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Foreword 

Prof. Dr. Horst Geckeis  
Director of the Institute for Nuclear Waste Disposal 

 
Within the Helmholtz Association of German Research Centers (HGF) the third period of Program oriented 
funding (POFIII) started in January 2015 and the respective proposal for the NUSAFE (Nuclear waste manage-
ment, safety and radiation research) program defines KIT-INE’s research roadmap for the next years. The new 
president of the Helmholtz association, Prof. Wiestler, has clearly emphasized that the grand societal challenges 
related to the decommissioning of nuclear facilities and the disposal of radioactive waste will be a constituent of 
the strategic future concept of the HGF. The safe phase-out of nuclear energy represents an important component 
of the German “Energiewende” process and, thus, calls for provident research in this respect as well as education 
and training of young scientists. The fact that scientific expertise and know-how in the field of nuclear waste 
management will be definitely required for the next decades is also politically recognized. During their visits of 
INE laboratories in 2015, Helmfried Meinel, ministerial director and Gerrit Niehaus, head of the nuclear energy 
oversight and radiation protection section, both at the Ministry for Environment, Climate and Energy Economy 
of the Federal State of Baden-Württemberg, as well as Rita Schwarzelühr-Sutter, Parliamentary State Secretary 
at the German Federal Ministry for the Environment, Nature Conservation, Building and Nuclear Safety 
(BMUB) emphasized the need for respective efforts. We can take these statements as a strong motivation for 
shaping INE research for the coming years!   

2015 represents an interesting and successful year for INE: 10 PhD students defended their theses very success-
fully which reflects the strong interest of young scientists in nuclear waste disposal topics and which demon-
strates the attractive research profile and leading edge research opportunities at INE. Research topics covered by 
those theses ranged from radionuclide release behavior from high active waste forms through actinide and long-
lived fission product aquatic chemistry topics, geochemical aspects of radionuclide migration and coupled reac-
tive transport phenomena up to actinide coordination chemistry with organic ligands of different origin and the 
development of novel highly sensitive analytical and spectroscopic methods for radionuclide speciation charac-
terization. I would like to take the opportunity to congratulate to all young scientists for their excellent work, 
which partly is described in the report in hand!  

Furthermore, the positive evolution of publication record during 2015 together with the very successful acquisi-
tion of quite a number of third party funded projects (EU, BMBF, BMWi, BfS, etc.) document inter alia the 
strong accomplishments of INE scientists. Without their commitment and motivation, INE would not be able to 
keep its international reputation. INE scientists were strongly involved in the organization of international con-
ferences and workshops such as the XAFS16 conference in Karlsruhe with more than 550 participants, the 15th 
International Conference on the Chemistry and Migration Behavior of Actinides and Fission Products in the 
Geosphere (MIGRATION 2015) in Santa Fe, USA, with more than 250 participants, the international workshop 
on ABC salt (actinide brine chemistry) and HITAC (High Temperature Actinide Chemistry) together with the 
university of Heidelberg and the GENTLE (Graduate and Executive Nuclear Training and Lifelong Education) 
intersemester course funded by the European Commission.  

Dr. Bernhard Kienzler finally stepped down from his position as the head of the INE department Safety of Nu-
clear Waste Disposal entering his regular retirement age and Dr. Volker Metz became his successor. Bernhard 
Kienzler has always been a continuously driving force for initiating and coordinating very successfully new 
projects on a national and international level. INE owes a lot to him! We are glad, that he agreed to stay for a 
while as an excellent expert on the scene transferring his advice, experience and knowledge.  

Finally, I would like to express my gratitude to our numerous partners, visitors and collaborators. Last, but not 
least, I extend a sincere thank you to the entire staff of INE for their dedication in both scientific activities and in 
administrative and technical support.  
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1 Introduction to the Institute for Nuclear Waste Disposal (INE) 

 

The Institute for Nuclear Waste Disposal (INE), 
at the Karlsruhe Institute of Technology KIT per-
forms R&D focusing on  

(i) Long-term safety research for nuclear 
waste disposal (key focus of INE re-
search),  

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

(iii) Radiation protection 
(iv) Decommissioning of nuclear facilities 
(v) Geoenergy.  

All R&D activities of KIT-INE are integrated into 
the program Nuclear Safety Research within the 
KIT-Energy Centre and the program Nuclear Waste 
Management, Safety and Radiation Research 
(NUSAFE) within the Helmholtz Association. INE 
contributes to German provident research for the 
safety of nuclear waste disposal, which is the re-
sponsibility of the Federal Government.  

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

Over the last decades, a consensus within the in-
ternational scientific/technical community was 
established, clearly emphasizing that emplacement 
in deep geological formations is the safest way to 
dispose of high level, heat producing radioactive 
waste. Disposal concepts with strong inherent pas-
sive safety features ensure the effective protection 
of the population and the biosphere against radia-
tion exposure over very long periods of time. The 
isolation and immobilization of nuclear waste in a 
repository is ensured by the appropriate combina-
tion of redundant barriers (multi-barrier system).  

Long term safety research for nuclear waste 
disposal at KIT-INE establishes geochemical ex-
pertise and models to be used in the disposal Safety 
Case, focusing primarily on the detailed scientific 
description of aquatic radionuclide chemistry in the 
geochemical environment of a repository. Work 
concentrates on the disposal of spent nuclear fuel 
and HLW-glass in the relevant potential host rock 

formations currently considered: rock salt, clay and 
crystalline rock formations. Actinides and long-
lived fission products and long-lived activation 
products play a central role, as they dominate HLW 
radiotoxicity over long periods of time. Long-lived 
anionic fission/activation products are likewise 
investigated as significant contributors to the max-
imum radiation dose projected for relevant scenari-
os.  

Relevant long-term scenarios for nuclear reposito-
ries in deep geological formations have to take into 
account possible radionuclide transport via the 
groundwater pathway. Thermomechanical studies 
are performed at INE, in order to describe the evo-
lution of the constructed repository after closure. 
Possible groundwater intrusion into emplacement 
caverns is assumed to cause waste form corrosion 
and eventually radionuclide release. Radionuclide 
mobility is then determined by the various geo-
chemical reactions in complex aquatic systems: i.e. 
dissolution of the nuclear waste form (HLW glass, 
spent nuclear fuel), radiolysis phenomena, redox 
reactions, complexation with inorganic and organic 
ligands, colloid formation, surface reactions at 
mineral surfaces, precipitation of solid phases and 
solid solutions.  

Prediction and quantification of all these process-
es require fundamental thermodynamic data and 
comprehensive process understanding at the molec-
ular scale. Radionuclide concentrations in relevant 
aqueous systems typically lie in the nano-molar 
range, which is exceedingly small in relation to 
main groundwater components. Quantification of 
chemical reactions occurring in these systems re-
quire the application and development of advanced 
sophisticated methods and experimental approach-
es, to provide insight into the chemical speciation 
of radionuclides at trace concentrations. Innovative 
laser and X-ray spectroscopic techniques are con-
tinuously developed and applied to this end. A 
specialized working group performing state-of-art 
theoretical quantum chemical calculations for acti-
nide chemistry support both interpretation of exper-
imental results and optimized experiment design.  

The long-term safety of a nuclear waste repository 
must be demonstrated by application of modelling 
tools on real natural systems over geological time 
scales. Geochemical models and thermodynamic 
databases are developed at INE as basis for the 
description of radionuclide geochemical behavior in 
complex natural aquatic systems. The prediction of 
radionuclide migration in the geosphere necessi-
tates coupled modelling of geochemistry and 
transport. Transferability and applicability of model 
predictions are examined by designing dedicated 
laboratory experiments, field studies in under-
ground laboratories and by studying natural analog 
systems. This strategy allows to identify and ana-
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lyze key uncertainties and continuously optimize 
the developed models.  

Within the R&D topic immobilization of high-
level radioactive waste, INE contributes to the 
decommissioning of nuclear facilities. The core 
process technology for the Vitrification Plant 
(VEK) on the site of the former Karlsruhe Repro-
cessing Plant (WAK; located at KIT Campus 
North) has been developed by INE. INE was in-
volved in functional testing of process systems, as 
well as in the performance of the cold test operation 
and played a leading role in the highly successful 
hot operation of the VEK plant. The vitrification 
technology developed at INE is highly competitive 
on an international level. This is evidenced by the 
strong interest of countries like China in establish-
ing technology transfer.  

The R&D topic radiation protection at INE fo-
cuses on the assessment of radiation exposures on 
man by estimating doses either from external radia-
tion fields or from incorporation of radionuclides. 
The strategy driving this work is to provide tech-
niques and models for an individualized dosimetry, 
which goes beyond the current approach of apply-
ing reference models in dose assessments. Both the 
specific anatomical and physiological features of 
the exposed individual and the specific effective 
radiation fields are considered in the frame of an 
individualized dosimetry. Work is performed in 
close cooperation with the KIT safety management 
SUM.  

The R&D topic decommissioning of nuclear 
and conventional facilities was set up at INE in 
2015 expanding the existing activities at the Insti-
tute of Technology and Management in Construc-
tion (TMB) of the KIT. Research in this field is 
focusing on a better understanding of the complete 
decommissioning process in Germany as well as on 
a global level. 

In 2014 a working group concerning geoenergy 
was set up at INE. The main focus of this topic is 
geothermal energy research in fractured reservoir 
systems with special focus on Enhanced Geother-
mal Systems (EGS) 

INE laboratories are equipped with all necessary 
infrastructures to perform radionuclide/actinide 
research, including hot cells, alpha glove boxes, 
inert gas alpha glove boxes and radionuclide la-
boratories. State-of-the-art analytical instruments 
and methods are applied for analysis and speciation 
of radionuclides and radioactive materials. Ad-
vanced spectroscopic tools exist for the sensitive 
detection and analysis of radionuclides. Trace ele-
ment and isotope analysis is made by instrumental 
analytical techniques such as atomic absorption 
spectroscopy (AAS), ICP-atomic emission spec-

troscopy (ICP-AES) and ICP-mass spectrometry 
(Quadrupole-ICP-MS and high resolution ICP-MS). 
Methods available for surface sensitive analysis and 
characterization of solid samples include X-ray 
diffraction (XRD), atomic force microscopy (AFM) 
and laser-ablation coupled with ICP-MS. A modern 
X-ray photoelectron spectrometer (XPS) and an 
environmental scanning electron microscope 
(ESEM) are installed. INE has direct access to a 
TEM instrument on the KIT Campus North site 
(Institute for Applied Materials, IAM). Laser spec-
troscopic techniques are developed and applied for 
sensitive actinide and fission product speciation 
such as time-resolved laser fluorescence spectros-
copy (TRLFS), laser photo acoustic spectroscopy 
(LPAS), laser-induced breakdown spectroscopy 
(LIBS) and Raman spectroscopy. Insight into struc-
tural and electronic properties of radionuclide spe-
cies is obtained by X-ray absorption fine structure 
(XAFS) spectroscopy at the INE-Beamline at the 
KIT synchrotron source ANKA. The INE-
Beamline, in close proximity to INE controlled area 
laboratories, represents in combination with the 
other analytical methods a unique experimental 
infrastructure, which both profits from and contrib-
utes to INE’s leading expertise in the field of acti-
nide chemistry and spectroscopy. INE’s synchro-
tron-based instrumentation is currently augmented 
by installing the CAT-ACT beamline at ANKA, a 
state-of-the-art X-ray absorption spectroscopy 
beamline jointly funded, constructed, and operated 
by KIT institutes IKFT/ITCP for CATalysis re-
search and INE for ACTinide/radionuclide re-
search. The CAT-ACT beamline is foreseen to 
become fully operational towards the end of 2016. 
Quantum chemical calculations are performed on 
INE’s computing cluster, which is equipped with 17 
nodes and 76 processors. A 400 MHz-NMR spec-
trometer adapted to measuring radioactive liquid 
samples adds to the analytical and speciation port-
folio of INE. The INE CAD workstations enable 
construction and planning of hardware components, 
process layout and flow sheets. The institute work-
shop is equipped with modern machine tools to 
manufacture components for specific experimental 
and analytical devices in hot laboratories. 

