although reference 
compounds better suited for comparison with 
the nine-fold coordinated [Cm(H2O)9]

3+ species 
in aqueous solution are preferred. 

In a recent paper we introduced four such 
compounds, namely [La(H2O)9](CF3SO3)3 (1), 
[Y(H2O)9](CF3SO3)3 (2), [Y(H2O)9](C2H5SO4)3 
(3), and [La(H2O)9]Cl315-crown-5H2O (4), all 
of which containing Cm3+ impurities [6]. High-
resolution, time-resolved laser fluorescence 
spectroscopy (TRLFS) was used to gain 
detailed information about the electronic level 
structure of the ground 8S´7/2 state and the first 
excited 6D´7/2 state multiplets of [Cm(H2O)9]

3+ 
ions with highly symmetric (1–3) and distorted 
(4) coordination geometries. As can be seen in 
Fig. 1, the room temperature emission and 
excitation spectra of 4 match well with those of 
Cm3+(aq), while the spectra of 1–3 are blue-
shifted. Overall, the emission and excitation 
spectra of the nonahydrates and the aqueous 
solution have comparable shapes and peak 
positions. In contrast, the corresponding 
spectra of the [Y(H2O)8]Cl315-crown-5 (5) are 
rather different (cf. refs. [3–6]). This means that 
the current nonahydrates are suitable model 
compounds for Cm3+(aq) at room temperature. 
The four crystal-field levels of the excited 6D´7/2 
multiplet are mainly derived from the excitation 



- 64 - 

spectra at 293 and 20 K, while the four crystal-
field levels of the 8S´7/2 ground state in 1–3 are 
solely derived from their excitation spectra at 
20 K (Fig. 2). The ground state levels in 4 are 
not resolved due to inhomogeneous line 
broadening. The energies of these levels for 

the solids and Cm3+(aq) are compared in Fig. 
3. Note that the splittings of the ground (6–8 
cm-1) and excited states (~375–395 cm-1) are 
relatively small for the nonahydrates with high 
local symmetry (1–3), while for the compound 
with low symmetry (4) the splitting of the 6D´7/2 

multiplet is slightly larger (430 cm-1). It is 
interesting to note that the centers of gravity of 
the 6D´7/2 multiplets are essentially constant 
(~17060 cm-1) despite that the individual 
crystal-field levels may vary considerably in the 
crystalline hosts, indicating that the free-ion 
parameters for Cm3+ in these hosts do not 
change significantly. In addition, our study 
shows that the ground state splittings for the 
nonahydrates 1-3 (6–8 cm-1) are much smaller 
than that of the octahydrate 5 (35 cm-1) [6], but 
still significantly larger than the earlier estimate 
for Cm3+(aq) of ~2 cm-1 [1]. 

In order to obtain a more accurate picture of 
how the local hydration structure of Cm3+ in 
aqueous solution and in the solid nonahydrates 
influence their electronic level structures, we 
recorded excitation spectra for some of the 
compounds and Cm3+(aq) to cover the higher 
energy levels of Cm3+. A comparison between 
the room temperature excitation spectra of 
neat [Cm(H2O)9](CF3SO3)3 and Cm3+(aq) show 
marked similarities, suggesting similar crystal-
field parameters for the solid nonahydrate and 
the aqua ion (Fig. 4). In order to deduce such 
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Fig. 1: 6D´7/2 → 
8S´7/2 emission (ex ≈ 397 nm) and 

8S´7/2 → 
6D´7/2 excitation spectra of [Cm(H2O)9]

3+ in 
1–4 at 293 K. The vertical dashed line represents 
the peak maximum of the emission spectrum of 
Cm3+(aq). The four crystal-field levels of the 6D´7/2 
multiplet are denoted as A1–A4 (note that A1 and 
A2 are not resolved in 1–3). 

 
Fig. 2: High-resolution 8S´7/2 → 

6D´7/2(A1,2) excitation 
spectra of [Cm(H2O)9]

3+ in 1–3 at 20 K 

 
Fig. 3: Comparison of 8S´7/2 and 6D´7/2 crystal-field 
energy levels of [Cm(H2O)9]

3+ ions in 1-4, 
[Cm(H2O)8]

3+ ions in 5, and Cm3+(aq) at 293 K. The 
ground state levels in 4 and Aq are not resolved. 
The center of gravity is indicated with ▲. 
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parameters, crystal-field calculations were 
performed on electronic energy levels obtained 
from high-resolution excitation spectra of 1 and 
2 in the wavelength range 370-600 nm (27000-
17000 cm-1) at 20 K, comprising the levels A-H 
(spectra not shown) [7]. The crystal-field 
analysis will provide more precise information 
on the symmetry and strength of the 
surrounding ligands and may particularly of 
interest for the study of solid solutions. An 
OPO laser system tunable over a broad 
wavelength range has been installed recently 
at INE appropriate for such applications. 

Vibronic side band spectra 

Several weak bands appear at the low energy 
side in the emission spectra and at the high 
energy side in the excitation spectra, respec-
tively, of 1–3 at 20 K [6]. These weak features, 
known as vibronic side bands (VSBs), are due 
to the coupling between the electronic tran-
sition (zero phonon line) and the various 
phonon modes localized to the Cm3+ ion. Fig. 5 
compares the VSB spectra of 2, its deuterated 
analogue and [Gd(H2O)9](CF3SO3)3 at 20 K. 
The stronger bands, situated relatively near (< 
400 cm-1) to the zero phonon line, originate 
from CmO9/GdO9 skeletal vibrational modes, 
while the weaker bands at higher frequencies 
are due to bending and stretching vibrations of 
the water ligands (not shown in Fig. 5). This 
intensity distribution reflects the R-6 dependen-
ce (R is the distance between emissive metal 
ion and the vibrational center). The assignment 
of the low frequency bands in 1–3 is in pro 
gress. Spectra of the deuterated compounds 
may aid assigning the bands. A correct 
assignment of these bands provides exclusive 
data on the normal vibrational modes of the 
[Cm(H2O)9]

3+ ion and must be compared with 
the data of [Ln(H2O)9]

3+ to learn about 
similarities and differences in the actinide(III)- 
and lanthanide(III)-water bonds.  

In summary, we have introduced crystalline 
hydrates containing the [Cm(H2O)9]

3+ ion entity 
as model structures for the first hydration shell 
of Cm3+(aq). Comparisons of their excitation 
spectra suggest that the main aqua species at 
room temperature has a nine-fold coordination.  
To obtain a more complete picture about the 
electronic level structure of Cm3+ in these salts 
and in solution, we recorded high-resolution 
fluorescence emission and excitation spectra 
at 293 and 20 K. This obtained information is 
used for further crystal-field calculations of the 
[Cm(H2O)9]

3+ ion in C3h symmetry. The vibronic 
side bands accompanying the curium ion in the 
spectra at low temperature provide exclusive 
information about different vibrational modes in 
the [Cm(H2O)9]

3+ ion. VSB spectroscopy may 
prove useful in certain complexation reaction 
studies; e.g., the complexation between Cm3+ 
(or Gd3+) and ClO4

- [8], SO4
2-, and NO3

-. 

Vibrational Sum Frequency 
Spectroscopy 

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

The interaction of a mineral with an electrolyte 
is controlled by the surface functional species. 
We use sapphire (-Al2O3) as a model mineral 
which is related to natural clay minerals and 
analogous iron phases. At the surfaces, there 
are aluminol groups. The most basic and most 
important reaction of the surface functional 
species is their protonation and deprotonation 
which occurs upon the change of the pH of the 
water. In Fig. 6 (top), this process is depicted 

 
Fig. 4: Comparison of fluorescence excitation 
spectra of solid [Cm(H2O)9](CF3SO3)3 (red) and 
Cm3+(aq) (~5 mM) (black) at room temperature. 
em = 594 nm. The difference spectrum is shown in 
green. 

Fig. 5: VSB at the 6D´7/2 → 
8S´7/2 transition of 

[Cm(H2O)9]
3+ (blue) and [Cm(D2O)9]

3+ (red) in 2, 
and at the 6P7/2 → 

8S7/2 transition of 
[Gd(H2O)9](CF3SO3)3 (green) at 20 K. 
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for a doubly coordinated OH species which is 
expected to occur at a sapphire (001) surface 
[9]. As a result of surface charging, the 
interface properties change dramatically, for 
example the interaction capability with actinide 
and lanthanide ions (Fig. 6, bottom). 

Speciation of the functional groups 
obtained by vibrational sum frequency 
spectroscopy 

In order to obtain chemical analytical informa-
tion selectively from a mineral surface in situ in 
water we apply the nonlinear optical technique 
of vibrational sum frequency (SF) spectroscopy 
[10,11]. This method is the only experimental 
technique for direct and selective probing of 
small functional surface species such as OH 
groups. The experiment is given schematically 
in Fig. 7. 

A section of the interface is illuminated with 
intense light from two lasers. Due to the high 
intensities, photons from the two beams can 
couple to the surface at the same time in order 
to generate photons whose frequency is the 
sum of the individual frequencies. This process 
requires a net polar order of the sample’s 
electric dipoles. Such an order is always 

present at a surface. Additionally, a signal is 
obtained from the water molecules near the 
surface which exhibit a preferential polar 
orientation due to their interaction with the 
mineral. No SF light from the centrosymmetric 
bulk water phase interferes with the surface 
signal. The same is valid for the bulk of many 
crystals including sapphire. The different func-
tional surface groups and the water species at 
the interface can be distinguished from each 
other in the experiment because one of the two 
lasers is tuneable over a large region of the 
infrared (IR) spectrum. Thus vibrational spec-
troscopic information on the chemical compo-
sition of the interface is obtained. Applying 
polarized light we can also measure the bond 
orientations of the different species.  