In 2015 the Institute for Nuclear Waste Dispos-
al had 110 employees working in the seven de-
partments, which reflect the R&D and organiza-
tional tasks of the institute (Fig. 1): (i) scien-
tific/technical coordination and analytical chemis-
try, (ii) safety of nuclear waste disposal, (iii) radio-
chemistry, (iv) radionuclide speciation, (v) vitrifica-
tion of high level waste, (vi) geochemistry and (vii) 
decommissioning of nuclear and conventional facil-
ities.  
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Fig. 1: Organizational chart of the Institute for Nuclear Waste Disposal (INE) 
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2 Education and training 
 

Teaching of students and promotion of young scien-
tists is of fundamental importance to ensure high-level 
competence and to maintain a leading international 
position in the fields of nuclear and radiochemistry. 
INE scientists are strongly involved in teaching at KIT 
Campus South and the Universities of Heidelberg, 
Berlin, Jena and Strasbourg as well as the Baden-
Wuerttemberg Cooperative State University.  

Prof. Dr. Horst Geckeis, director of INE, holds a 
professorship for radiochemistry at KIT Campus 
South, Department of Chemistry and Biosciences. He 
teaches fundamental and applied radiochemistry for 
chemistry students in bachelor and master courses. A 
radiochemistry module consisting of basic and ad-
vanced lectures on nuclear chemistry topics and labor-
atory courses has been set up for master students in 
Karlsruhe. In addition, Dr. Marcus Altmaier, head of 
the department radiochemistry, gives a lecture con-
cerning the chemistry of f-elements. 

Prof. Dr. Sascha Gentes head of the department de-
commissioning of nuclear and conventional facilities 
holds a professorship at the Institute for Technology 
and Management in Construction at the KIT-
Department of Civil Engineering, Geo and Environ-
mental Sciences and gives lectures in the field of de-
commissioning of nuclear facilities, environmentally-
friendly Recycling and Disassembly of Buildings, 
Machinery and Process Engineering as well as con-
struction technology. 

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

Nearly 40 students from Karlsruhe and Heidelberg 
participated in two 3-week radiochemistry laboratory 
courses in 2015 held at KIT Campus North in the FTU 
radiochemistry and hot laboratories at INE. Some 
students are intensifying their knowledge in nucle-
ar/radiochemistry topics during scientific internships 
at INE. Obviously students are very interested in nu-
clear chemistry topics and appreciate the various se-
mester courses.  

In 2015 Dr. Tonya Vitova gave lectures at the KIT 
Campus South, Department of Chemistry and Biosci-
ences, in the field of instrumental analytics and Dr. 
Eva Schill and Dr. Marika Vespa at the Department 
of Civil Engineering, Geo and Environmental Scienc-
es in the field of geophysics, general geology and 
analytical methods in applied mineralogy. Dr. Volker 
Metz gave lectures at the Department of Mechanical 
Engineering and Department of Civil Engineering, 

Geo and Environmental Sciences in the field of radio-
activity and radioactive waste research. 

Lectures and practical units taught by Prof. Dr. 
Thorsten Schäfer, Deputy Director of INE; at the 
Freie Universität Berlin, Institute of Geological Sci-
ences, Department of Earth Sciences, focused in 2015 
on a master degree course on laboratory and field 
methods in hydrogeology, including performance and 
analysis of tracer tests using conservative, weakly 
sorbing tracers and colloids, pumping tests and deter-
mination of hydraulic parameters (Applied Hydroge-
ology III). Moreover, Prof. Dr. Schäfer set up a new 
lecture concerning the environmental geology: radio-
& chemotoxic elements at KIT Campus South, De-
partment of Civil Engineering, Geo and Environmen-
tal Sciences. 

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

Dr. Andreas Geist gave lectures at the École eu-
ropéenne de chimie, polymères et matériaux in Stras-
bourg concerning the Solvent Extraction of Metal 
Ions. 

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

Moreover, INE was involved in many schools and 
workshops concerning the education and teaching of 
students and young scientists:  

 
- Second Joint Student Workshop on f-Element 

Chemistry, June 9-10, 2015 
- GENTLE Intersemester course: Nuclear 

waste management, June 28 – July 3, 2015 
- Thul Autumn School 2015, September 28 – 

October 2, 2015 
- CP BELBaR Clay Training Course, October 

14 -16, 2015 
- 4th JRC-KIT Research Fellow Day, October 

13-14, 2015 
 
Through this close cooperation with universities, stu-
dents are educated in the field of nuclear and actinide 
chemistry, which most universities can no longer 
offer. Hence, INE makes a vital contribution to the 
intermediate and long perspective of maintaining 
nuclear science competence. Moreover, INE is in-
volved in the education of trainees (chemical lab tech-
nicians, industrial mechanics and product designers) 
as well as student internships like BORS and BOGY. 
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PhD students  
In 2015 24 PhD students worked at INE on their doc-
toral dissertations; 10 of them were awarded their 
doctorate. Topics of the theses are:  
 

 Experimental and modelling studies of 
cement/clay interface process 

 Advanced spectroscopic and microscop-
ic structural investigations of nuclear 
waste glass forms 

 Technetium interaction with inorganic 
ligands and retention processes in the 
sulfide system 

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

 Solubility, speciation and thermodynam-
ics of tetravalent and hexavalent Urani-
um 

 Characterization of structural properties 
of U and Pu in model systems by ad-
vanced synchrotron based X-ray spec-
troscopy 

 Bentonite erosion and colloid mediated 
radionuclide transport in advection con-
trolled systems 

 Development of methods for the indi-
vidual dosimetry of the staff in disposal 
facilities 

 Investigation of solubility and complexa-
tion of Plutonium and Neptunium in 
highly reducing aquatic systems 

 Impact of the flow channel geometry on 
the agglomeration of colloids and the re-
duction of permeability in altered gran-
ites of potential geothermic reservoir 
rocks  

 Redox behavior, solubility and sorption 
of Pu(III/IV) in the presence of ISA 

 Spectroscopic and thermodynamic inves-
tigations of the complexation of An(III) 
and Ln(III) with hydrophilic Bis-
triazinylpyridines 

 Investigation of the retention of acti-
nides, lanthanides and long-lived fission 
products on stable solid phases within 
the system Mg – Na ± Cl ± CO2 – H2O 

 The influence of repository relevant 
electrolytes on the interaction of trivalent 
lanthanides and actinides with calcite 

 Interaction of Ln(III) and 
An(III)/IV/V/VI) with borate in dilute to 
concentrated NaCl, CaCl2 and MgCl2 so-
lutions 

 Tc-migration in advection/diffusion con-
trolled natural systems: Influence of fer-
rous iron pool 

 Investigation of the sorption of radionu-
clides on clay mineral surfaces at high 
ionic strengths 

 Redox speciation of repository relevant 
elements with separation methods cou-
pled to mass spectrometry with induc-
tively coupled plasma  

 Study on the effect of speciation on radi-
onuclide mobilization - C-14 speciation 
in irradiated Zircaloy-4 cladding and ni-
trate/chloride interaction with 
An(III)/Ln(III) 

 The fate of Eu(III)/Cm(III) during the 
nucleation and growth of celestite 
(SrSO₄) and strontianite (SrCO₃) 

 Characterization of partitioning relevant 
lanthanide and actinide complexes with 
NMR spectroscopy 

 Characterization of bonding differences 
by advanced synchrotron based X-ray 
spectroscopy 

 Investigation of the interactio of trivalent 
acidine and lanthanide ions with human 
serum transferrin with TRLFS 

 Redox, solubility and sorption chemistry 
of technetium in dilute to concentrated 
saline systems 
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3 National and international cooperation, 
conferences and workshops 

3.1 General overview 
 

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

National  
INE is involved in various bi- and multilateral collab-
orations with national research centers, universities 
and industrial partners on different topics. The pro-
jects are partly supported by the German Federal Min-
istry for Economics and Technology (BMWi), the 
Federal Ministry for Education and Research (BMBF), 
the Federal Ministry for the Environment, Nature 
Conservation, Building and Nuclear Safety (BMUB), 
the German Research Foundation (DFG) and the 
Helmholtz Association of German Research Centers 
(HGF).  
 
The ThermAc project aims at extending the chemical 
understanding and available thermodynamic database 
for actinides, long-lived fission products and relevant 
matrix elements in aquatic systems at elevated tem-
peratures. To this end, a systematic use of estimation 
methods, new experimental investigations and quan-
tum-chemistry-based information is intended. Ther-
mAc has started in March 2015 and is projected for 
three years. The project is funded by the German Fed-
eral Ministry for Education and Research (BMBF) and 
is coordinated by KIT-INE. The ThermAc project is 
developed in order to improve the scientific basis for 
assessing nuclear waste disposal scenarios at elevated 
temperature conditions. In the case of disposal of 
highly active heat producing waste, the repository 
system is expected to feature elevated temperature 
conditions over a significant period of time at an early 
stage of repository operation. If early canister failure 
occurs, radionuclides therefore may contact aquatic 
systems at higher temperature conditions. Adequate 
scientific tools must be available to assess the related 
chemical effects and their impact upon safety. A clear 
focus of ThermAc is on long-lived actinides in oxida-
tion states III, V and VI, with selected fission products 
and important redox controlling matrix elements like 
Fe also receiving attention. An(IV) and detailed inves-
tigations of redox processes are excluded from the 
current ThermAc work program. ThermAc addresses 
the temperature range from ~5°C up to ~90°C, focus-
ing on systems at low or intermediate ionic strength. 
Only for selected cases with specific relevance or 
scientific interest, higher temperatures up to 200°C or 
salt brine solutions are investigated. 

Within the THEREDA project (launched 2005), 
INE generates and evaluates thermodynamic data – 
complex formation constants, solubility data – for 
selected radionuclides from experiments and literature 

data that are incorporated into a centrally managed 
and administered database of evaluated thermodynam-
ic parameters. Thermodynamic data are required for 
environmental applications in general and radiochemi-
cal issues in particular. This database is developed to a 
national (reference) standard and will be the basis for 
performance assessment calculations for a national 
nuclear waste repository. The database is established 
by KIT-INE, Gesellschaft für Anlagen- und Reaktor-
sicherheit (GRS), Helmholtz-Zentrum Dresden-
Rossendorf (HZDR), TU Bergakademie Freiberg, and 
AF-Consult Switzerland Ltd. AF-Consult was re-
placed by Paul-Scherrer-Institut (PSI, Switzerland) in 
May 2015. More information about this project can be 
obtained from the web page: www.thereda.de. 

The GRaZ project (Geochemische Radi-
onuklidrückhaltung und Zementalterations-phasen) 
started in September 2015 and is funded by BMWi for 
three years. GRaZ is a collaborative project. The part-
ners are KIT, HZDR, the Universities of Heidelberg, 
Mainz, Potsdam, and Saarland as well as the Tech-
nical Universities of Dresden and Munich. The project 
deals with the migration of radionuclides in the near 
field of a repository for radioactive waste in clay for-
mations with focus on the hyper-alkaline water-
cement-system. KIT-INE investigates the retention of 
actinides and lanthanides by clay minerals in presence 
of carbonate and silicate, cement phases and cement 
alteration phases. Furthermore, the influence of ce-
ment additives (e.g. plasticizer and superplasticizers) 
on the sorption of actinides is studied at high pH val-
ues. One important issue of the project is the thermo-
dynamic modelling of experimental solubility, com-
plexation, and sorption data. The project provides 
basic knowledge and thermodynamic data needed in 
the frame of a long-term safety analysis of different 
repository concepts. 

The disassembly of the reactor pressure vessel and 
internals poses one of the most demanding challenges 
in the decommissioning of a nuclear power plant. For 
this purpose, a waterjet cutting technique (German: 
Wasser - Abrasiv - Suspensions - Schneidverfahren, 
WASS) is used, employing a high-pressure water jet 
and a sharp-edged abrasive medium directed to the 
cutting material. Advantages of WASS among other, 
conventional cutting techniques are in the compact 
design of the setup, the ease of remote manipulation 
(also at difficult positions) and the “cold” operation 
under water, which also serves as shielding. However, 
this technique produces a considerable amount of 
expensive secondary waste, a water suspension con-
taining small-grained radioactive metal cuttings and 
abrasive grains. The joint MASK (Magnet-Separation 
von Korngemischen zur Minimierung von 
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Sekundärabfällen im Rückbau kerntechnischer Anla-
gen) project between KIT-TMB and KIT-INE is ini-
tialized to overcome this limitation. Metal cuttings are 
separated by a magnetic filter in order to substantially 
minimize the radioactive secondary waste. INE per-
forms laboratory experiments to analyze in detail the 
separated fractions and to determine the residual activ-
ities. At TMB, the separation process is numerically 
simulated in order to reveal the key parameters for 
further optimization of the separation technique. A 
bench-scale unit is assembled to validate the results of 
the numerical and experimental investigations. 

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

The BMWi funded joint research project Compari-
son of Constitutive Models for the Thermomechan-
ical Behavior of Rock Salt III deals with the ability 
of numerical models to describe adequately relevant 
deformation phenomena in rock salt under various 
influences. Modelling approaches to simulate the 
thermo-mechanical behavior of rock salt are compared 
and tested by back-calculating previous series of la-
boratory experiments and in-situ arrangements in 
underground research laboratories. 

The BMBF funded joint research project ImmoRad 
(fundamental investigations for the immobilization of 
long-lived radionuclides through interaction with 
secondary mineral phases in deep geological nuclear 
waste repositories) started in February, 2012 and end-
ed in September 2015. ImmoRad concentrated on 
application- based fundamental research on retention 
processes in deep geological environments. Within 
this project, structural incorporation/ entrapment or 
formation of solid solutions of radionuclides into 
secondary phases or rock forming minerals in aquatic 
environments were studied. National (KIT-INE, 
HZDR, FZJ, University Frankfurt, University of 
Bonn) and international partners (PSI-LES; Switzer-
land and University Oviedo; Spain) collaborated with-
in this project. A proposal for continuation of the 
ImmoRad project has been submitted and is currently 
under scientific evaluation. 

The project “Untersuchungen zum grundlegenden 
Verständnis der selektiven Komplexierung von f-
Elementen (f-Kom)“ funded by the German Federal 
Ministry of Research and Education in the field of 
Basic Energy Research 2020+ aims at establishing a 
fundamental understanding of the separation of acti-
nides from nuclear waste. The participating project 

partners from KIT-INE, KIT-CS, Universität Erlan-
gen, Universität Heidelberg and Forschungszentrum 
Jülich are combining their expertise and activities in 
synthesis, spectroscopy, technology and theory, in 
order to be able to describe and ultimately predict and 
optimize liquid-liquid extraction separation processes 
for actinides at the molecular scale. The project in-
cludes a strong component of education and training 
of young scientists in research topics related to nuclear 
waste disposal and promotes their networking in the 
European research landscape.  

Within the BMBF funded joint project Disposal Op-
tions for Radioactive Residues: Interdisciplinary 
Analyses and Development of Evaluation Princi-
ples (ENTRIA) various evaluation principles for three 
options for management of heat generating nuclear 
residues are developed: prolonged surface storage, 
emplacement in deep geological formations without 
retrievability measures and with monitoring retrieva-
bility measures, respectively. Besides disciplinary 
activities, the projects aim on education of young 
scientists and interdisciplinary co-operation in the 
field of radioactive waste management. Scientists of 
KIT and five other German universities as well as a 
Swiss partner participate in ENTRIA. They represent 
disciplines of natural sciences, civil engineering, phi-
losophy, law, and social sciences. Within the project, 
KIT-INE develops radionuclide source terms and 
individual dosimetry for personnel with respect to the 
three options. Moreover, KIT-INE contributes to pub-
lications and workshops with respect to interdiscipli-
nary studies on long-term management of nuclear 
residues. 

The collaborative project EDUKEM, aiming at an 
improved understanding of uranium chemistry in 
saline systems and establishing targeted experimental 
techniques, was started in December 2014 with a 
projected 3-year duration. Work of KIT-INE within 
EUDKEM focusses on the aquatic chemistry and 
thermodynamics of hexavalent and tetravalent urani-
um in relevant saline solutions. Based upon new solu-
bility studies, spectroscopic evidence and literature, a 
comprehensive description of U(IV) and U(VI) solu-
bility and speciation in key saline systems relevant for 
nuclear waste disposal in salt-based repositories will 
be established.  

The Helmholtz young investigators group (HYIG) 
“Advanced synchrotron-based systematic investi-
gations of actinide (An) and lanthanide (Ln) sys-
tems to understand and predict their reactivity” 
started in July 2011 and systematically investigates the 
electronic and coordination structure of actinides and 
chemical homologue lanthanide systems with novel 
synchrotron-based high-resolution X-ray emis-
sion/inelastic scattering techniques (XES/RIXS). Us-
ing advanced spectroscopic methods to secure the 
knowledge of actinide redox speciation and the elec-
tronic structure can improve predicting actinide envi-
ronmental behavior and provide benchmark data for 
the improvement of quantum chemical codes. The 
utility of high-energy resolution X-ray absorption near 
edge structure (HR-XANES) studies in studies of 
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actinide elements was the motivator for installing and 
commissioning a multi-analyzer Johann type XES 
spectrometer (MAC-spectrometer) at the INE-
Beamline for actinide research at the ANKA synchro-
tron radiation facility, Karlsruhe, Germany. A number 
of systems for the determination of actinide redox 
states in liquids and solid crystalline and amorphous 
systems were investigated. For example, it was unam-
biguously demonstrated that U(V) can be stable incor-
porated in the magnetite structure. Results from char-
acterization of U and Pu oxidation states in spent 
nuclear fuel were obtained too. In 2015 the interim 
evaluation of the HYIG was completed by an inde-
pendent external review committee and the KIT 
Council for Research and Promotion of Young Scien-
tist (KIT-CRYS). The achievements of the group were 
highly recognized and designated “mit sehr gutem 
Erfolg”. The HYIG project was granted one additional 
year funded with 250 k€. 

In the framework of measures for retrieval of radio-
active waste and decommissioning of the Asse II salt 
mine, provisions for emergency preparedness are 
taken. Therefore, the operator of Asse II, the Federal 
Office for Radiation Protection (BfS), sank an explo-
ration drilling in the overlaying sedimentary rocks of 
the salt diapir and coordinates studies with respect to 
the near-field of the radioactive waste. KIT-INE con-
tributes both to the studies on samples of the overlay-
ing sediments as well as to studies on geo-engineered 
barriers in the near field of the radioactive waste. Drill 
cores and pore water samples of the exploration bore-
hole, comprising Triassic shell limestone (Mus-
chelkalk), Bunter sandstone (Buntsandstein) and sul-
fate-rich cap rock samples, are geochemically and 
mineralogically characterized. The sample characteri-
zation data provide a basis for interpretation for forth-
coming radionuclide sorption studies with selected 
drill core samples and pore water simulates. With 
respect to the near field KIT-INE compiles the present 
state of knowledge on geochemical processes in the 
waste emplacement rooms. 

International  
The international Colloid Formation and Migration 
(CFM) project focuses on the stability of the bentonite 
buffer/backfill in contact with water conducting fea-
tures and the influence of colloids on radionuclide 
migration in crystalline host rocks coordinated by 
NAGRA (National Cooperative for the Disposal of 
Radioactive Waste, Switzerland). The project uses the 
experimental set-up in the controlled zone at the 
Grimsel Test Site (Switzerland). Additional partners 
involved are from Japan (JAEA, AIST, CRIEPI), 
South Korea (KAERI), Finland (POSIVA Oy and 
Helsinki University), Switzerland (NAGRA, PSI-
LES), Spain (CIEMAT), Sweden (SKB, KTH), United 
Kingdom (NDA RWMD) and United States (LANL). 
INE plays a decisive role in the laboratory program 
and is also mainly carrying out the field activities. 

Within the framework of the strategy of the German 
Federal Government for the internationalization of 
science and research to foster the bilateral cooperation 

with Korea in the area of science and technology 
(WTZ) KIT-INE has started a two year project from 
1.10.2014 entitled “Molecular-scale investigation of 
interaction mechanisms between uranium and iron-
bearing minerals under diverse geochemical condi-
tions of groundwater (BioFeRad)” with KAIST (Ko-
rean Advanced Institute of Science and Technology), 
group of Prof. Woojin Lee including student exchange 
and two bilateral workshops. In parallel, an Alexander 
von Humboldt (AvH) Fellowship of Dr. Sungjun Bae 
from KAIST was granted and started in May 2015 
focusing on the iron corrosion product interaction with 
uranium. 

EURATOM FP7 and Horizon 2020  
ASGARD (Advanced fuelS for Generation IV reAc-

tors: Reprocessing and Dissolution; 1/2012–6/2016) is 
a EURATOM FP7 Large Scale Integrated Project 
focusing on advanced/novel nuclear fuels fabrication 
and their respective reprocessing issues. ASGARD 
seeks integration between reactor, fuel and recycling 
communities, which today is lacking. In some cases, 
this results in discrepancies between the reactor design 
on one hand, and the technological feasibility of fabri-
cating, dissolving and reprocessing the selected fuel 
on the other hand. ASGARD is an integrated effort of 
16 institutions from 9 European countries. It is coordi-
nated by Chalmers Technical University.  

SACSESS (Safety of ACtinide SEparation proceSS-
es; 3/2013–6/2016) is a EURATOM FP7 Collabora-
tive Project dealing with safety aspects of hydrometal-
lurgical and pyrometallurgial actinide separation pro-
cesses developed in previous EURATOM projects. 
SACSESS provides a structured framework to en-
hance the fuel cycle safety associated to P&T. In addi-
tion, safety studies are performed to identify weak 
points to be further studied. These data are used to 
optimize flow sheets and process operation conditions. 
26 Partners from 10 countries (plus JRC-ITU and 
Japan) contribute to SACSESS. The project is coordi-
nated by CEA; KIT is in charge of the hydrometallur-
gy domain.  

The separation of rare earth elements (REE) from 
secondary sources such as mine tailings is studied in 
the ERA-MIN project ENVIREE (environmentally 
friendly and efficient methods for extraction of rare 
earth elements from secondary sources; 3/2015–
2/2018). The project is coordinated by CHALMERS 
(Sweden). Eleven partners form eight counties con-
tribute to the following areas: assessment of sources, 
development of innovative, efficient and environmen-
tally benign leaching and separation methods, life 
cycle assessment and economic feasibility studies. 

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

The Collaborative Project CArbon-14 Source Term 
(CAST) was started in October 2013 with a duration 
of four years. The project aims to develop understand-
ing of the generation and release of C-14 from radio-
active waste materials under conditions of under-
ground geological repositories. KIT-INE contributes 
with experimental studies to work packages “Irradiat-
ed Steel” and “Irradiated Zircaloy” as well as to the 
work package “Dissemination of Knowledge”. Within 
the two experimental work packages KIT-INE con-
ducted studies with highly-active stainless steel and 
Zircaloy-4 samples in the shielded box-line of KIT-
INE. Liquid and gaseous samples are chemically 
treated in a specifically designed glove box. In the 
experiments C-14 is separated from other radionu-
clides aliquots and the distribution of inorganic and 
organic C-14 fractions are determined.  

KIT-INE contributes actively to international organ-
izations, such as the Thermodynamic Database Project 
of the Nuclear Energy Agency (NEA). 