We have recently obtained a detailed molecu-
lar picture of the sapphire(001)/water interface. 
We distinguished four doubly coordinated 
aluminol species which differ in their OH bond 
tilt angle. The tilt was observed to be a crucial 
parameter determining the ability of the 
species to act as hydrogen bond donor or 
acceptor. In a large pH range around the point 
of zero charge, the mineral/water interaction is 
not controlled electrostatically but by hydrogen 
bonds [11]. The results are in agreement with 
our independent ab initio quantum chemical 
calculations (see [12] and Sect. 6.4). Additional 
experiments and calculations with lanthanide 
cations are in progress.  

Development of a sum frequency 
spectroscopy experiment at the free 
electron laser in Dresden-Rossendorf 

Table-top laser systems as applied in our lab 
provide IR wavelengths up to ~10 µm which 
are sufficient for probing most functional sur-
face species. For example, a deprotonated 
aluminol group, however (see species on the 
right side of Fig. 6), cannot be probed within 
this spectral region. Such species must be 
detected by their corresponding surface lattice 
vibrations at wavelengths larger than 10 µm 
which are accessible by a free electron laser 
(FEL). These charged species and their 
surface concentrations must necessarily be 
measured because they are expected to 
strongly interact with actinide and lanthanide 
cations. It is also anticipated that the interact-
tion with ions and molecules of the electrolyte 
influences the vibrational modes of the inter-
face and the corresponding SF spectra. In 
order to obtain such information we are deve-
lopping an additional SF experiment with the 
FEL at Forschungszentrum Dresden – 
Rossendorf (FZD). 

In a laboratory at the FEL in Dresden, we are 
currently developing an SF spectroscopy ex-

 
Fig. 6: Simplified scheme of sapphire(001)/water 
interface, protonation and deprotonation of aluminol 
species (top), interaction with actinide and 
lanthanide cations (bottom). 

 
Fig. 7: Scheme of the nonlinear optical experiment 
at a mineral/electrolyte interface. 
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periment for probing surface lattice vibrations. 
The lab is classified as control zone for the 
investigation of radionuclides. We have syn-
chronized the FEL pulses with the pulses of an 
auxiliary laser (wavelength of 532 nm). This 
laser was acquired together with the Institute of 
Radio Chemistry (FZD) and the École 
Nationale Supérieure de Chimie de Paris 
(ENSCP) within the European Network of 
Excellence in Actinide Sciences ACTINET. 

The operation of an SF experiment at large IR 
wavelengths is difficult because the contri-
bution of the long-wavelengths photons to 
momentum and energy of the generated SF 
photons is small. As a result, the photon 
energies (frequencies) of the generated signal 
and the auxiliary laser light are similar. Also, 
the SF signal is radiated at an angle very close 
to the reflection angle of the auxiliary laser 
beam. These phenomena complicate the 
separation of the weak signal from the intense 
fundamental light. Additionally, we observed a 
strong, unwanted signal from the bulk of our 
sapphire crystals upon illumination with the 
auxiliary laser. This signal which may arise 
from Raman processes covers the entire 
spectral range in which we expect the SF sig-
nal. A purely spectral separation of the signal 
is thus impossible. We, however, succeeded to 
discriminate the unwanted bulk signal and the 
reflected auxiliary laser light by a combination 
of spatial and spectral filtering. The first spec-
trum, obtained from a sapphire (001) surface in 
air, is given in Fig. 8. The integration time per 
data point is 30 s. The fundamental fields and 
the detected signal are p polarized. We are 
sure that the signal is SF light selectively from 
the surface because the frequencies are 
correct and the signal intensity is proportional 
to both, the fundamental IR and the funda-
mental auxiliary light intensities, as expected. 

In order to understand the spectrum in terms of 
chemical composition and symmetry of the sur-

face we currently alter the preparation condi-
tions (sorption of ions such as Eu3+ at different 
pH) as well as the polarization combinations of 
the interacting light waves. Also, independent 
quantum chemical calculations are carried out. 
In contrast to the O-H vibrations of the aluminol 
species which are weakly coupled to each 
other so that they can be calculated with 
cluster models, the surface phonon modes 
correspond to coupled oscillations which are 
computed with plane-wave theories, applying 
periodic boundary conditions. 
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6.3 Formation and hydrolysis of polynuclear actinide complexes 
C. Walther, S. Büchner, M. Fuss, A. Geist, M. Icker, J. Lützenkirchen,  J. Rothe,  
B. Schimmelpfennig, O. Schwindt, M. Steppert 

 

Introduction 

Complex formation and polymerisation play 
important roles in the quantification of aqueous 
species in solutions of actinide salts. A great 
number of studies aimed at finding composition 
and structure of solution complexes. However, 
often the information was deduced from 
titration data, which is a rather indirect 
approach and requires model predictions 
which complexes to assume. By use of 
electrospray mass spectrometry (ESI MS), 
charged solution species such as metal 
complexes or polymers are detected directly, 
allowing toachieve a direct quantitative 
speciation. A particular soft variation of 
electrospray is the so called nano-ESI, which is 
capable of transferring molecules from solution 
into vacuum with a rather low energy transfer 
to the ion. By chosing the operative 
parameters carefully, a solvent shell can be 
maintained around the molecules during all 
stages of detection, even in ultra high vacuum. 
The risks of experimental artefacts such as 
fragmentation or dehydration are thus greatly 
reduced [1]. Furthermore, ESI MS allows 
detection of minor species. In the case of 
zirconium solutions [1] less than 1%[Zr] of 
monomeric ions were detected in the presence 
of 99%[Zr] tetramers and pentamers. In the 
following, four recent projects are discussed. 

Determination of the structure of 
thorium hydroxide pentamers  

Previous investigations on the formation of 
thorium hydroxide polymers in solutions close 
to the solubility of amorphous hydrous thorium 
oxide revealed the unexpected presence of 
pentamers Th5(OH)y

z+ (INE Annual Report 
2007, [2]) in acidic solutions (1<pH<3, 
[Th(IV)]= 10-4–10-2 M). For these conditions the 
presence of tetramers and hexamers was 
predicted instead [3]. In order to obtain 
independent proof and, in addition, structural 
information on the pentamers, X-Ray based 
spectroscopic techniques were applied. XAFS 
(X-ray absorption fine structure) 
measurements on solutions of [Th]=1.6x10-2 M 
revealed an eight- fold O coordination,  r(Th-
O)=2.40/2.55 Å,  and a second shell at r(Th-
Th)= 3.94 Å (N=3). However, no unequivocal 
structure of the pentamer could be deduced 
from these data alone calling for additional 
measurements. To this end, high energy X-ray 
scattering was performed at the Advanced 
Photon Source, in collaboration with L. 

Soderholm from the Argonne National Lab, 
Chemistry Division. In highly concentrated 
solutions ([Th]=120mM, pH 3), where the 
pentamer contributed approximately two thirds 
of the total [Th(IV)]aq according to ESI 
measurements, the second next neighbour Th-
Th shell was determined at r2(Th-Th)=6.9 Å. 
This leads to the assumed structure of two 
dimers linked by a monomer. The result is not 
too surprising, considering that dimer and 
monomer are the predominant species in 
concentrated solutions of high pH [4] prior to 
formation of larger entities such as the 
pentamer when the pH is increased. By using 
quantumchemical calculations (DFT (BP-86) 
with TZVP Base and small-core ECP at 
thorium) the structure shown in Fig. 1 was 
obtained (structural parameters in Tab. 1). 

Formation of Pu(IV) colloids and small 
polymers of mixed valence state 

Very soon after production of the first 
micrograms of plutonium in the 1940s, the high 
tendency of tetravalent plutonium to form 
polymeric complexes and colloids became 
obvious. Due to the complexity of Pu 
chemistry, the exact processes underlying their 
formation are still controversially discussed. 

 
Fig. 1: Dimer-Monomer-Dimer structure of the 
Th5(OH)16

4+ pentamer. Th ions are depicted in 
green, oxygen in red and hydrogen in white. 

Tab. 1: Structural parameters of the Th5(OH)16
4+  

pentamer obtained by EXAFS, HEXS and DFT 
calculations 

 r(Th-O) r(Th-Th) r2(Th-Th) 

EXAFS 
HEXS 

2.40/2.55 
2.40 

3.94(4) 
3.92 

----- 
6.6 

DFT* 2.38/2.60 3.96(2) 6.9(2) 
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The present work aimed at understanding the 
formation mechanisms by combining modern 
state of the art analytical techniques. 