Cebama is a collaborative project investigating ce-
ment-based materials, properties, evolution and barrier 
functions within the European Commission Horizon 
2020 frame. The 4-year project, started 1st of June 
2015, is carried out by a consortium of 27 partners 
consisting of large Research Institutions, Universities, 
one TSO (Technical and Scientific Support Organiza-
tions), and one SME (small medium enterprise) from 9 
EURATOM Signatory States, Switzerland and Japan. 
National Waste Management Organizations support 
Cebama by co-developing the work plan, participating 
in the End-User Group, granting co-funding to some 
beneficiaries, and providing for knowledge and infor-
mation transfer. Cebama is coordinated by KIT-INE. 
The overall strategic objective of Cebama is to support 
the implementation of geological disposal by signifi-
cantly improving the knowledge base for the Safety 
Case for European repository concepts. Scien-
tific/technical research in Cebama is largely independ-
ent of specific disposal concepts and addresses differ-
ent types of host rocks, as well as bentonite. Cebama 
is not focusing on one specific cementitious material, 
but aims at studying a variety of important cement-
based materials in order to provide insight on general 
processes and phenomena which can later be trans-
ferred to different applications and projects. Main 
objectives of Cebama are: 
 Perform experimental studies to understand the 

interface processes between cement-based mate-
rials and the host rocks (crystalline rock, Boom 
Clay, Opalinus Clay (OPA), Callovo-Oxfordian 
(COX), Toarcian mudstone) or bentonite back-

fill and assess the impact on physical (transport) 
properties. 

 Study radionuclide retention processes in high 
pH concrete environments. Radionuclides 
which have high priority from the scientific and 
applied perspective are selected. 

 Improve validity of numerical models to predict 
changes in transport processes as a result of 
chemical degradation. Support advanced data 
interpretation and process modelling, covering 
mainly issues responsible for changes in 
transport properties.  

Further information on Cebama and on upcoming 
Cebama project events is available at the project web-
site www.cebama.eu. 

The Coordination and Support Action Graduate 
and Executive Nuclear Training and Lifelong Edu-
cation (GENTLE) focuses on education of under-
graduate and graduate students of European academic 
institutions by means of student research experiences 
in nuclear laboratories and intersemester courses. 
Scientists of universities and major research institu-
tions of ten European countries participate in this 
Education and Training action, which started in Janu-
ary 2013 with a duration of four years. Within GEN-
TLE, KIT-INE supervised students of European uni-
versities, who conducted research projects at the KIT-
INE laboratories. In July 2015 an intersemester course 
on Nuclear Waste Management was organized by 
KIT-INE. The course provided advanced level under-
standing of different waste streams, their origins, 
radiological and chemical properties of nuclear 
wastes, and the hazards they represent. Moreover, it 
covered waste management of decommissioning 
wastes, irradiated materials, spent nuclear fuel and 
nuclear materials. 

The H2020 project "Deployment of deep enhanced 
geothermal systems for sustainable energy business 
DEEPEGS" started in December 2015. The project 
focusses on the demonstration of the feasibility of 
enhanced geothermal systems (EGS) for delivering 
energy from renewable resources in Europe. Testing 
of stimulating technologies for EGS in deep wells in 
different geological environments, will deliver new 
innovative solutions and models for wider deploy-
ments of EGS reservoirs with sufficient permeability. 
INE is involved mainly in the evaluation of hydraulic 
stimulation techniques and monitoring of their appli-
cation at the Reykjanes geothermal field. There, the 
consortium aims at demonstrating EGS for widespread 
exploitation of high enthalpy heat beneath the existing 
volcanic-hydrothermal field at Reykjanes with a tem-
perature up to 550°C. INE is also partly involved in 
exploration of very deep, sedimentary, hydrothermal 
reservoirs at Vistrenque (France) with temperatures up 
to 220°C. The consortium includes seven industrial 
companies from Iceland, France, Norway, Germany 
and Italy with HS Orka HF as coordinator, and two 
scientific institutions (BRGM, France, and KIT, Ger-
many). 
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Conferences and workshops  
INE has organized a series of workshops and confer-
ences or has contributed significantly to the organiza-
tion:  

 Workshop on Actinide-Brine-Chemistry 
(ABC-Salt IV), Heidelberg, Germany, April 
14-15, 2015 

 Workshop on High Temperature Aqueous 
Chemistry (HiTAC II), Heidelberg, Germa-
ny, April 16, 2015 

 Cebama Kick-Off Meeting, July 1st 2nd, 2015, 
Brussels, Belgium. 

 Geothermal workshop at the Äspö Hard Rock 
Laboratory (Äspö HRL), Äspö HRL, Os-
karhamn, Sweden November 4-5, 2015 

 XAFS16, Karlsruhe, Germany, August 23-
18, 2015 

 Migration, Santa Fe, USA, September 13-18, 
2015 

 NEA-OECD “ClayClub” Workshop entitled 
“Filling the gaps – from microscopic pore 
structures to transport properties in shales” 
held in conjunction with the EUROCLAY 
2015 conference in Edinburgh, UK, July 5, 
2015. The outcome of this workshop will be 
published in a CMS Workshop Lecture Series 
(WLS) volume. 

 INE initiated a DFG round table discussion 
on the topic “Coupled processes in tight for-
mations (clays and claystones)”, Karlsruhe, 
Germany, May 19, 2015  

 7th EC FP – CP BELBaR 4th Annual Meeting 
and Training Course “Swelling clays: From 
compacted bentonite to clay colloids in the 
context of nuclear waste disposal”, Karls-
ruhe, Germany, October 12-16, 2015 
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3.2 Contribution of INE to the FP7 TALISMAN project 
 

Over the last decades, the scientific understanding of 
radionuclide mobilization and retention processes was 
significantly improved, largely owing to the use of 
advanced spectroscopic and analytical techniques. The 
use of innovative technical tools allows researchers to 
derive the required process understanding at the mo-
lecular level which is at the very core of reliable and 
robust geochemical predictions. Research on radioac-
tive substances furthermore requires dedicated facili-
ties which are properly licensed and equipped to han-
dle the potentially highly hazardous materials. 

The need of ensuring access for a wide user and re-
search community to selected large experimental in-
frastructures equipped with state-of-art analytical 
equipment dedicated to working with radionuclides 
was identified previously. Consequently, a series of 
projects were developed on an international level, 
namely the ACTINET projects and the recently final-
ized TALISMAN project. All these projects received 
funding from the European Commission. As these 
projects were not entirely restricted to studies pertain-
ing to the Nuclear Waste Disposal Safety Case, a 
significant portion of the activities were clearly related 
to this topic. 

The 36 months TALISMAN project (start January 
2013, end December 2015) was built on the positive 
experiences gained in the previous ACTINET pro-
jects. TALISMAN featured a proposal system to fund 

and grant access of researchers via Joint Research 
Projects (JRP) to work at the 9 international TALIS-
MAN Pooled Facilities, INE-Radlabs and INE-
Beamline being two of them. R&D at the Pooled Fa-
cilities was mainly addressed within three different 
topical scopes,  
 

 Actinide separation chemistry,  
 Actinides in the geological environment, 
 Actinide materials. 

 
In addition to the Joint Research Projects in which the 
main experimental research was performed and which 
were usually developed bilaterally between the visit-
ing scientists and the collaborating Pooled Facility 
experts, a series of summer-schools and workshops 
were organized in TALISMAN with a strong focus on 
dissemination, training and education.  

The TALISMAN project features a dedicated web-
site (Fig.1), on which important project related infor-
mation is made available. For example, information on 
experimental tools and technical infrastructures avail-
able at the Pooled Facilities (see Fig. 2), the seven 
TALIMAN newsletters and an impressive total of 94 
end-of-stay reports related to the JRPs performed at 
the different Pooled Facilities is given. 

The experience gained by KIT-INE in the TALIS-
MAN and ACTINET projects and especially during 
the many Joint Research Projects realized with exter-
nal partners at KIT-INE is very positive, both from a 
genuine scientific perspective and in view of promot-
ing increased networking, exchange and productive 
synergies on a European level. JRP activities at KIT-
INE were using the radiochemical laboratories of KIT-
INE equipped with spectroscopic and analytical tools 
and the INE-Beamline for Actinide Research at 
ANKA with a unique technical infrastructure.  

Within TALISMAN, 21 JRPs were selected and 
funded to perform experimental investigations at KIT-
INE. Several research projects have explicitly profited 
from the close connection of KIT rad-labs and the 
INE-Beamline for Actinide Research at ANKA. The 
total quantity of access provided by KIT-INE was 596 
days in the 21 JRPs. Within these activities, 50 users 
from 6 external universities and 8 research institutions 
were visiting, with a total of 15 students participating. 
Activities at KIT-INE were well distributed over the 
three topical scopes in TALISMAN. There were 5 
JRPs with 8 users and 205 access units provided in 
Scope 1 (actinide separation chemistry), 8 JRPs with 
11 users and 255 access units provided in Scope 2 
(actinides in the geological environment), and 8 JRPs 
with 29 users and 97 access units provided in Scope 3 
(actinide materials). Topics covered in the nuclear 
waste disposal context include fundamental actinide 
chemistry relevant to assess radionuclide source terms, 
XAS studies at ANKA on repository relevant systems, 

 
Fig. 1: Talisman website at www.talisman-project.eu. 

 

 
 
Fig. 2: Talisman Pooled Facility brochure describing the
available technical infrastructure (download at TALISMAN
website). 
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use of analytical tools to investigate radionuclide 
chemistry in real systems, and a study performed in 
the context of decommissioning nuclear facilities.  

The JRPs performed in cooperation with KIT-INE 
were successfully disseminated and presented at more 
than 45 national and international scientific confer-
ences as of December 2015. In addition, about 25 
peer-reviewed publications related to the JRPS at KIT-
INE were published or ready to be submitted. 

Further activities at KIT-INE within TALISMAN 
were focusing on computational actinide chemistry 
with the aim of strengthening links and synergies 
between theory and experimental studies. To this end, 
a series of ThUL schools were organized by KIT-INE 
in continuation of activities related to the Theoretical 
UserLab (ThUL) established in ACTINET-I3 which 
was successfully fostering the interaction between 
experimental and computational actinide chemistry 
and physics. 

The main lesson learnt from the participation of 
KIT-INE in the TALISMAN and previous ACTINET 
projects is, that there is definitely a strong need of 

both the national and international research communi-
ties to have advanced and technically innovative ex-
perimental tools and infrastructures available, allow-
ing dedicated research in support of the Nuclear Waste 
Disposal Safety Case. In the specific applied context 
of the German “Energiewende” this demand is further 
accentuated by the need to establish scientifically 
justified options for the safe disposal of nuclear waste 
and support the development of optimized decommis-
sioning technologies, i.e. targeting waste volume re-
duction.  
 
Three main conclusions are: 

• It is mandatory that large innovative experimental 
infrastructures and advanced radiochemical labor-
atories are maintained and further developed on a 
national level. This is a key component in support 
of the Nuclear Waste Disposal Safety Case, large-
ly independent of the potential host rock for-
mations and repository concepts. 

• An excellent tool to support young researchers 
during PhD work or early Postdoc careers is of-
fering access to advanced experimental research 
infrastructures. This is valuable both in view of 
extending the range of available scientific meth-
ods, and in the broader context of knowledge 
maintenance and promoting young talent. 

• The EC funded TALISMAN and ACTINET pro-
jects highlight the significant scientific and tech-
nical synergies gained from improved networking 
on an international, i.e. European, level. Based 
upon the sharing of resources, expertise and expe-
rience within the frame of collaborative R&D ac-
tions, there is a clear added value and positive 
feedback meeting the specific requirements of na-
tional programs. 

 
 
Fig. 3: “ThUL School 2014 in Actinide Chemistry”, hosted
and organised by KIT-INE in Karlsruhe. 
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3.3 XAFS16 conference 

 

Following previous conferences in Beijing (2012), 
Camerino (2009) and Stanford (2006), the sixteenth 
international conference on X-ray Absorption Fine 
Structure - XAFS16 (www.xafs16.org) - was held 
between 23rd and 28th August 2015 at KIT Campus 
South. Jointly organized by KIT, DESY (Hamburg), 
HZB (Berlin) and the European XFEL (Hamburg) 
under the auspices of the International X-ray Absorp-
tion Society (IXAS), the conference hosted over 550 
participants from 37 different countries, establishing a 
new record for the number of participants. The local 
organization was provided by the KIT institutes INE, 
IKFT and ITCP and the ANKA synchrotron facility. 
The triennial XAFS meeting brings together X-ray 
spectroscopy experts to discuss the latest develop-
ments in instrumentation and theoretical modelling of 

inner-shell excitation spectra and to present XAFS 
applications in various fields of natural sciences and 
cultural heritage. XAFS16 witnessed a very dynamic 
community that embraces new techniques and applies 
them to solve problems in very diverse fields. Exam-
ples are micro-spectroscopy in environmental sciences 
and cultural heritage, X-ray dichroism for magnetic 
materials, extreme conditions in materials and earth 
science and X-ray emission spectroscopy in catalysis, 
biology and radionuclide research. The field of transi-
ent spectroscopy is growing with quick-scanning 
monochromators, modulation-enhanced detection and 
pump-and-probe techniques. A special symposium 
dedicated to applications of XAS in industrial research 
was organized for the first time at a XAFS conference. 

 

Reference: 
J.-D. Grunwaldt, M. Hagelstein and J. Rothe (Eds.), 16th International Conference on X-ray Absorption Fine 
Structure (XAFS16), IOP Publishing, Journal of Physics: Conference Series, 712 (2016) 011001 
 

 
 

Fig. 1: The official XAFS16 conference photo with the conference logo designed by Wilfrid Schroeder, KIT († 2015). 
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3.4 CMS Euroclay 2015 
 

INE organized together with BGR and the Durham 
University a workshop entitled “Filling the gaps – 
from microscopic pore structures to transport 
properties in shales”. This workshop was initiated 
by the NEA-OECD “ClayClub”, the Clay Minerals 
Society, and the Euroclay conference series. The 
aim of the workshop was to give a current state-of-
the-art of different spectroscopy and microscopy 
methods to better understand microscopic pore 
structures and transport properties in shales. The 
full-day workshop was held in conjunction with the 
EUROCLAY 2015 conference in Edinburgh, UK 
on the 5th of July 2015. It addressed new develop-
ments in the field in order to address the above 
mentioned knowledge gaps in clay minerals and 
clay rich shales. This workshop was a continuation 
of the first workshop “Clays under Nano- to Micro-
scopic resolution” which took place from 6th-8th 
September 2011 in Karlsruhe and documented the 
progress made over the past four years concerning 
research in low permeability, clay rich, geological 
formations [1]. The workshop also provided an 
excellent opportunity for exchange of knowledge 

with research communities concerned with the safe 
long-term management of radioactive waste within 
argillaceous sediments, and the shale gas and oil 
exploration. The summary of this workshop includ-
ing eighteen peer reviewed contributions will be 
published open access as Volume 21 of the CMS 
workshop lectures [2]. 

References: 
[1] NEA-CLAYCLUB (2013) Clay characterisa-

tion from nanoscopic to microscopic resolu-
tion. Workshop Proceedings 
(http://www.oecd.org/officialdocuments/public
displaydocumentpdf/?cote=NEA/RWM/CLAY 
CLUB%282013%291&docLanguage=En), 
Karlsruhe, Germany. 

[2] T. Schäfer, R. Dohrmann, H.C. Greenwell 
(eds.): “Filling the gaps – from microscopic 
pore structures to transport properties in 
shales”, The Clay Minerals Society Workshop 
Lectures Series, Vol. 21 (2016). 
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4  Fundamental studies: Process understanding 
on a molecular scale 

In order to develop detailed scientific understanding on a molecular scale and ensure the reliable quantitative 
prediction of key processes in aquatic chemistry, fundamental studies on radionuclide chemistry and geochemis-
try are performed at KIT-INE. Aiming at a comprehensive assessment of radionuclide behavior and mobility in 
aquatic systems relevant for nuclear waste disposal, experimental studies with actinides and long-lived fission 
products are performed. The investigated aqueous systems cover from dilute solutions to highly saline salt brine 
systems and establish essential site-independent data and process understanding. Work is focusing both on de-
tailed experimental investigations using the unique facilities available at KIT-INE, and subsequently developing 
reliable chemical models and consistent thermodynamic data. This combined approach allows a systematic and 
reliable evaluation of key processes such as radionuclide solubility, radionuclide speciation, radionuclide reten-
tion and transport processes in relevant near- and far-field scenarios.  

The work summarized in this section is related to the (i) chemistry and thermodynamics of actinides and fis-
sion products in aqueous solution, (ii) radionuclide sorption on mineral phases, (iii) retention of radionuclides by 
secondary phase formation, and (iv) radionuclide diffusion. The studies aim at identifying relevant radionuclide 
retention/retardation mechanisms on a molecular level and their robust thermodynamic quantification in support 
of the Nuclear Waste Disposal Safety Case. The fundamental studies on aqueous radionuclide chemistry de-
scribed in Chapter 4 are supporting the applied studies (see Chapter 5) performed at KIT-INE. 
 

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

M. Altmaier, N. L. Banik, A. Baumann, M. Böttle, N. Cevirim, K. Dardenne, F. Endrizzi, D. Fellhauer, 
D. R. Fröhlich, X. Gaona, P. Lindqvist-Reis, C. Marquardt, R. Marsac, P.J. Panak, Th. Rabung, J. Rothe, 
J. Schepperle, A. Skerencak-Frech, B. Schimmelpfennig, A. Tasi, E. Yalcintas  
In co-operation with: 

R. Belmecheria, J. Brunob, M. Deneckec, M. Grivéb, K., Källströmd, F. Réale, V. Vallete, C. Waltherf  
a Laboratoire de Thermodynamique et Modélisation Moléculaire, Faculté de Chimie, USTHB BP 32 El-Alia, 16111 Bab-Ezzouar, Algeria; 
b Amphos21 Consulting S.L., Passeig Garcia i Faria, 49-51, 1-1a, 08019 Barcelona, Spain; c Dalton Nuclear Institute, The University of 
Manchester, Manchester, UK; d Svensk Kärnbränslehantering AB, Avd. Låg-och medelaktivt avfall, Box 250, 101 24 Stockholm, Sweden; 
e Laboratoire PhLAM, UMR-CNRS 8523, Université Lille 1 (Sciences et Technologies), F-59655 Villeneuve d’Ascq, France; f  Institut für 
Radioökologie und Strahlenschutz, Leibniz Universität Hannover, Hannover, Germany 

 

 

Introduction 
The accurate knowledge of the aquatic chemistry and 
thermodynamics of actinides, fission and activation 
products is mandatory in the context of nuclear waste 
disposal. The availability of complete and correct 
chemical and thermodynamic models represents the 
fundamental basis for trustworthy, transparent and 
reliable geochemical model calculations and source-
term estimations and, thus, for the safety assessment 
of repositories for nuclear waste disposal. The stud-
ies summarized in this section highlight the funda-
mental and applied research performed at KIT–INE 
in 2015 within this topic. 

In addition to the experimental R&D activities, 
KIT–INE contributes to several national and interna-
tional projects, e.g. with focus on the interdiscipli-
nary analyses of disposal options for radioactive 
waste (ENTRIA, funded by BMBF), or the develop-
ment of national (THEREDA) and international 
(NEA–TDB, funded by OECD) thermodynamic 
reference databases for actinides and fission prod-
ucts. 

Redox chemistry of U(IV)/U(IV) under alka-
line to hyperalkaline pH conditions 

Uranium is the main element in the nuclear fuel cycle 
and, consequently, contributes with the largest inven-
tory to the radioactive waste. U(VI) is the most stable 
oxidation state of uranium under anoxic and oxidiz-
ing conditions, whereas U(IV) prevails in strongly 
reducing environments. U(VI) shows an amphoteric 
behavior and precipitates as UO3·2H2O(cr) and Na–
U(VI)–OH(s) phases under acidic and alkaline NaCl 
solutions, respectively. U(IV) forms sparingly solu-
ble UO2(am,hyd), which defines [U] < 10–8 M above 
pH  5. Due to the very different chemical behavior 
of U(IV) and U(VI), appropriate knowledge of the 
redox chemistry of uranium is mandatory for an 
accurate prediction of its behavior under repository-
relevant conditions. This is especially challenging 
under hyperalkaline pH conditions, where U(IV) 
easily oxidizes to U(VI) and the formation of anionic 
U(IV) hydrolysis species has been also hypothesized 
in the literature [1].  
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In the frame of the BMWi funded project EDUKEM, 
the redox chemistry of uranium was investigated in 
0.1 and 5.0 M NaCl–NaOH solutions at 8  pHm  
14.7. All experiments were performed in Ar glove-
boxes at T = 22 ± 2 °C. Strongly reducing conditions 
(pH + pe < 4) were chemically set for each inde-
pendent redox sample in the presence of several 
reducing systems (Na2S2O4, Sn(II), Sn(II) + Fe(0), 
Sn(II) + Fe3O4, and Sn(II) + TiO2). U(VI) was added 
to these systems with 310–5 M  [U(VI)]0  410–4 
M. Uranium concentration, pHm and Eh values were 
monitored at regular time intervals and systematized 
on Pourbaix and solubility diagrams calculated using 
thermodynamic data reported elsewhere [2-4]. 

Figure 1 shows the experimental pHm and Eh values 
(Sn(II), Sn(II) + TiO2 and Na2S2O4 systems) for t  
250 days plotted in the Pourbaix diagram of U. Eh 
values for Sn(II) and Na2S2O4 systems are stable 
within this timeframe, and fall in the stability field of 
U(IV) according with the current NEA–TDB selec-
tion [2]. 

Concentrations of U measured in the investigated 
systems under equilibrium conditions (assumed by 
constant [U], pHm and Eh) are shown in Figure 2. 
Very low (< 10–8 M) and pH-independent values of 
[U] are observed within 8  pHm  14.7, clearly hint-
ing towards the reduction of U(VI) to U(IV) and a 
solubility control by the chemical reaction 
UO2(am,hyd) + 2H2O  U(OH)4(aq). No indication 
of a solubility increase under hyperalkaline condi-
tions is obtained for any of the investigated systems, 
thus disregarding the formation of anionic U(IV) 
species up to pHm  14.7.  
Kinetics play an important role in the process of 
U(VI) reduction to U(IV). Depending upon the re-
ducing system and [U(VI)]0, equilibration times of 

100 days (or even longer) are needed to achieve a 
complete reduction of U(VI) to U(IV) and attain 
thermodynamic equilibrium. TiO2 acts as catalyzer 
and importantly accelerates the reduction of U(VI) to 
U(IV). These results indicate that insufficient equili-
bration time was allowed in previous studies where 
the formation of anionic U(IV) hydrolysis species 
was proposed [1]. 

Based on the outcome of this redox study, compre-
hensive undersaturation solubility experiments with 
UO2(am,hyd) are planned at KIT–INE in dilute to 
concentrated NaCl, MgCl2 and CaCl2 solutions. This 
study will provide complete chemical, thermodynam-
ic and activity models for the solubility and hydroly-
sis of U(VI) from acidic to hyperalkaline pH condi-
tions. 

Solubility of ternary M-Np(V)-OH solid 
phases in alkaline NaCl solutions 
Within the series of possible main oxidation states of 
actinide elements in aqueous solutions, An(III)-
An(VI), the pentavalent An(V) reveals the highest 
mobility in aqueous solutions due to its weak sorp-
tion properties and its high solubility. The latter is 
particularly true for amorphous AnO2OH(am) as 
solubility limiting solid phase. In the case of Np, 
which exists as Np(V) over a wide range of (pH+pe) 
solutions conditions, we have recently demonstrated 
that NpO2OH(am) is only metastable in alkaline 
NaCl and CaCl2 solutions regarding transformation 
into higher hydroxide phases, M-Np(V)-OH(s) with 
M = Na and Ca [5-6]. In the present work, the solu-
bility behavior and thermodynamic stability of ter-

 
Fig. 1: Pourbaix diagram of U calculated for 0.1 M NaCl
and [U] = 3·10–5 M using thermodynamic data reported in
[2-4]. Symbols correspond to experimental pHm and Eh

values determined for Sn(II), Sn(II) + TiO2 and Na2S2O4

systems at t ≤ 250 days. 
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Fig. 2: U(IV) equilibrium concentration after quantitative 
reduction of initial [U(VI)]0 = 3·10−5 M by Sn(II), Sn(II) + 
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nary M-Np(V)-OH solid phases (M = Na, Ca) is 
systematically investigated in alkaline NaCl solu-
tions.  