Aqueous solutions ranging from [Pu(IV)]= 
2x10-6 M to 10-3 M and pHC 0–2.1 were prepa-
red and investigated by different methods. 
From EXAFS data taken in the millimolar con-
centration range [5] we concluded that poly-
merisation of tetravalent Pu proceeds via 
aggregation of cubic Pu-dihydroxo building 
blocks (Pu(OH)2

2+·6H2O) followed by partial 
condensation 2OH-→H2O+O2-, leading to the 
formation of larger moieties such as dimers, 
trimers and so on (Fig. 2 black box).  Due to 
non-perfect stacking, the resulting structure 
exhibits a disturbed Pu-O-Pu backbone with 
increasing order as the size increases. The Pu-
O coordination shell shows a variable degree 
of order due to the variation in numbers of O2-, 
OH- and H2O ligands in the growing structural 
network. These fresh, disordered colloids 
(often denominated amorphous oxo-hydroxide-
colloids) undergo a ripening  towards a  cubic 
fcc PuO2 structure [6]. In parallel, we observed 
this process by optical absorption spectro-
scopy (Fig. 2, green box): Polymerization is 
induced in a sample at  [Pu(IV)]= 2x10-4 M by 
stepwise pH increase, as evident from the 

increasing signal around =630 nm. After 
reaching pHC 1.8, the sample was allowed to 
age for 2 years. During this time the absorption 
peak increases further, shifts to shorter 
wavelengths and finally closely resembles the 
well known absorption spectrum of crystalline 
PuO2 colloids observed in concentrated Pu 
sols [7]. Whereas aged Pu(IV) colloids are 
close to insoluble, fresh colloids and polymers 
are in equilibrium with monomeric ionic 
solution species and strongly influence the 
redox chemistry of Pu: The Pu(III) and Pu(IV) 
couple as well as the Pu(V)/Pu(VI) couple 
equilibrate fast, but oxidation of the tetravalent 
ion Pu(IV)aq to the trans-dioxo species PuO2

+ 
(Pu(V)) is very slow. It is known [8] that the 
inverse process – the reduction of Pu(V) – 
does not occur in the  absence of “Pu(IV)-
colloids”. In order to gain insight into the 
mechanisms of colloid formation on a 
molecular level, solutions close to the solubility 
limit of amorphous Pu hydroxide were 
prepared at concentrations below 10-4 M. 

Care was taken not to enter oversaturation by 
monitoring colloid formation by means of laser-
induced breakdown detection (LIBD). This 
technique is capable of measuring the size 
distribution of inorganic aquatic colloids larger

 

 
Fig. 2: Investigation of the formation of Pu(IV) polymer and colloids in acidic solution by different methods 
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than approximately 5 nm at low concentration 
and allows obtaining very precise solubility 
data (Fig. 2 center, solid and dashed lines). 
The formation of colloids as detected by LIBD 
coincides with a decrease in optical absorption 
of the Pu(IV) band at 471 nm measured by a 
very sensitive type of UV-Vis spectrometer, the 
so called liquid core waveguide capillary cell 
with a 1m path length (Fig. 2 blue box). 
However, yet another decrease is observed at 
considerably lower pH, which cannot be 
attributed to the formation of colloids. We 
suspected formation of weakly absorbing 
polymers to be responsible. 

Direct proof was obtained by using ESI TOF 
MS, leaving the molecular ions in an intact 
solvent shell of some 50 water molecules and 
still determine the mass-over-charge ratio to 
high precision (typ. m/∆m=15000 ). From 
these data, the numbers of Pu ions (in the 
present case 244Pu) ,  OH- ligands, Cl- counter-
ions, water adducts and the overall charge of 
the complex of molecules are obtained. At pHC 
0.65 which is undersaturated by a factor of >50 
only the mononuclear ions Pu3+, Pu4+, 
Pu(OH)3+, PuO2

+, and PuO2
2+ appear in the 

mass spectrum (Fig. 2 lower left red box). 
Their relative abundances are in good 
accordance with the distribution obtained by 
absorption spectroscopy (inlay). A slight 
decrease of the acidity to pHC 0.94 
(undersaturation ~ 10) results in a much richer 
mass spectrum (Fig. 2 lower right red box) 
extending to higher masses (note different 
abscissa scale). In contrast to analogue 
experiments on Th(IV) and Zr(IV), however, 
the spectra could not be fitted by including 
Mx

(IV)(OH)y
z+ polymers alone. Instead, a great 

variety of polymers is identified were Pu(IV) is 
partly substituted by Pu(III), or Pu(V) (so called 
mixed valence polymers in the following). In 
the magnified section of the spectrum some 
dimers and trimers are annotated exemplarily, 
omitting the counterions (Cl-) and water 
adducts for clarity. The full spectrum is 
identified by including close to 50 different 
species each with a distribution of water 
adducts ranging from ~ 20 to ~80, which totals 
some 3000 peaks.  

In particular the polymers containing both, 
Pu(IV) and PuO2

+ are of great interest since 
they might present the long looked for 
transition species during oxidation from 
Pu(III)/Pu(IV) to  the trans dioxo ions PuO2

+ 
and PuO2

2+ and, vice versa,  reduction of 
PuO2

+ and PuO2
2+, even in dilute solutions in 

the absence of colloids or precipitates.  

Their role would explain the findings that 
reduction of Pu(V) is strongly hindered in the 
absence of colloids [8] and may also be 

important for understanding the formation 
process of the over-stoichiometric PuO2+x solid. 
Furthermore, since most likely colloids form by 
aggregation and growth of Pu-hydroxide 
polymers, the observation of a very short Pu-O 
distance in EXAFS spectra of concentrated 
colloidal Pu suspensions which was interpreted 
in terms of the presence of PuO2

+ [9] 
corroborates the present finding.  

Formation of Al13O4(OH)y
z+ clusters in 

solution 

 The synthesis of Al13-Keggin-clusters was 
carried out for investigating their role in the 
interfacial reactions of gibbsite (during the 
synthesis of this aluminium hydroxide 
conditions are favouring the formation of Al13) 
and is expected to yield the cluster as the only 
solution species. Although supersaturated with 
respect to gibbsite precipitation, it is known to 
be “stable” over years. The behaviour of Al13 
has been previously systematically studied by 
potentiometric titrations in 0.1 and 1 molar 
background electrolyte solutions. Nothing is 
known about their stability in solutions with 
lower background electrolyte concentrations. 
Using ESI MS, which requires lower 
background electrolyte concentrations, it was 
possible to (i) show that Al13 is present as the 
widely dominant species and (ii) that different 
Al13O4(OH)y

z+ species exist with charges of z=3 
and z=5, and consequently y=28 and y=26, 
respectively (Fig. 3 top). This would be direct 
proof for a previously proposed acid-base 
model for Al13. Since the use of chloride ions in 
the synthesis involves some ambiguity in the 
evaluation of the spectra (the mass of chloride 
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Fig. 3: ESI TOF MS spectra of a solution containing 
Al13 clusters (top) and mixed Ga3+/Al3+ clusters 
(bottom) 
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(35Cl) corresponds to the mass of a water 
molecule plus that of a hydroxide ion), the 
synthesis will be repeated in nitrate media. 

It is known that the central tetrahedrally 
coordinated Al3+ ion can be substituted by a 
Ga3+ ion. Consequently by preparing initial 
solutions of the required stoichiometric ratio 
(Al/Ga = 12/1) a synthesis of GaAl12 was 
carried out. Surprisingly, apart from the 
expected GaAl12O4(OH)y

z+ we also detected 
the species Ga2Al11O4(OH)y

z+ (Fig. 4, bottom). 
The latter indicates involvement of Ga in the 
outer structure of the cluster.  

Lanthanide-BTP complexation 

Not polymerisation, but complexation is invest-
tigated in the present project, and in contrast to 
the aqueous systems described above, octanol 
serves as a solvent here. Within the partition-
ning and transmutation concept (Sect.7 of the 
present report), which aims at reducing the 
long term radiotoxicity of spent nuclear fuel via 
the separation of the long lived actinides, one 
key step is the separation of the chemically 
similar trivalent actinides Am(III) and Cm(III) 
from the lanthanides. Alkylated Bis-triazinyl-
pyridines (BTPs, [10]) are able to selectively 
extract the trivalent actinides Am(III) and 
Cm(III) over the lanthanides from 1 M nitric 
acid into an organic phase containing octanol 
and kerosene. However, this high selectivity is 
not yet understood on a molecular level. At 
high BTP concentrations trivalent actinides and 
lanthanides are complexed by three BTP 
molecules (Cm/Eu(BTP)3-complexes) with no 

significant difference in structure according to  
EXAFS and quantum chemical calculations. 
TRLFS investigations show that the formation 
of Cm(BTP)3 –complexes starts at lower BTP 
concentrations than for the respective Eu-
complexes suggesting different thermodynamic 
stabilities of those complexes.  

In a previous ESI study [11] the exclusive for-
mation of 1:3 complexes ([La(BTP)3(NO3)n]

(3-n)+ 
n=0,1) was reported, with stability constants for 
the 1:3 complexes increasing about four orders 
of magnitude from lanthanum to lutetium. 
However, the samples were prepared in a nitric 
acid/methanol mixture which is not representa-
tive for the octanol/kerosene mixtures usually 
applied for Ln/An separation. 

In the present work we show that the choice of 
diluent strongly influences the species 
distribution. Stock solutions of n-propyl-BTP 
and Ln(NO3)3xnH2O (n=5,6) (2x10-4 M) were 
prepared in 1-octanol and diluted for the nano-
ESI TOF MS measurements (0.25 µl), resulting 
in [Ln] = 5x10-5 M. Measurements were 
 obtained in two different metal-to-ligand ratios 
(1:2 and 1:10). The lower ratio served for 
checking if the exclusive formation of the 1:3 
complexes found in the water/methanol system 
also takes place in octanol. The higher BTP-
concentration was used to approach the 
conditions of the extraction process.  

The results of [11] in water/methanol could be 
confirmed. Even at substoichiometric BTP con-
centrations only 1:3 complexes form. In strong 
contrast, a significant fraction of 1:2 and 1:1 
complexes was observed in octanol. 
Fig. 4 (top) shows the mass spectrum of an 
octanolic solution with [BTP] = 10-4 M and [La] 
= 5x10-5 M in logarithmic representation. The 
dominating species is the complex 
[La(BTP)2(NO3)2]

+ (rel. abund.= 52.2%, blue), 
followed by the  1:1 complex [La(BTP)1(NO3)2]

+ 
6.8%, yellow) and only minute amounts of 1:3 
complex [La(BTP)3(NO3)2]

+ (0.6%, magenta). 
For the heavier lanthanide Tb the 1:3 complex 
is favoured (Fig. 4, bottom): [Tb(BTP)3(NO3)2]

+, 
78.6%, magenta; [Tb(BTP)2(NO3)2]

+, 21.4%, 
blue; no 1:1 complexes detectable), indicating 
a general trend: With increasing mass of the 
lanthanide (shown in Fig. 5, bottom, for La, Pr, 
Eu, Tb and Lu) the fraction of the 1:3 comple-
xes continiously increases from La (0.6%) to 
Tb (78.6%). For Lu it is decreasing again. In 
case of the metal to ligand ratio 1:2, however, 
the most abundant species for most investi-
gated lanthanides is the 1:2 complex. It is 
instructive to compare the abundance of the 
1:3 complex with distribution ratios for an 
extraction from aqueous phase consisting of 
1 M HNO3  to organic phase (40 mM n-Pr-BTP 
in kerosene/1-octanol), which is depicted in the 
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upper part of Fig.5. The more 1:3 complex is 
formed, the better the metal ion is shielded by 
the hydrophobic parts of the ligands. This 
results in better stabilisation in the organic 
phase and higher distribution ratios. 

Measurements were also performed with an 
excess of BTP (1:10). Compared to the 
measurements with lower BTP concentration, 
the fraction of 1:3 complexes increases in 
general and 1:1 complexes are absent.  

Both, electrostatic and steric effects seem to 
play a role in the formation of the different 
complexes: For the lanthanides La through Tb 
the decreasing ionic radius causes an 
increasing binding attraction due to steric 
factors and a stabilization of the 1:3 complex. 
However, further contraction of the ions from 
Tb through Lu leads to favourable formation of 
1:2 and 1:1 complexes, most likely due to the 
decreasing electrostatic interaction of the ions 
of increasing hard character with the soft N-
donor ligands. 
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Fig. 5:  Top: Distribution ratios of the trivalent 
lanthanides between organic and aqueous phase  
for Ln(III) and An(III) extraction (top) match the 
relative abundance of 1:3 complex (bottom, blue 
bars) obtained in the present study. 
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6.4 Computational Chemistry                                   
B. Schimmelpfennig,  R. Polly, M. Armbruster, M. Trumm

Introduction  

Computational Chemistry at INE has been 
established as a predicting and supporting tool 
in various research fields, such as extraction 
chemistry, chemical and physical properties of 
mineral surfaces, oxo-hydroxo systems from 
small size in solution to nano-particles or 
actinides in solution. Quantum chemically 
calculated properties range from structure 
parameters to spectroscopic data such as, 
e.g., vibrational spectra or NEXAFS data.  

Whereas structures and vibrational modes of 
actinide complexes are predicted with sufficient 
accuracy, the relative binding energies of 
actinide ions in water with respect to the 
coordination number is still a major challenge. 
To overcome this problem we started within an 
international collaboration the development of 
force-field based state-of-the-art calculations 
on small Th(IV)-water complexes. 

Theoretical investigation on the inter-
action of the corundum surface in 
contact with water, organic molecules 
and metal ions 

A model system for the corundum (110) 
surface 

Following our successful study of the 
interaction of water with the corundum (001) 
surface [1, 2] the aim of this study is to extent 
the previously applied approach to the 
corundum (110) surface. 

We determined this Al27O75H67 cluster by 
cutting out a few layers from the experimental 
bulk structure of corundum and saturated all 
tangling bonds with hydrogen atoms. Based on 
this initial structure we carried out an 
optimization of the structure with Density 
Functional Theory using the BP86 functional 
and the cc-pVDZ basis set. This combination 
of functional and basis set turned out to be 
optimal for this class of systems as we showed 
in our earlier study of the (001) surface [1]. The 
cluster, shown in Fig. 1, constitutes the basis 
of further studies of the corundum surface, 
extending the application to the (110) surface. 
Experimentally it is well known, that the 
adsorption processes on this surface is more 
difficult to describe than the adsorption on the 
(001) surface and that there are more distinct 
OH species on the (110) surface. With this 
model we can tackle this problem from a 
theoretical side and thus support and 
complement the sum-frequency experiment. 

Investigation of the interaction of metal 
ions with the corundum (001) surface 

We continued a thorough study of the 
interaction of trivalent lanthanide and actinide 
ions employing the Al31O60H21 cluster as a 
model for the (001) surface. Open 
experimental questions are the metal ion 
coordination with the surface and its hydration 
number. By TRLFS of Cm(III) about 5 water 
molecules in the first shell were estimated, 
indicating a 3- to 4-dentate inner-sphere 
surface coordination. In our extensive study we 
found, that both possibilities, five- and six-fold 
coordination are possible on the surface and 
that there are bonds with three or four oxygen 
atoms on the surface, confirming and 
supporting the experimental findings. As an 
example, in Fig. 2 the coordination of La(III) 
with 3 aluminol groups (=Al-OH) and 6 water 
molecules is shown. 

 

 

Fig. 1: Cluster model for the corundum (110) 
surface 
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Investigation of the interaction of butanol 
with the corundum (0001) surface 

This study was carried out using the previously 
constructed Al31O60H21 cluster as a model for 
the (001) surface. For the description of the 
orientation of the butanol on the surface we 
added seven butanol molecules on top of this 
cluster (see Fig. 3). The tilt angle of butanol on 
the surface was determined by SFG to be 
φexp=(31±3)º. The theoretical calculation on our 
model system determined the angle of the cen-
tral alcohol to be φcalc=31.7º which is in excel-
lent agreement with the experiment result. 

Application of plane-wave DFT methods for 
the description of the corundum surface 

Along with the theoretical studies of the corun-
dum surface with the cluster model we started 

first-principle calculations within a plane-wave, 
supercell, DFT framework using the Vienna ab 
initio Simulation package (VASP). The Kohn-
Sham equations are solved using the projector 
augmented wave (PAW) approach for descry-
bing electronic core states. This methodology 
can be successfully applied to such problems 
and complements both the experimental as 
well as the theoretical approach utilizing the 
cluster model and orbital based theoretical 
methods, such as perturbation theory and 
conventional DFT. 

Force-Field calculations on actinide 
complexes 

With the help of quantum-chemical methods 
we are able to calculate binding energies of 
complexes of about 30 water molecules 
around a given central ion in acceptable CPU- 
time. This is helpful when determining for 
example the coordination numbers in gas 
phase. For a proper description of the solvation 
effects about 1000 water molecules are 
needed to reach bulk behavior [3]. Hence we 
need a new way of computing such big 
structures. Therefore we started to employ the 
force-field TCPEp developed by Masella and 
Cuniasse [4]. As an example, Fig. 4 shows a 
Th(IV) ion surrounded by 512 water molecules. 
With such a structure a molecular dynamic is 
started and carried out on the nanosecond 
scale. Recording the trajectory of the central 
Th(IV) cation leads to a statistical coordination 
number. In every step the energy is calculated 
in parts. Every part is constructed to reflect a 
physical meaning. There are repulsive, hydro-
gen-bond, polarization, coulomb parts and a 
part depicting a charge transfer term. This 
charge transfer term in combination with other 
useful properties of force-fields is new for 
actinides and will provide more reliable and 
accurate theoretical results than other force-
field calculations before. The aim of these 
calculations in addition to finding coordination 

 

Fig. 2: Adsorption of trivalent matel ions (yellow, 
enlarged) on the corundum (001) surface 

 
Fig.3: Adsorption of butanol on the corundum (001) 
surface 

 

Fig. 4: Th4+ ion embedded in 512 water molecules  
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numbers for solvated actinides is to achieve 
i.e. dipole-moments, structure analysis, tran-
sition mechanisms, exchange rates or thermo-
dynamic data. For the latter, the technique of 
simulated annealing is implemented in the 
code. With the help of this algorithm, we are 
able to find global structure minima including 
their spectral frequencies. To fasten up the 
calculation the program uses multiple time 
steps as well as smart analytical formulas 
describing several interactions in short and 
long ranges. To achieve a high accuracy, the 
parameters of the force-field are fitted to 
quantum-mechanical data obtained using large 
state-of-the-art basis sets and electron-corre-
lation approaches like MP2 or CCSD(T). Fig. 5 
shows the binding energies of a [Th(H2O)6]

4+ 
cluster, with one water being pulled out. 

In this case we use aug-cc-pVTZ basis sets on 
water and on Thorium a large ANO-basis basis 
in combination with a small-core pseudo 
potential, as provided by Cao and coworkers in 
Cologne. Structures were geometry-optimized 
on the MP2 level with the MOLPRO software 
package, followed by single-point calculations 
at the CCSD(T) level including counterpoise 
corrections.  

The investigations will be continued with large-
scale simulations of the Th(IV)-system, further 
studies of many-body effects and their parame-
terization as well as transferring the developed 
techniques to other tri- and tetravalent actini-
des in solution. This project was initiated as a 
collaboration within the ACTINET network and 
involves apart form the computational chemi-
stry group at INE, V. Vallet, F. Real (ACTINET-
fellow) and J.P. Flament from Lille and M. 
Masella from CEA / Saclay.  

Th(IV) oxo- / hydroxo- clusters 

Over the last years, small oxo- / hydroxo- 
clusters of tetravalent actinides were 
extensively studied by C. Walther and co-
workers (see Sect. 6.3 of this report for 
details). One of the major challenges for theory 
in this context is to develop, based on mass-

spectrometry data, structure models for 
complexes such as the experimentally found 
species with five Th(IV) ions and to decide the 
ambiguous possibility to replace two 
hydroxides by one water and one O2-. 
Pyramidal clusters of trivalent lanthanides, 
although stabilized by bulky ligands, are well-
known from the literature and were therefore 
the first possible structures investigated with 
quantum chemical methods. We used Density 
Functional Theory with basis sets of TZVP 
quality and a small-core pseudopotential on Th 
for gas phase calculations, where the total sum 
formula was fixed by adjusting the number of 
hydroxides and waters in the first coordination 
shell. The interaction with further water in the 
second coordination sphere or beyond was 
modelled by employing the COSMO-approach 
in single-point calculations. 