Ternary M-Np(V)-OH solids with M = Na and Ca 
were prepared by equilibration of binary (greenish) 
NpO2OH(am) in the respective alkaline NaCl and 
CaCl2 solutions for several months, as described in 
previous work [5-6]. The reddish transformation 
product obtained in CaCl2 solutions was analyzed by 
powder-XRD, SEM-EDX, and quantitative chemical 
analysis, and unambiguously identified as 
Ca0.5NpO2(OH)2(s,hyd) reported in [6]. Analogous 
characterization of the purple transformation product 
in alkaline NaCl confirmed, that the targeted prepara-
tion of the Na-Np(V)-OH solid phase with the lowest 
ratio Na : Np described in [5] (determined in the 
present work as Na : Np ≈ 0.85 : 1) was successful. 
Both compounds show characteristic XRD patterns, 
platelet like morphology and are microcrystalline. 
The solubility behavior of the solids is investigated 
in alkaline 0.1 M and 5.0 M NaCl solutions (under-
saturation approach with approximately 0.5 mg solid 
phase per sample). In the batch series with 
Ca0.5NpO2(OH)2(s,hyd), [Ca] was adjusted to 4 mM 
to ensure constant conditions of the background 
solutions. 

The experimental solubility of both ternary phases 
is displayed in Figure 3 in comparison to published 
data for NpO2OH(am) [5, 7]. In pure 0.1 M (green 
symbols full) and 5.0 M NaCl (green symbols open) 
solutions with pHm > 11 and 10, respectively, meas-
ured Np(V) concentrations in equilibrium with Na-
Np(V)-OH(s,hyd) are lower than the data for binary 
NpO2OH(am) (red symbols), i.e. the ternary phase is 
more stable in this region. As expected, Na-Np(V)-
OH(s) solubility decreases with increasing NaCl 
concentrations.  

In the corresponding NaCl solutions with additions 

of 4 mM Ca (blue symbols), ternary Ca-Np(V)-
OH(s,hyd) controls the Np(V) solubility over the 
entire pHm range investigated although Ca is only 
present as trace element (ratio Na to Ca up to 1250 to 
1). The great difference in [Np(V)] compared to 
binary NpO2OH(am) as well as ternary Na-Np(V)-
OH(s,hyd) is especially apparent in hyperalkaline 
solutions (pHm > 11) where the solubility of Ca-
Np(V)-OH(s,hyd) is up to 3 log-units lower. As [Ca] 
was kept constant in the batch series with Ca-Np(V)-
OH(s,hyd), the systematically increasing Np(V) 
concentrations with ionic strength are a result of the 
changing activity in the systems, and agree well with 
the present activity model for NpO2

+ in chloride 
medium [8]. The pH dependence of the solubility 
curves is different for binary NpO2OH(am) and the 
ternary phases due to the greater hydroxide content 
of the latter: in the pH region, where hydrolyzed 
Np(V) is the predominant aqueous Np(V) species 
(pHm < 11), the slopes of the solubility curves are −2 
(Ca-phase), ≈ −1.8 (Na-phase in I = 5.0 M), and −1 
(binary NpO2OH(am)), respectively. The onset of 
hydrolysis leads to an increase of Np(V) solubility in 
more alkaline solutions (pHm > 12) for 
NpO2OH(am), while this effect is less pronounced / 
absent for the ternary phases.  

The results show that the concentration of Np(V) 
and, hence, its mobilization in alkaline solutions is 
significantly reduced due to the formation of ternary 
M-Np(V)-OH solid phases. The data are highly rele-
vant for the assessment of more realistic solubility 
limits and source-terms for pentavalent actinides in a 
repository, where the formation and potential interac-
tion of alkaline solutions with nuclear waste have to 
be considered due to a large inventory of cementi-
tious material. 

Solubility behavior and carbonate complexa-
tion of Np(IV) and Pu(IV) in alkaline NaCl 
solutions 
Carbonate minerals are ubiquitous in the natural 
environment and groundwater potentially contacting 
nuclear waste in a deep geological repository may 
contain dissolved carbonate as well. As a hard ligand 
in terms of the HSAB concept, carbonate forms sta-
ble complexes with tetravalent actinides and can lead 
to enhanced An(IV) solubility, e.g. as known from 
comprehensive solubility studies with ThO2(am,hyd) 
in NaCl-NaOH-Na2CO3 solutions [9-10]. In the pre-
sent study, performed in the frame of the ENTRIA 
project, we have investigated the solubility of tetra-
valent NpO2(am,hyd) and PuO2(am,hyd) in carbonate 
bearing, dilute to concentrated NaCl-NaOH solu-
tions.  

All experiments were conducted inside an inert gas 
(Ar) glovebox. Batch experiments from undersatura-
tion with NpO2(am,hyd) and PuO2(am,hyd) were 
performed as function of total carbonate (0.1 and 
0.04 mol kg−1) and NaCl concentrations (0.5, 2.1 and 
5.6 mol·kg−1). pHm ranged from 8 to 12. Reducing 
conditions were adjusted by additions of hydroqui-

 

 
 
 
Fig. 3: Experimental solubility of binary NpO2OH(am) [5,
7] and ternary Na-Np(V)-OH(s,hyd) and Ca-Np(V)-
OH(s,hyd) in 0.1 and 5.0 M NaCl solutions. 
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none (Pu) and Sn(II) (Np). The samples were ana-
lyzed for [An] and pHm for up to 210 days.  

The experimental solubility of NpO2(am,hyd) and 
PuO2(am,hyd) in the presence of 0.1 mol kg−1 car-
bonate and 0.5-5.6 mol kg−1 NaCl is shown in Fig-
ures 4 and 5, respectively. 

Compared to AnO2(am,hyd) in carbonate-free NaCl 
solutions, where the pH and ionic strength independ-
ent solubility level is at log [An(IV)] = −9±1 (Np) 
and −10.8±0.7 (Pu) for pHm > 6, the An(IV) concen-
tration is significantly enhanced for [Ctot] = 0.1 M, 
and systematically increases with ionic strength, 
pointing to the presence of charged An(IV)-OH-CO3 
species.  

Under the same solutions conditions, the solubility 
of PuO2(am,hyd) is lower by approximately 0.5 log-
units compared to NpO2(am,hyd).  

The second series with [Ctot] = 0.04 mol kg−1 shows 
consistently lower solubility than the analogous se-
ries with 0.1 mol kg−1 carbonate. 

A preliminary chemical and thermodynamic model 
was derived (see Figures 4 and 5) based on the spe-
cific ion interaction theory (SIT) [2, 11-12]. The 
results show that a reasonable description of experi-
mental Np(IV) and Pu(IV) data in the pHm range 8 to 
11 is possible with only two ternary species, 
An(OH)(CO3)4

5− and An(OH)3(CO3)2
3−. Additional 

experiments are in progress to clarify if there is a 
contribution of a third ternary species at higher pHm 
values. 

The chemical and thermodynamics models derived 
in the present work provide an improved understand-

ing of the aqueous chemistry of Np(IV) and Pu(IV) 
in carbonate containing solutions, and help to better 
assess potential near- and far-filed processes of tetra-
valent actinides in a repository. 

Solubility and redox behavior of Pu under 
alkaline, reducing conditions 
Underground repositories are the internationally 
favored option for the disposal of long-lived radioac-
tive waste. The development of strongly reducing 
conditions is expected in the post-closure period of 
these facilities due to the anoxic corrosion of steel. In 
the case of low- and intermediate-level radioactive 
waste, the preferred concept involves the use of ce-
mentitious materials for the stabilization of the waste 
and for construction purposes. The interaction of this 
material with groundwater buffers the pH in the 
alkaline to hyperalkaline range (10 ≤ pH ≤ 13.3) over 
a very long time-scale. In the context of the safety 
assessment of nuclear waste disposal, plutonium is 
an element of highest relevance due to its abundance 
in the waste, high radiotoxicity, long half-live (t½ 
239Pu = 2.41·104 a) and challenging aqueous chemis-
try. Pu(III) and Pu(IV) are the most likely oxidation 
states under the reducing conditions predicted in 
underground repositories [13]. Relevant limitations 
and uncertainties affect the NEA–TDB thermody-
namic selection for Pu(III) and Pu(IV) aqueous spe-
cies and solid compounds [2]. This leads to a rather 
ill-defined Pu(IV) / Pu(III) redox border, which af-
fects the correct assessment of the chemical behavior 
of Pu under these conditions. This study aims at 
investigating the solubility and redox behavior of Pu 
under alkaline reducing conditions as a first step 
towards the quantification of the impact of iso-
saccharinic acid on Pu solubility under conditions 
relevant for SFR, the Swedish repository for low- and 
intermediate-level waste. 

All experiments were conducted at T = 22 ± 2 °C in 
Ar gloveboxes. Undersaturation solubility experi-
ments were performed using a well-characterized, 
aged 242PuO2(am,hyd) solid phase. Redox conditions 
were either buffered with 2 mM hydroquinone (pe + 
pHm = 9.5 ± 1) or SnCl2 (pe + pHm = 2 ± 1). pHm was 
varied from 8 to 12.9 (I = 0.1 M NaCl–NaOH). The 
total concentration of Pu ([Pu]tot) was determined 
after ultracentrifugation by sector field (SF–)ICP–
MS. A liquid-liquid extraction (L-L ext.) method 
[13] combined with LSC and capillary electrophore-
sis (CE) coupled to SF–ICP–MS, respectively, were 
used for the analysis of Pu-redox speciation in the 
aqueous phase. Pu solid phases were characterized 
by XRD, XPS, and synchrotron radiation in-situ 
XRD and XANES/EXAFS. 

The redox state and nanocrystalline character of the 
initial Pu(IV)O2(am,hyd) solid phase was confirmed 
by XANES, XRD and XPS. The solubility product of 
this solid phase was experimentally determined using 
L-L extraction for the quantification of [Pu(IV)]aq in 
weakly acidic conditions (Figure 6), where Pu(V) 
prevailed in the aqueous phase. The aqueous specia-

 
 
Fig. 4: Solubility of NpO2(am,hyd) in 0.5-5.6 mol kg−1

NaCl solutions with 0.1 mol kg−1 total carbonate content. 
 

 
 
Fig. 5: Solubility of PuO2(am,hyd) in 0.5-5.6 mol kg−1

NaCl solutions with 0.1 mol kg−1 total carbonate content.  
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tion was further confirmed by CE–SF–ICP–MS. The 
solubility product determined in this work is in ex-
cellent agreement with log10 *K°s,0 currently selected 
in the NEA–TDB for PuO2(am,hyd) [2]. The solu-
bility of Pu in hydroquinone-buffered systems at 8  
pHm  12.9, is very low (m) and pH-
independent (Figure 6), consistently with a solubility 
control by the equilibrium reaction PuO2(am,hyd) + 
2H2O  Pu(OH)4(aq). Similar results are also ob-
tained in Sn(II)-buffered systems. Considering the 
uncertainty associated with the corresponding ther-
modynamic calculations (± 1.5 log10-units for 
log10 *K°s,0{Pu(OH)3(s)}), the latter results could be 
consistent both with a solubility control by Pu(III)(s) 
 Pu(III)(aq) and with the reductive dissolution of 
PuO2(am,hyd)  Pu(III)(aq) at pe + pHm = 2. 