We found several local minima of comparable 
energy within the accuracy of the model 
employed and only comparison to experiment-
tal bond distances could discriminate the 
different structures, thus leading to a model 
with two bridged Th-(OH)2-Th dimers which are 
each hydroxo-bridged to a Th(OH)8  monomer 
(see Fig. 1 in Sect. 6.3). The relative energe-
tics obtained from the calculations suggest this 
complex to be a metastable intermediate 
toward a further polymerization, however, the 
accuracy of the data is too low to make a 
decisive statement.  

Thorium oxide nano-particles  

In collaboration with M. A. Denecke and co-
workers we started within a joint German-
Russian Helmholtz project to develop models 
for thoriumoxide clusters in the lower 
nanoscale range. The initial work consisted of 
large test calculations on comparably small 
systems of the type (ThO2)n (n=1,6) and 
comparing different quantum chemical 
approaches with respect to structural 
parameters and binding energies. Only 
recently, the work was extended to systems of 
approximately 200 atoms, where we focussed 
on high symmetry structures, thus reducing 
computational demands drastically, and overall 
charges close to neutrality. As an example 
Fig. 6 shows a highly symmetric cluster (Td) 
which is related to the ThO2 structure.  

Further tests also showed the possibility to 
describe tetravalent Th with sufficient accuracy 
for the present purposes using large-core 
pseudopotentials, where only the 6s- and 6p-
electrons are treated explicitly. The encoura-
ging results suggest the possibility to use large 
cores, sometimes including parametrized 5f-
electrons for the chosen oxidation state, to 
extend these calcuations to other tetravalent 

 

Fig. 5: Potential energy curve for the Th(IV)(H2O)6 
system 
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actinides such as, e.g. Pu(IV), which would not 
be feasible otherwise. 

Extraction Chemistry 

An ongoing activity of the computational 
chemistry group at INE is to shed some light 
on the different extraction behaviour of soft-
donor ligands, esp. bis-trazinyl-pyridines and 
derivates, with respect to trivalent lanthanides 
and actinides (see Sect. 7 of this report for 
experimental details). Whereas structural 
parameters obtained from experiment can be 
reproduced by theory with moderate 
computational effort, the major origin of the 
separation behaviour is still under the 
discussion and one goal of the theoretical work 
is to take a closer look at charge distributions 
in the M(III)BTP3 complexes. In contrast to 
binding- / excitation-energies, or observable 
properties such as vibrational frequencies, 
atomic orbital populations in molecules are not 
well-defined and some preliminary assump-
tions, which might lead to some bias, are 
required. We used the Natural Population 
Analysis scheme proposed by Weinhold and 
coworkers [5], which is considered to be 
fairlyindependent of the chosen basis sets. 
Calculations at the UMP2-level are still in 
progress, but the initial data obtained for 
Gd(III)BTP3 and Cm(III)BTP3 complexes as 
well as some substituted systems indicate the 
population analysis to show strong 
dependencies on the employed functional, esp. 
when using GGA-functionals, whereas hybrid-
functionals and conventional Unrestricted- 
Hartree-Fock (UHF) calculations, show no 
significant differences for the lanthanides and 
actinides under investigation. Some initial 
MP2-calculations corroborate the trends 
obtained at the UHF-level, thus supporting the 
hypothesis that no obvious differences in the 
electronic structure of the metal-nitrogen bond 
can be the explanation of the experimentally 
observed differences.  
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7 Separation of long-lived minor actinides 

N.L. Banik, M.A. Denecke, A. Geist, P.J. Panak, G. Modolo1, U. Müllich, S. Trumm 
1Forschungszentrum Jülich, Institut für Energieforschung-6 

Introduction 

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

We study hydrometallurgical (i.e., based on 
liquid-liquid extraction) separations processes. 
Our work is partly integrated in the EC Project, 
ACSEPT [5]. Main fields of research are  

 Synthesis of novel N-donor extracting 
agents for An(III)/Ln(III) separation 

 Basic studies on the driving force for N-
donor extractants’ selectivity for An(III) over 
Ln(III), including (among others) structural 
(EXAFS, NMR) and speciation (TRLFS) 
studies 

 Separations process development, from 
thermodynamic and kinetic data, to flow-
sheet calculations and small-scale 
processes using hollow fibre modules as 
phase contactors [6].  

Some examples are given below.  

Basic Studies: 4-Substituted BTPs 

Introduction 

The influence of the extractant’s basicity on its 
extracting properties, i.e. distribution ratios and 
separation factors, is investigated. These fun-
damental studies aim at obtaining a basic 
understanding of the origin of BTPs’ selectivity, 
which is crucial for the design of optimized 
extractants. One interesting aspect is finding a 
relationship between an extractant’s selectivity 
or extraction performance and its basicity. The 
connection between basicity and extraction 
properties of nitrogen donor extractants has 
previously been described in the literature. For 
example, the distribution ratios for the extrac-
tion of Cu(II) with nitrogen donor extractants 
were shown to be a function of the basicity of 
the extractant [7]. From this motivation, two 
new extractants based on the BTP backbone 
are synthesized, carrying functional groups in 
the 4-position of the pyridine ring (Fig. 1). This 
alters the electron density of the pyridine ring 
and thus the basicity of its nitrogen atom. Sub-

stituents in this position alter the electronic 
structure of the aromatic system without influ-
encing the steric demands for complexation. A 
weakly electron withdrawing (Cl) and an elec-
tron donating (OMe) substituent are introduced 
para to the pyridine nitrogen. The new extrac-
tants are compared to the unsubstituted H-
BTP. All extractants carry n-propyl moieties on 
the triazine rings. This ensures comparable 
solubility. 

Complex formation in 1-octanol 

TRLFS studies on the complexation of Cm(III) 
and Eu(III) with substituted the BTPs in 
1-octanol are performed.  

Cm(III) 

When BTP is added to a solution of Cm(NO3)3 
in 1-octanol, a species forms with a maximum 
of the emission band at 605 nm (black symbols 
in Fig. 2). In a previous study [8] this species 
was identified as a 1:1 complex. Upon further 
addition of BTP, this complex transforms into a 
1:3 complex A, showing an emission maximum 
at 616.1 nm (blue symbols). The 1:2 complex 
(red symbols) forms only to a small extent.  

The maximum and shape of the emission band 

Fig. 2: Speciation diagram of the titration of 
Cm(NO3)3 with OMe-BTP in 1-octanol. [Cm(III)]ini = 
1.82·10-7 M. 

N

N
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Fig. 1: 4-Substituted BTPs, X = OCH3, Cl, H 
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of 1:3 complex A differ from that of the 1:3 
complex known from previous work [8], which 
was prepared from Cm(ClO4)3 instead of 
Cm(NO3)3. We assume that the 1:3 complex A 
is a ten-fold coordinated Cm(III) species 
carrying an additional nitrate ligand. Upon 
further addition of BTP this species transforms 
into the nine-fold coordinated 1:3 complex B 
(green symbols in Fig. 2). This complex is 
identical to the 1:3 complex characterised 
previously [8]. 

The transformation from the first 1:3 complex 
into the second one as a function of BTP 
concentration is shown in Fig. 3. Obviously, the 
second 1:3 complex (which is the one found for 
experimental conditions relevant to liquid-liquid 
extraction) forms at the lowest concentration 
for OMe-BTP but at the highest for Cl-BTP.  

Eu(III) 

The complexation of Eu(NO3)3 with BTPs 
directly proceeds from a 1:1 complex to a 1:3 
complex (Fig. 4). Analogous to the first Cm(III) 
1:3 complex, this Eu(III) 1:3 complex 
presumably is ten-fold coordinated. Different 
emission spectra of the respective 1:3 

complexes prepared from nitrate or perchlorate 
medium corroborate this theory.  

Complexation constants 

Table 1 compares complexation constants 
obtained from titration experiments with 
different BTPs. For Eu(III), increasing 
complexation constants with increasing ligand 
electron density are found. The constant for 
OMe-BTP is two orders of magnitude higher 
than that for Cl-BTP. However, the formation of 
the ten-fold coordinated 1:3 complex of Cm(III) 
is invariant to the ligand’s electron density.  

However, as shown in Fig. 3, differences are 
found for the conversion of the ten-fold 
coordinated Cm(III) 1:3 complex into the nine-
fold coordinated Cm(III) 1:3 complex. The 
formation is favoured for the electron-rich 
OMe-BTP and becomes less favoured for the 
electron poorer ligands. Since this reaction’s 
stoichiometry is not yet identified, no 
complexation constants can be given. 

Liquid-liquid extraction 

The three BTPs are tested in liquid-liquid 
extraction experiments for their extraction and 
separation performance. Am(III) and Eu(III) are 
extracted from 10 mM HNO3 + 1 M NH4NO3 
into solutions of the different BTPs in 
1-octanol/kerosene mixture. Using low 
concentration of nitric acid and metal ions 
allows assuming the nitrate and ligand 
concentrations to remain constant throughout 
the experiment. 

The results show an increase both in 
distribution ratios and separation factors with 
increasing electron density of the pyridine ring 
(Fig. 5, Table 2). OMe-BTP shows the highest, 
Cl-BTP the lowest distribution ratios and 
separation factors. H-BTP’s performance, as a 
reference, lies in between those of the 
substituted BTPs. The formation of 1:3 
complexes with the various BTPs is verified by 
slope analysis.  

Conclusions 

TRLFS studies show that in monophasic com-
plexations with Eu(NO3)3 in 1-octanol, ligands 

Tab. 1: Complexation constants for the 
complexation of Cm(III) and Eu(III) with BTPs in 
1-octanol 

log K13 L 
Cm(III) Eu(III) 

OMe-BTP 11.3 7.72 

H-BTP 11.3 6.48 [9] 

Cl-BTP 11.5 5.78 
Fig. 3: Speciation diagram for the formation of the 
nine-fold coordinated Cm(III) 1:3 complex from the 
10-fold coordinated Cm(III) 1:3 complex in 1-
octanol.  

Fig. 4: Speciation diagram for the complexation of 
Eu(NO3)3 with BTPs in 1-octanol. [Eu(III)]ini = 
2.14·10-5 M.  
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functionalized with electron-donating substitu-
ents favour the formation of the 1:3 complex 
whereas for ligands functionalized with elec-
tron-withdrawing substituents the complexation 
equilibrium is shifted towards the 1:1 complex 
compared to the unsubstituted H-BTP. On the 
other hand, no effect of substituents altering 
the ligand’s electronic structure on the forma-
tion of the ten-fold coordinated 1:3 complex 
with Cm(NO3)3 is found. Differences are found 
in the formation of the nine-fold coordinated 
1:3 complex only. Extraction experiments show 
that extractants functionalized with electron-
donating substituents show better distribution 
ratios and separation factors whereas accep-
tor-substituted extractants show inferior 
properties 

Basic Studies: Pu(III)-BTPs Complexes 

Introduction 

In another project aimed at understanding the 
driving forces for BTP’s selectivity for An(III) 
over Ln(III) we study and compare the structu-
res of An(III)-BTP and Ln(III)-BTP complexes 
in organic solution by EXAFS. To close the gap 
between The U(III)-BTP complex [10] and the 
Am(III)-BTP [10] and Cm(III)-BTP [8] comple-
xes, we prepare the Pu(III)-BTP complex and 
determine the extraction behaviour of Pu(III) 
with BTP. Furthermore, we test whether BTP 

complexation stabilises Pu(III) in organic 
solution. 

Preparation of Pu(III) samples 

Pu(III) in HNO3/NH4NO3 solution is produced 
by reduction with Rongalite (sodium hydroxyl-
methylsulfinate, HOCH2SONa). the trivalent 
state is identified by UV/Vis/NIR spectro-
photometry.  

Liquid-liquid extraction 

Pu(III) reduced from Pu(IV,VI) by 10 mM 
Rongalite) and Am(III) are extracted from 
0.1 M HNO3 + 1.9 M NH4NO3 into solutions of 
n-Pr-BTP (10 – 60 mM) in kerosene/1-octanol 
solution.  

The Am(III)/Pu(III) separation factor is 1.3. 
Thus, Am(III) is better extracted than Pu(III), 
which follows the similar trend of increasing 
extractability with increasing atomic number 
observed for the light-to-medium Ln(III). Slope 
analysis of the liquid-liquid distribution data 
shows that Pu(III) forms a 1:3 complex, 
[Pu(BTP)3]

3+, as do Am(III) and Cm(III).  

Characterisration by EXAFS and UV/Vis/NIR 

Pu(III) is extracted as described above and the 
organic phase is characterised by UV/Vis/NIR 
spectrophotometry and EXAFS.  

The absorption spectra of the [Pu(BTP)3]
3+ 

complexes in organic solution (Fig. 6) are red-
shifted 36 nm as compared to the Pu(III) aquo 
species: the main absorption band is 939 nm 
(cf. 903 nm for the aquo species). The 
spectrum of the organic samples does not 
change upon storage outside a glove box for 
up to 60 h.  

To prove whether or not the spectrum in 
organic solution is representative for Pu(III), we 
also extract Am(III) (which is redox stable 
under the experimental conditions) in a similar 
way and compare UV-Vis spectra from the 
organic phase with those from the aqueous 

Tab. 2: Distribution ratios, D, and separation 
factors, SF from liquid-liquid extraction 
experiments with 5 mM BTP solutions. 

L DAm DEu SF 

H-BTP 0.27 0.004 90 

OMe-BTP 10.8 0.10 110 

Cl-BTP 0.009 0.0003 30 

 
Fig. 5: Results of liquid-liquid extraction 
experiments with Eu(III) and Am(III) and BTP 
ligands. Aqueous phase, Am(III) + Eu(III) in 10 
mM HNO3 + 1 M NH4NO3. Organic phase, BTP in 1-
octanol/kerosene 7:3 vol.  
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Fig. 6: Absorption spectra of Pu(III) in acidic nitrate 
solution and of extracted Pu(III)-BTP complexes in 
kerosene/ 1-octanol.  
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phase. The absorption spectrum of the 
[Am(BTP)3]

3+ complex shows an absorption 
band 523 nm.; It is red shifted by 19 nm in 
comparison to the aquo species.  

EXAFS data are initially modelled using two 
shells of C and N atoms. The number of coor-
dinating N atoms in the first shell is found to be 
~ 9 and two times as many as C/N atoms (i.e., 
18) are found in the second shell. This clearly 
shows three BTPs are bound to Pu(III). The 
EXAFS data are subsequently modelled with 
consideration of four coordination shells: 9 
nearest N atoms bound to Pu(III), the second 
and third shells of 18 C/N atoms each, and a 
fourth, most distant shell of 9 C atoms. The 
respective bond distances are 2.56(7) Å, 
3.42(1) Å, 4.73 Å, and 5.21 Å. These bond 
lengths are comparable within the experiment-
tal accuracy to those determined previously for 
other [M(III)(BTP)3]

3+ complexes (M = U, Am, 
Cm, Eu, Gd) [8, 10].  

Conclusions 

Pu in acidic nitrate solution is reduced with 
Rongalite to Pu(III). Both slope analysis from 
extraction experiments and EXAFS results for 
coordination numbers show that Pu(III) is 
extracted into the organic phase as the 1:3 
complex, [Pu(BTP)3]

3+, similar to that observed 
for Am(III), Cm(III), and several Ln(III). The 
[Pu(BTP)3]

3+ complex is isostructural to the 
previously studied [M(III)(BTP)3]

3+complexes.  

Process Development: Am(III)/Cm(III) 
Separation 

The sequence of PUREX, DIAMEX, and 
SANEX processes generates a product solu-
tion containing Am(III) and Cm(III) in dilute 
nitric acid. Although both elements could be 
transmuted together in a fast reactor or ADS 
system, the heat and neutron emission from 
Cm(III) isotopes complicates target fabrication 
and handling. Thus, an additional continuous 
Am(III)/Cm(III) separation process is 
advantageous.  

A synergistic mixture of bis(chlorophenyl)-
dithiophosphinic acid, (ClPh)2PSSH, and tris(2-
ethylhexyl)phosphate, T2EHP (Fig. 7), exhibits 
a remarkably high Am(III)/Cm(III) separation 
factor of 6–10 [11]. 

Based on this system’s equilibrium data and 
kinetic data from experiments with a single-
stage centrifugal contactor performed at FZJ-
IEF6, a flow sheet is developed at FZK-INE. 
The flow sheet is designed in a way as to 
produce an Am(III) product solution containing 
approx. 1 % Cm(III) and a Cm(III) raffinate 
solution containing approx. 0.1 % Am(III). The 
major constraint is that only 16 stages are 
available for extraction and scrubbing.  

The experimental test in a multi-stage centri-
fugal contactor battery is performed at FZJ-
IEF6, based on the above flow sheet. The 
experimental concentration profiles are in good 
agreement with the predictive calculations. The 
experimental separation efficiency is slightly 
better than that predicted; the Am(III) product 
solution contains 0.5 % Cm(III) and the Cm(III) 
raffinate solution contains 0.08 % Am(III).This 
experiment is described in detail in a forth-
coming publication [12].  
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8 Vitrification of High-Level Radioactive Liquid Waste 

H. Braun, W. Grünewald, K. Hardock, J. Knobloch, G. Roth, A. Salimi, W. Tobie, S. Weisenburger,  
U. Weiler, K.-H. Weiß, S. Hilpp, K. Bender, S. Rabung, E. Soballa, M. Plaschke 

 

VEK Project 

In 2008 the major focus of the VEK project was 
put on completion of the plant, and on 
operational improvements. The latter were 
based on the experience of the 3 months cold 
test operation carried out in 2007 in order to 
get the license for the radioactive operation 
from the authority (2nd partial operation 
license). The lessons learnt from the cold test 
operation referred to 

- adjustment of limiting values for automatic 
switches and control devices (as for 
example leakage detection of cooling 
circuits) 

- function test of the neutralization of 
secondary LLLW by adding NaOH 

- revision of operation and safety manuals 
- training and instruction for the operation 

staff with respect to the modifications of the 
operation manuals 

The further activities cover the following issues 

- preparation of documents for the hot 
commissioning of the plant 

- establishing the control area of the plant 
- performance of a second cold test run with 

5 m3 HLLW simulant to be carried out in 
April/May 2009 

- performance of the function tests of the 
transfer lines between VEK and HLLW 
storage facility 

- performance of the Hot Test with 2 m3 of 
diluted HLLW (HLLW simulant blended with 
about 40 dm3 of real HLLW) 

- performance of a dose rate measuring 
program 

- hot start up of the plant mid of 2009 

The HLLW storage facility is shown in Fig. 1. It 
consists of two storage tanks of 60 m3 capacity 
each and of one small intermediate tank of 
2 m3 capacity. The HLLW from the storage 
tanks to the VEK will be delivered by steam jet 
transfers via the intermediate tank in batches 
of approximately 1.6 m3. 