Relevant differences are seen in the XANES spec-
tra of Pu in hydroquinone and Sn(II) systems (Figure 
7). The original PuO2(am,hyd) material remains the 
same in hydroquinone systems with pHm = 9 and 12, 
whereas a relevant fraction of Pu(III) (30 ± 5%) is 
determined in Pu solids from Sn(II) buffered sys-
tems. Additional XANES measurements are planned 
at longer equilibration times (1–2 years) to assess 
whether the co-existence of Pu(III) and Pu(IV) solid 
phases under very reducing conditions corresponds 
to the thermodynamic equilibrium or rather to a tran-
sient state. 

First report on the structure of Pa(IV) in 
aqueous solution and the evidence of a curi-
um break in the series of An(IV) aqua ions 
The tetravalent actinide ions from Th(IV) to Pu(IV) 
are hard Lewis acids with high charge densities and 
thus they show a strong tendency to hydrolysis and 
condensation [16]. However, unlike its neighbor 

actinides the aqueous chemistry of Pa(IV) is rather 
unexplored [17]. This is partly due to the limited 
availability of the element and its radioactive nature, 
in addition to the instability of its tetravalent oxida-
tion state: Pa(IV) is difficult to stabilize in water due 
to the low redox potential of the Pa(V)/Pa(IV) couple 
(-0.1 V/SHE) and the fact that it rapidly oxidizes to 
Pa(V) [17-18], while U(IV), Np(IV), and Pu(IV) are 
more stable. Up to recently [19], there were no ex-
perimental or theoretical studies published on the 
structure of Pa4+ in aqueous solution, while there are 
a number of EXAFS studies on the structures of the 
Th4+, U4+, Np4+, Pu4+, and Bk4+ aqua ions [17, 20]. 
The coordination numbers of these ions are between 
eight and thirteen, showing large uncertainties in 
their determination. On the other hand, the An-O 
bond distances are obtained with higher precision 
and are therefore a better measure of the coordination 
number. This was discussed in our recent communi-
cation, where we also provided the first EXAFS data 
on Pa(IV) in aqueous solution and a method using 
Rongalite that enabled stabilization of Pa(IV) in 
aqueous solution over several days [19]. A summary 
of the Pa(IV) EXAFS results and a discussion about 
the hydration structure of the tetravalent actinide 
aqua ions from Th4+ to Bk4+ are given here. 
 
 

Pa L3-edge XAS spectra of a 0.3 mM Pa(IV) in 6 
M HCl were collected at the INE beamline at 
ANKA. The mean Pa-O distance of the 
[Pa(H2O)8Cl]3+ ion was determined to be 2.43 ± 0.02 
Å. This distance was considered to be virtually iden-
tical to the mean Pa-O distance of the [Pa(H2O)9]

4+ 
ion [19]. Fig. 1 plots the mean An-O bond distances 
of tetravalent actinide aqua ions versus their ionic 
radii [21]. A linear relationship with a slope of one 
(0.95) is apparent for the ions from Th4+ to Pu4+ 
while the mean Bk-O distance is below this line. No 
data exist for Am4+ and Cm4+, which are unstable in 
aqueous solution without complexing anions. Be-

Fig. 6: Plutonium concentration in solution in equilibrium
with PuO2(am,hyd) for unbuffered (●: 940 days, ●: 2886
days) and redox buffered systems (■: hydroquinone;
▲:SnCl2). Red points (●) show the concentration of Pu(IV)
for selected unbuffered systems (*) as quantified by L-L
extraction. Solid lines correspond to the thermodynamical-
ly calculated solubility of PuO2(am,hyd) in equilibrium
with Pu(IV)aq (black line) and for pe + pHm = 2 (grey line,
predominance of Pu(III)aq below pHm  9). Green and
purple lines show the solubility of Pu(OH)3(s) as calculat-
ed with log10 *Ks,0 values reported in Guillaumont et al.,
(2003) [2] and Fellhauer (2013) [14], respectively. 

 
Fig. 7: Pu LIII–edge XANES spectra of solid phases re-
covered from hydroquinone and SnCl2 systems at pHm = 9
and 12. The spectra of the starting material used in this
study and the given references for the aqueous species of
Pu(III) (top) and Pu(IV) (bottom) reported in Brendebach
et al., 2009 [15] are shown for comparison. 
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cause the An-O bond distance for the ions up to Pu4+ 
follow closely this line and therefore the actinide 
contraction, we assume that there is no major change 
in these ions’ hydration number, while a decrease in 
the hydration number, probably from nine to eight, is 
apparent to occur between Pu4+ and Bk4+. Indeed, 
with supporting quantum chemical calculations we 
could show that there is a transition in the hydration 
number from nine to eight occurring near Cm4+ [19]. 
Such a change has been much debated for the triva-
lent actinide (and lanthanide) ions, where the ions’ 
hydration number has been reported to either change 
from nine to eight in the middle of the series or to 
remain nine across the series up to Cf3+ [22]. Further 
evidence that the regression line in Figure 8 repre-
sents primarily nine-coordinated aqua ions comes 
from the fact that the mean Th-O bond distance of 
the Th4+ aqua ion is ~ 0.05 Å shorter than the ten-
coordinate [Th(H2O)10]Br4 hydrate [23], indicating a 
nonahydrated ion or mixtures of nona- and decahy-
drated ions in aqueous solution. 

In conclusion, aqueous Pa(IV) can be stabilized 
over a period of several days with rongalite. EXAFS 
data and supporting quantum chemical calculations 
(see ref. 19) showed that the An-O bonds of the Th4+-
Bk4+ aqua ions following the same monotonic de-
creasing trend as the An4+ ionic radii and a decrease 
of the hydration number from nine to eight for the 
heaviest ions Cm4+ and Bk4+. This is the first sound 
evidence of a “curium break” in the tetravalent acti-
nide series. 

Complexation of Cm(III) with succinate 
The complexation of the actinides with small and 
macromolecular (e.g. fulvic and humic acids) natural 
organic matter in natural waters is a relevant geo-
chemical process with respect to the migration be-
havior of the actinides in a potential host rock for-
mation for high-level nuclear waste. Up to now, the 
complexation behavior with various model com-
pounds (e.g. salicylate, phthalate, succinate, etc.) has 
been investigated mainly at room-temperature to 
understand the interaction mechanisms with more 
complicated natural organics. For an improved un-

derstanding of fundamental actinide-organics interac-
tion processes over the extended temperature range 
potentially relevant in the context of HLW disposal, 
a reliable knowledge of the dominant species and 
their related thermodynamic properties is necessary. 

In the present work, the complexation of Cm(III) 
with succinate has been investigated in the tempera-
ture range of 20 – 80 °C in order to determine the 
thermodynamic stability constants (log K0

n(T)) for 
the formation of different Cm(III) succinate species. 

As an example, Figure 9 shows the evolution of the 
fluorescence spectrum of Cm(III) in the presence of 
0.01 mol/kg succinate with increasing temperature. 
The emission band is visibly shifted towards higher 
wavelength with increasing temperature. This is 
attributed to the successive shift of Cm(III) specia-
tion towards complexed species. Several experi-
mental series as a function of ionic strength, tempera-
ture, and ligand concentration were carried out and 
evaluated using the specific ion interaction theory 
(SIT) as performed for comparable ligand systems 
[24-27]. For the formation of [CmSucn]

3-2n (n = 1,2), 
the log K0

n(T) values were obtained in the entire 
temperature range. Log K0

3(T) was determined for T 
= 50 - 80 °C. All determined stability constants are 
shown in Figure 10. 

Whereas log K0
1(T) is almost constant in the whole 

temperature range, log K0
2(T) increases with increas-

ing temperature. K0
1(T) and K0

2(T) are higher by 
about 2 and 0.5-1.0 orders of magnitude, respective-
ly, compared to monocarboxylic ligands [24-25]. The 
difference is attributed to a different interaction 
mechanism with succinate which is assumed to coor-
dinate through both the carboxylic and α-hydroxy 
function forming a chelate complex.  

However, to fully comprehend the interaction 
mechanism further studies (e.g. EXAFS spectroscop-
ic investigations) are required to resolve the molecu-
lar structure of the formed complex. 
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Introduction 
Retention processes of radionuclides on mineral sur-
faces are key parameters in performance safety calcu-
lations for nuclear waste repositories. For a thorough 
estimation and quantification of these reactions a 
detailed mechanistic understanding is essential. This 
includes a profound knowledge of the mineral- water 
interfaces including a reliable thermodynamic descrip-
tion. Radionuclide sorption on different relevant solid 
phases needs to be study by a large variation of exper-
imental conditions as metal ion concentration, pH, 
composition of the electrolyte solution and competi-
tion with other sorbing radionuclides or other com-
plexing aqueous ligands. The experimental studies 
take credit from a variety of very sensitive spectro-
scopic speciation techniques and subsequent descrip-
tion by using thermodynamic based surface complexa-
tion models and, therefore, provide substantial infor-
mation to be used in performance assessment.   

In the first part of the present annual report we want 
to focus on the work regarding to An/Ln retention 
onto clay minerals which are important as backfill and 
potential host rock materials in several repository 
concepts. 

In the second part of the report the size-effect on the 
charge of small spherical particles is described as well 
as the slip-plane distance in zeta-potential simulation. 

Sorption and redox speciation of plutonium at 
the illite surface 
Due to its high radiotoxicity and the very long half-
lives of some isotopes, plutonium (Pu) is an important 
element in the context of nuclear waste disposal. Un-
der environmentally relevant conditions, Pu can occur 
in the oxidation states +III, +IV, +V and +VI. As the 
geochemical behavior of Pu, such as solubility and 
mobility, strongly depends on its redox state [1,2] 
thermodynamic speciation calculations need to ac-
count for Pu redox speciation. 

Several studies have shown that actinide redox 
chemistry is affected by interaction with mineral sur-
faces. The evaluation of Pu sorption data is particular-
ly challenging as frequently a mixture of Pu redox 
states is found in solid/liquid systems (i.e. at the sur-
face and/or in solution). In the presence of a mineral, 
rates for abiotic redox reactions range from a few 
hours to a few months and depend on the mineral type, 
pH, Pu concentration and initial Pu redox state, which 
further complicates data interpretation [3-6]. General-
ly, under ambient (air) atmosphere, when adding 
Pu(IV), Pu(V) or Pu(VI) to a mineral suspension 
(hematite, goethite, magnetite [5], quartz [6], montmo-
rillonite, [3,4] kaolinite [7]) Pu(IV) is found at the 
mineral surface whereas very often Pu(V) prevails in 

solution. Similar observations were made for neptuni-
um (Np) and illite under slightly reducing conditions 
[8]. Pu sorption to minerals under reducing conditions, 
where Pu(III) should prevail, has been probed less 
frequently.  

The present study is dedicated to Pu sorption and 
redox behavior to a purified clay mineral (“CatClay”-
illite) under inert (Argon) atmosphere (< 1 ppm O2, 
absence of CO2). Classical batch experiments are 
performed in 0.1 M NaCl, 2 g/L of illite, at various pH 
(3-10), total Pu concentrations ([238Pu]tot=8×10-11 to 
3×10-8 M) and reaction times (1 week to 1 year). The 
238Pu stock solution contained 85% Pu(IV), 11% 
Pu(V) and 4% Pu(III). The pH/Eh measurements are 
monitored. Liquid-liquid extraction is applied to de-
termine the Pu redox state at the illite surface. Finally, 
Pu sorption and redox speciation are described using 
surface complexation modelling. Thermodynamic 
constants from the NEA [9] are taken throughout this 
study using the specific ion interaction theory (SIT) 
[10]. PHREEQC [11] and PhreePlot [12] are applied 
for speciation calculations (including sorption) and 
constructing Pourbaix (pH-pe) diagrams, respectively. 