VPC Project 

The waste glass, developed by INE over two 
years in the laboratory for the VPC project 
(Vitrification Plant China), has been tested in 
2008 under technical process conditions. The 
goals achieved in the lab-scale work were to 
be confirmed by a long term test run. The 
goals to be demonstrated included the proof of 
the waste glass for an enhanced sulfur 

incorporation capacity of at least 0.9 wt% in 
terms of sulfate, for quality parameters as 
specified, as well as for the glass properties 
required for melting and pouring of the waste 
glass from a ceramic-lined liquid-fed Joule-
heated waste glass melter. 

Five tons of glass frit were ordered for the test. 
They were procured from China in the physical 
form of beads between 1-3 mm. The analytical 
control of the glass frit was performed by a 
certified analytical institute of the manufacturer. 
A portion of the data was controlled by the 
analytical department of INE. The glass frit 
composition is given in Table 1 together with 
the tolerance band width of scatter (standard 
deviation) allowed for the manufacturing 
process. 

The VPC waste simulant with a volume of 
8.7 m3 ordered for the test was procured from 
Company VWR International located in 
Leuven/Belgium. The VPC simulant was 
delivered by tank truck in three batches of 4, 
2.5 and 2.2 m3. The batches were pumped 
from tank truck into the entrance tank of the 
PVA-facility and from there in batches of about 

 
Fig. 1: Storage facility of the HLLW to be vitrified by 
VEK in 2009/10 

Tab. 1: Chemical composition of the new VPC 
glass frit for use in the VPC Project 

No. Oxide Target 
wt% 

Allowed tolerance for  
manufacturing / wt% 

1 SiO2 53,44 ± 0.7 
2 B2O3 14,60 ± 0.6 
3 Na2O 5,21 ± 0.4 
4 Li2O 2,60 ± 0.3 
5 Al2O3 4,40 ± 0.3 
6 CaO 8,00 ± 0.4 
7 MgO 5,20 ± 0.4 
8 BaO 4,16 ± 0.4 
9 V2O5 1,79 ± 0.2 

10 Sb2O5 0,60 ± 0.2 
  100,00  
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1.5 m3 into the receipt tank of the plant. 
Homogenization in the entrance tank was 
maintained by a motor-driven mechanical 
stirrer. In the receipt tank air agitation was 
used. A simplified scheme of the PVA facility is 
shown in Fig. 2. It indicates the HLLW receipt 
area, the feeding and glass melting section, 
wet- and dry offgas cleaning and the glass 
canister handling. The chemical composition of 
the constituents of the VPC simulant is given in 
Table 2. Additionally the nominal target values 
of the VPC waste glass composition is listed 
for a nominal waste glass loading of 16.0 wt% 
oxide residues. The respective nominal value 
for sulfur in the glass is 0.816 wt% in terms of 
SO4. 

Technical Test 

The technical test was started on Nov. 18 and 
finished on Dec. 14, 2008. The total time of 
continuous processing was 611 hours. The 
incorporation of sulfur into the glass is not only 
a matter of the basicity of the waste glass but 
depends also on the kinetic of diffusion of the 
temporarily formed sulfate phase into the melt 
[1 ]. The relatively slow diffusion was 
supported by mixing of the upper portion of the 
glass pool beneath the cold cap. For this 
purpose two air bubbler tubes were installed as 
schematically shown in Fig. 3. Additionally a 
new thermowell has been designed for 
temperature monitoring used for process 
control. It is also shown in Fig. 3. The record of 
thermocouple designated TR15 was used for 
control of melter heating. The record of 

 

Fig. 2: Simplified scheme of the PVA facility used for the technical test 

Tab. 2: Chemical composition of the VPC simulant 
and the VPC waste glass 

 VPC simulant Simulated 
VPC glass 

Oxide Targets g/dm3 Targets wt% 
Glass frit portion   
SiO2 - 44,89 
B2O3 - 12,26 
Li2O - 2,18 
Al2O3 - 3,70 
CaO - 6,72 
MgO - 4,37 
BaO - 3,50 
V2O5

1) - 1,50 
Sb2O5 - 0,50 

Na2O - 4,38 
∑ - 84,00 
Waste oxide residue   
Na2O 45,103 6,6826) 

SrO 0,226 0,033 

Y2O3 0,097 0,014 
MoO3 1,181 0,175 
MnO2 0,081 0,012 
BaO 0,128 0,019 
TiO2 0,910 0,135 
Cr2O3 1,818 0,268 
Fe2O3 19,700 2,919 
NiO 3,600 0,533 
Al2O3 8,820 1,307 
K2O 0,573 0,085 
SO3

2) 4,592 0,680 
P2O5 0,434 0,064 
Cs2O 0,730 0,108 
La2O3

3) 12,355 1,8305) 

La2O3
4) 2,645 0,3925) 

V2O5
7)

 5,00 0,741 
∑ 108,00 16,00 

 

1) V2O5 replaced mass by mass by BaO for the test (unavailability of V2O5) 
2) Given as SO3, although present in waste glass as SO4 (0.818 wt%) 
3) Replacing UO2 

4) Replacing actinide oxides others than UO2 
5) Total La2O3 2.222 wt% 
6) Total Na2O 11.06 wt% 
7) Procured for use in the VPC-simulant 
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thermocouple TR12 was used for control of the 
extension of the cold tap of the molten glass 
pool (target about 700°C for 80-90% exten-
sion). Because the operation was rather stable 
no significant adjustment proved to be 
necessary. 

The incorporation of sulfur into glass under 
technical process conditions is affected by a 
number of impacts. Hence, an extensive 
sampling and analytical program accompanied 
the test run (see below). Such impacts are the 
loss of sulfur into the offgas line during 
processing. Sulfur loss may originate from cold 
cap material as well as from the molten glass 
due to the reaction equilibrium of sulfur within 
the glass melt. The reaction includes sulfur 
bearing gaseous constituents, i.e. 

SO4
2-  SO2 + ½ O2 + O2- 

Gaseous SO2 and O2 can escape from the 
melt to the melter plenum and thus leave the 
melter via offgas line. This is due to the fact 
that the melter represents an open system. As 
to follow the potential ways of the sulfur during 
vitrification of the VPC simulant, samples were 

taken and analysed from 

- the VPC simulant of the receipt tank (daily) 
- the glass pouring stream (two sample per 

pouring) 
- the wet offgas line (daily)  

i.e. from the dust scrubber, the condensate, 
the jet scrubber and NOX-Absorbers 1, 2  
(Fig. 2). 

The simplified scheme of the test facility as 
given in Fig. 2 shows the wet and dry offgas 
cleaning system of the PVA facility. The data 
sets of sulfur concentration gained from 
analyses of the samples from these offgas 
components were used to establish – for any 
time of operation – the sulfur balance. 

In Table 3, the sulfur removed and recycled in 
the offgas line is shown for three times of the 
test being 160 h, 400 h and 611 h at the end of 
the operation. It proved that approximately 
11.6 wt% of the sulfur fed into the melter with 
the VPC simulant  leaves the  melter  with  the 
offgas into the offgas cleaning system. About 
4.8 wt% can directly be recycled back into pro-
cess via the feeding vessel. About 6.8 wt% will 

 
Fig. 3: New air bubbler tubes and a new thermowell containing thermocouples for control of melter heating 
(TR15) and control of waste processing (TR12, 13, 14) 
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be collectable in the evaporator concentrate of 
the LLLW evaporation system. The concentra-
te will be recycled back into the process via the 
receipt tank (in an active plant with LLLW eva-
porator system). 

The sulfur concentrations found in the glass 
samples are shown in Fig. 4. The data of all 20 
glass samples taken from glass pouring stream 
are plotted vs time of operation. The target line 
for sulfur is additionally given in Fig. 4 for 
comparison. It is based on the nominal target 
composition of the VPC simulant according to 
Table 2 and on a waste oxide loading of the 
glass of 16.0 wt%. In the early phase of the 

test run the sulfur in the glass increased 
gradually from zero towards the target because 
at the start up of the run the glass inventory in 
the melter (270 kg) was free of sulfur.  

The glass poured into the stainless steel 
canisters did not show any separated yellow 
phase (potentially with Na2SO4 as the main 
constituent and portion of Cs, Cr, Sr with Cr 
causing the yellow color). The yellow phase 
melts about 884°C already. 

The glass from emptying the melter was also 
free of yellow phase. Finally, in Table 4 an 
overview is given about some major 
performance data of the technical test.  

Discussion of the results 

The new VPC waste glass showed enhanced 
sulfur incorporation not only under lab-scale 
conditions but also under technical process 
conditions. This may mainly be due to the 
following factors: 

(1) High basicity of the glass (high O2- 
concentration) 

High basicity of the waste glass respectively 
high oxide ion O2- concentrations were 
achieved by increased concentration of Na2O, 
CaO, MgO and BaO in the glass as described 
in reference [1]. 

(2) Addition of antimonypentoxide Sb2O5 to 
the glass frit 

 
Fig. 4: Sulfur concentration in glass samples from technical test. Measurement by IC. Concentration of Cs in terms of Cs2O in 
the glass 

Tab. 3: Sulfur balance obtained from the VPC Test 
for 160 h, 400 h and 611 h (end of operation) 

Origin of sulfur Typical data from technical test 
(wt% SO4) at different time 

points 
Test duration /hours 160  400  611  Average
Sulfur fed with VPC simulant 
into melter 

100 100 100 100 

Removed by the wet offgas 
line 

11.47 12.24 11.06 11.60 

Contribution to sulfur removal 
by 
 Dust scrubber 

 
4.95 

 
5.04 

 
4.31 

 
4.77 

 Condensate 1.30 1.30 1.20 1.27 
 Jet scrubber 4.70 5.10 4.80 4.87 
 NOX-Absorber 1 0.37 0.66 0.61 0.55 
 NOX-Absorber 2 0.15 0.14 0.14 0.14 
Recycling ways for sulfur     
Sulfur directly recyclable1) 

Sulfur recyclable2) 
   4.77 

6.83 

 1) By scrub solution of dust scrubber into feeding vessel 
 2) By MLLW evaporator concentrate 
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Sb2O5 releases oxygen and oxide ions O2- into 
the glass system at higher temperatures 
between 800 and 1200°C. Sb2O5 undergoes 
gradually thermal dissociation in the glass melt 
with increasing temperature according to: 

Sb2O5  2Sb3+ + 3O2- + O2 

This favors the desired left side of the 
sulfurrelated chemical reaction equilibrium in 
the glass melt: 

SO4
2-  SO2 + ½ O2 + O2- 

The sulfur is incorporated into the borosilicate 
glass as anion SO4

2- as shown in [1].  

(3) Addition of vanadium pentoxide V2O5 

Vanadium pentoxide V2O5 in the glass 
accelerates significantly the diffusion of the 
temporarily formed yellow phase into the glass 
melt (most probably due to lowering of the 
glass melt surface tension, which in turn is 
caused by the high polarization ability of the 
V5+ ion). Above 800°C V2O5 delivers - like 
Sb2O5 – increasing amounts of oxygen as well 
as oxide ions O2- into the glass system 
according to: 

V2O5  2V3+ + 3O2- + O2 

Furthermore, V2O5 is assumed to weaken the 
borate portion of the borosilicate glass 

network, thus providing voids for incorporation 
of large constituents like SO4

2- anions. 

(4) Moderate air bubbling 

The air bubbling appears effectively to support 
the kinetic of sulfur incorporation and therefore 
to suppress accumulation of yellow phase on 
top of the glass pool surface area. The forma-
tion of yellow phase is unavoidable because it 
is in any case temporarily formed in the cold- 
cap and on top of the molten glass pool. Provi-
ding that the glass has the capacity for incur-
poration of the yellow phase, the air bubbling 
supports the kinetic of this absorption process 
because of its macroscopic mixing effect. 

Analytical work 

For the vitrification process analysis, a wide 
experience and equipment of analytical tech-
niques is available at INE. Elemental composi-
tion of the VPC simulant was controlled by 
inductively coupled plasma optical emission 
spectrometry (ICP-OES, e.g. data contained in 
Table 2). In the ICP excited atoms and ions are 
produced that emit electromagnetic radiation at 
wavelengths characteristic for a particular 
element. For each sample type a special 
measurering method has been developed and 
adjusted to the sample matrix. During the VPC 
test the sulfur balance of the process had to be 
monitored. Sulfur was determined as sulfate by 
ion chromatography (IC). IC is a form of liquid 
chromatography where atomic or molecular 
ions are separated based on their interaction 
with an ion-exchange resin. It is highly valuable 
for analysis of anions for which there are no 
other rapid analytical methods available. Liquid 
samples from the receipt tank (VPC simulant) 
and the wet off-gas line (scrub solutions) were 
analyzed without further treatment. Samples of 
the glass product were milled, decomposed in 
a potassium hydroxide melt at around 360°C 
and then dissolved in hydrochloric acid. In all 
samples nitrate and sulfate were determined 
(sulfate data see Fig. 4). For glass product 
samples excess chloride (from glass 
decomposition procedure) was removed by a 
special filter. Solid samples were analyzed by 
scanning electron microscopy (SEM) with 
energy dispersive X-ray detection (EDX). Fig. 5 
shows a SEM image of the simulant solid. 
From the EDX analysis titanium oxide turned 
out to be the major solid constituent. 

Discussion of the results 

The new VPC waste glass showed enhanced 
sulfur incorporation not only under lab-scale 
conditions but also under technical process 
conditions. This may mainly be due to the 
following factors: 

Tab. 4: Overview about performance data of the 
technical test 

 Parameter Data, Values 

1 
Start time and melt inventory in 
melter  

Nov. 18,  2008, 5:00 p.m, 
270 kg 

2 
VPC simulant composition/ oxide 
residue 

See table 5.2, 108 g/dm3 
oxide residue 

3 Vitrified amount of VPC simulant 8.6 m3 

4 
Feed throughput (VPC simulant 
+ 5 vol % scrub solution) 

15 dm3/h approximately 

5 Glass production rate 10 kg/h approximately 

6 
Specific glass production rate 
(per m2 glass pool surface area) 

23 kg/h m2 

7 Glass loading with waste oxide 16.3 wt% at average 

8 Bubbling 
2 Air bubblers  
(arrangement see Fig. 3) 

9 Air flow rate per bubbler 800 dm3/h   

10 Amount of glass produced 5.595 t  

11 SO4 in glass of 1st pouring 0.26 to 0.36 wt% SO4 

12 
SO4 in glass after 2 canisters 
were poured 

0.62 wt% SO4 

13 
SO4 in glass after 2.5 canisters 
were poured  (1 t glass) 

0.67 wt% SO4 

14 Number of glass samples taken  120 

15 End of Glass Formulation Test Dec. 14, 2008,  2 a.m. 

16 
Inspection offgas pipe/bubblers 
at end of test 

Both devices in good 
conditions 

17 
Number of glass canisters (as 
filled) 

14 

18 Failures 

1 Transformer for main 
electrodes 1h out of 
operation due the wrong 
alarm 

19 Cs2O concentration in glass Near target of 0.108 wt% 

 Emptying Melter  

20 Emptying started 15. Dec. 2008, 3 p.m. 

21 
Glass amount poured (including 
samples taken) 

335.3 kg (can No. 13) 

22 Yellow Phase No yellow phase visible 
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(1) High basicity of the glass (high O2- 
concentration) 

High basicity of the waste glass respectively 
high oxide ion O2- concentrations were 
achieved by increased concentration of Na2O, 
CaO, MgO and BaO in the glass as described 
in reference [1]. 

(2) Addition of antimonypentoxide Sb2O5 to 
the glass frit 

Sb2O5 releases oxygen and oxide ions O2- into 
the glass system at higher temperatures 
between 800 and 1200°C. Sb2O5 undergoes 
gradually thermal dissociation in the glass melt 
with increasing temperature according to: 

Sb2O5  2Sb3+ + 3O2- + O2 

This favors the desired left side of the 
sulfurrelated chemical reaction equilibrium in 
the glass melt: 

SO4
2-  SO2 + ½ O2 + O2- 

The sulfur is incorporated into the borosilicate 
glass as anion SO4

2- as shown in [1].  

(3) Addition of vanadium pentoxide V2O5 

Vanadium pentoxide V2O5 in the glass 
accelerates significantly the diffusion of the 
temporarily formed yellow phase into the glass 
melt (most probably due to lowering of the 
glass melt surface tension, which in turn is 
caused by the high polarization ability of the 
V5+ ion). Above 800°C V2O5 delivers - like 
Sb2O5 – increasing amounts of oxygen as well 
as oxide ions O2- into the glass system 
according to: 

V2O5  2V3+ + 3O2- + O2 

Furthermore, V2O5 is assumed to weaken the 
borate portion of the borosilicate glass 
network, thus providing voids for incorporation 
of large constituents like SO4

2- anions. 

(4) Moderate air bubbling 

The air bubbling appears effectively to support 
the kinetic of sulfur incorporation and therefore 
to suppress accumulation of yellow phase on 
top of the glass pool surface area. The forma-
tion of yellow phase is unavoidable because it 
is in any case temporarily formed in the cold- 
cap and on top of the molten glass pool. Provi-
ding that the glass has the capacity for incur-
poration of the yellow phase, the air bubbling 
supports the kinetic of this absorption process 
because of its macroscopic mixing effect. 

Analytical work 

For the vitrification process analysis, a wide 
experience and equipment of analytical tech-
niques is available at INE. Elemental composi-
tion of the VPC simulant was controlled by 
inductively coupled plasma optical emission 

spectrometry (ICP-OES, e.g. data contained in 
Table 2). In the ICP excited atoms and ions are 
produced that emit electromagnetic radiation at 
wavelengths characteristic for a particular 
element. For each sample type a special 
measurering method has been developed and 
adjusted to the sample matrix. During the VPC 
test the sulfur balance of the process had to be 
monitored. Sulfur was determined as sulfate by 
ion chromatography (IC). IC is a form of liquid 
chromatography where atomic or molecular 
ions are separated based on their interaction 
with an ion-exchange resin. It is highly valuable 
for analysis of anions for which there are no 
other rapid analytical methods available. Liquid 
samples from the receipt tank (VPC simulant) 
and the wet off-gas line (scrub solutions) were 
analyzed without further treatment. Samples of 
the glass product were milled, decomposed in 
a potassium hydroxide melt at around 360°C 
and then dissolved in hydrochloric acid. In all 
samples nitrate and sulfate were determined 
(sulfate data see Fig. 4). For glass product 
samples excess chloride (from glass 
decomposition procedure) was removed by a 
special filter. Solid samples were analyzed by 
scanning electron microscopy (SEM) with 
energy dispersive X-ray detection (EDX). Fig. 5 
shows a SEM image of the simulant solid. 
From the EDX analysis titanium oxide turned 
out to be the major solid constituent. 
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