The pH-pe data recorded after 1 week and 1-year 
equilibration time in the Pu-illite suspension in 0.1 M 
NaCl solution are plotted in Fig.1 together with the 
calculated predominance pH-pe diagram for dissolved 
Pu. The solid lines correspond to equal amounts of 
two Pu redox states. Large symbols indicate the sam-
ples where the supernatant was additionally analyzed 
by liquid- extraction ([Pu]tot = 10-8 M). Data are com-
pared to those reported for the Np-illite system [8] at 
similar metal ion concentration (3×10-8 M) and after 
contact times between 7 and 63 days. Between 1 week 
and 1 year, pH may slightly evolve due to further 
buffering of illite, since no additional pH-buffer was 
used. An increase in pe values is also observed for the 
batch series prepared to study the effect of pH 
([Pu]tot=8×10-11 M), which is potentially due to the 
presence of undetectable traces of O2(g) (i.e. < 1 ppm) 
during sample handling or storage over the one-year 
period. Significant amounts of Pu(III) are expected in 
the aqueous phase below pH ≈ 5 whereas Pu(IV) 
should prevail above pH ≈ 6 according to the calcula-
tions and taking pe data uncertainties into account. 
However, in sorption experiments ([Pu]tot = 10-8 M) 
performed over a period of 1 week, we found at pH = 
4.3 about 90% of the Pu in the supernatant aqueous 
phase being pentavalent. In analogy to the observed 
behavior of Np(V), the Pu(V) sorption to illite at pH = 
4.3 is considered negligible and remains in solution. 
Pu(IV), like other tetravalent actinide ions, is expected 
to be almost completely sorbed. 
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However, this has no impact on our conclusions, 
which are based on the finally established pe and pH 
values. Batch series conducted at pH ≈ 4, 7 and 10 
(8×10-11 < [Pu]tot < 10-8 M) exhibit quite stable pe 
values with time, which suggests no significant O2(g) 
contamination or microbial activity over the one-year 
period. 

As previously found for Np(V) interaction with illite 
and Pu sorption to kaolinite and hematite, the redox 
speciation of actinides is influenced by the formation 
of surface complexes. The following equation pro-
vides a simple approach to determine the stability 
field of Pu(IV) and Pu(III) at a mineral surface: 

ሼܲݑሺܸܫሻ/ܲݑሺܫܫܫሻሽ௦௨௥௙

ൌ ሼܲݑሺܸܫሻ/ܲݑሺܫܫܫሻሽ௔௤

൅ ሺlogܴௗሺܲݑሺܫܫܫሻሻ

െ logܴௗሺܲݑሺܸܫሻሻሻ 

{Pu(IV)/Pu(III)}aq can be calculated by the Nernst 
equation and the redox borderline in aqueous solution 
(Fig. 1 and 2a) denotes an equimolar Pu(III)/Pu(IV) 
ratio. {Pu(IV)/Pu(III)}surf refers to the corresponding 
redox speciation at the illite surface. Log Rd(Pu(III)) 
and log Rd(Pu(IV)) values in above eq. represent the 
respective individual uptake of the two Pu redox states 
under the same physico-chemical conditions and are 
expressed as distribution coefficients (denoted as Rd). 
As Rd values for Pu(III) and Pu(IV) are difficult to 
determine separately, we took in a first approach exist-
ing models for Eu(III) and Np(IV) to estimate sorption 
of Pu(III) and Pu(IV), respectively. 

The resulting Pu(IV)/Pu(III) borderline is shown in 
Fig. 2a as a dashed bold red line. pH-edges for Eu(III) 
and Np(IV) sorption onto illite in 0.1 M NaCl calcu-
lated with the 2 SPNE SC/CE model are shown in Fig. 
2b. For pH < 7, Eu(III) sorption to illite is weaker than 

that of Np(IV). At this low pH outer-sphere sorption 
(ion exchange) dominates for Eu(III).  
Due to the higher thermodynamic stability of acti-
nide(IV) surface complexes in this area, the predomi-
nance field of Pu(IV) is enlarged at the illite surface 
and overlaps with the stability field of Pu(III) in the 
aqueous phase. For pH > 7, Eu(III) and Np(IV) uptake 
are almost equal. As a consequence, the Pu(IV)/Pu(III) 
borderline at the illite surface coincides with that in 
solution ({Pu(IV)/Pu(III)}surf ≈ {Pu(IV)/Pu(III)}aq). 
The pH-pe values measured after 1 year in the Pu-illite 
suspensions are also plotted in Fig. 2a. According to 
these estimations, Pu(IV) is expected to prevail (or, at 
least, to be present in significant amounts) at the illite 
surface in all samples. For pH > 6, Pu(III) becomes 
negligible and Pu speciation in solution and at the 
illite surface is controlled by Pu(IV). For pH < 5, the 
overall Pu uptake by illite is predicted to lie between 
that of Eu(III) and Np(IV), which is indeed the case 
according to experimental data (Fig. 2b). 
Using the 2 SPNE SC/CE model with the surface 
complexation constants [8] and taking into account the 

Fig. 1: pH-pe values measured in illite suspensions under
anaerobic conditions. 1 week (gray diamonds) and 1-year
equilibration time (black diamonds); Np-illite system [8]:
white circles.  

 
Fig. 2: ((a) Predominance pH-pe diagram for Pu in 0.1 M 
NaCl with pH-pe values measured in illite suspensions after 
1-year equilibration time. The bold and dashed red lines 
show estimated borderlines for Pu(IV)/Pu(III) redox transi-
tion at the illite surface. Relevant redox conditions for this 
study (pH+pe = 11.8 ± 1.0) are shown as straight (solid and 
dashed) lines. (b) Data for Pu uptake onto illite (Rd in L kg-
1) as a function of pH compared with model calculations for 
Eu(III) (green bold line), Np(IV) (dashed black line) and 
Pu(IV) (blue bold line) sorption based on the 2 SPNE SC/CE 
model. 
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range of measured redox conditions (pH + pe = 11.8 ± 
1.0; Fig. 2a) allows for an excellent simulation of 
experimental Pu sorption data over the whole pH-
range investigated. Decreasing Rd values at pH < 5 
are nicely reproduced as a consequence of progressing 
reduction of Pu(IV) to Pu(III) with decreasing pH. 
Variations in log Rd for pH = 4.3 are assigned to the 
effect of pe rather than to a concentration effect. For 6 
< pe < 8.5, Pu(III) prevails in solution whereas Pu(IV) 
prevails at the illite surface. This explains why log Rd 
values lie between that of Pu(III) and Pu(IV), when 
they occur as single components. 

A more accurate simulation of redox sensitive ele-
ment behavior in near surface soil systems and deep 
geological formations becomes possible by imple-
menting measured pe values of a given system into 
geochemical surface speciation calculations. There-
fore, this study may allow a more accurate estimation 
of the Pu mobility in the geosphere. 

Experiment and modelling of U(VI) and 
Np(V) sorption onto synthetic montmorillo-
nite, illite and kaolinite in saline solutions.  
The present work is a continuation of earlier sorption 
investigations of trivalent europium (Eu) onto mont-
morillonite (SWy-2) and illite (Illite du Puy) under 
saline conditions (NaCl, CaCl2, MgCl2) [13, 14]. Such 
high ionic strength conditions are expected in the 
vicinity of salt deposits as e.g. in the Jurassic and 
lower Cretaceous clay rock in Northern Germany [15]. 

Batch sorption studies for Np(V) were carried out in 
pure NaCl solutions up to 4.0 M at 1.6 E-8 – 3.2 E-6 
M Np(V), at a constant solid to liquid ratio (S:L = 2 
g/L) of synthetic iron free montmorillonite (IFM) over 
a wide pH range (3-12) and excluding carbon dioxide. 
IFM was used to exclude potential surface reduction 
of Np(V) to Np(IV). 

U(VI) sorption onto kaolinite was studied in pure 
NaCl solutions (0.1 – 4 M) at 4·E-7 M U(VI) and 2 
g/L kaolinite (KGA-1, Georgia, USA).  

For the U(VI) sorption study on Illite du Puy the 
identical U(VI) concentration and solid content were 
used. Background electrolyte concentrations were 
varied between 0.1 and 4 NaCl as well as between 
0.06 and 2 M MgCl2 and CaCl2.  

The 2 site protolysis non-electrostatic surface com-
plexation and cation exchange (2SPNE SC/CE) model 
[16] calibrated for “low” ionic strengths ([NaClO4] = 
0.1 M), was applied to the data obtained in the saline 
systems.  

In the Np(V)-IFM system there is no significant 
outher sphere sorption via cation exchange and only 
inner sphere sorption occurs. The sorption edge starts 
at pHc > 8. Very high surface retention (> 90%) is 
observed at pHc > 10 and no Np(V) reduction is de-
tected for the given experimental conditions (Fig. 3). 
The varying background salinities generally do not 
exhibit a quantitative effect on Np(V) retention. By 
using the 2SPNE SC/CE model the Np(V) retention 
data can be described accurately.  

U(VI sorption onto both kaolinite and illite in pure 
NaCl solution shows very comparable results up to 
pHc 7 (Fig. 4). No or very minor cation exchange 
reactions are observed only at low ionic strengths. In 
both cases pH edges start at ~ pHc = 4 and reach quasi 
quantitative retention (> 95%) with KD ≥ 5 at pHC > 7. 
At pHc > 10 U(VI) sorption decreases as consequence 
of the formation of negatively charged aqueous hydro-
lyzed species with a lower tendency to be bound to 
clay surfaces. As already observed for Np(V) also the 
U(V) sorption onto the two different substrates is not 
significantly affected by a large variation of the back-
ground electrolyte concentration. For an adequate 
model description up to high pH values an additional 
inner-sphere sorption species with the stoichiometry 
SO-UO2Cl(OH)2

2- has to be introduced in the illite 
system. Although there is no clear spectroscopic indi-
cation for this surface sorbed species (Fig. 4) a chlo-
rine containing U(VI) hydroxide solid phase and 
mixed U(VI) Cl-OH and Cl-CO3 aqueous species are 
already described [14]. 
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Fig. 3: Np(V) sorption data (3.2E-6 M) onto Na-IFM (2 g/L)
in dependence on NaCl background electrolyte concentra-
tion after 2 different contact times. Modelling was done
using the “SPNE SC/CE” model. The species distribution is
shown for 0.1 M NaCl exemplarily. The grey area visualizes
the range of the detection limit (very low sorption). 
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U(VI) interaction with illite in MgCl2 and CaCl2 con-
taining solutions exhibits very similar results as for the 
NaCl-illite system and no significant dependence on 
electrolyte concentration and composition is obvious. 
Contrary to that, for An(III) a significant lower sorp-
tion in presence of MgCl2 and CaCl2 compared to 
NaCl was detected. For U(VI) only a slight variation 
in the corresponding complexation constants (com-
pared to NaCl system) was necessary to accurately 
describe the experimental findings [14] (Fig. 5).  

A comparison of the retention properties of metal 
ions of three different oxidation states (Eu(III), Np(V) 
and U(VI)) on clay minerals is illustrated in Fig. 6 
under conditions where the cation exchange is com-
pletely suppressed (e.g. 4 M NaCl) The sorption data 
follow roughly the effective charge of the cations 
which is +3.3 for U(VI), +3.0 for Eu(III) and +2.3 for 
Np(V). 

Effect of size on the charge of small spherical 
particles 
Current surface complexation implementations mainly 
rely on flat plate geometries. However, particle size 

has been found to affect surface reactivity in various 
contexts by experiment. As a consequence, models 
should account for the effect of size.  Purely diffuse 
layer implementations involving spherical geometry 
have existed for a long time both including numerical 
solutions of the spherical Poisson-Boltzmann equation 
or approximate analytical solutions [17, 18]. In most of 
the relevant papers no full coupling of spherical geom-
etry (i.e. including a Stern layer) is available. Thus the 
role of the Stern layer for the overall behaviour is vir-
tually unknown. In the present work, the theory of 
Ohshima [19] was implemented in a full speciation 
code, verified, and applied to several generic examples 
to study the effect of particle radius on the surface 
charge density of spherical particles with a Stern layer. 
Starting parameters are those for a flat plate from 
which the value of the spherical capacitance and the 
required surface areas can be self-consistently ob-
tained. The calculations are relevant to the behaviour 
of nano-particles such as small radionuclide polymers. 
It is known that the charge potential relationships 
change at low particle sizes and that identical particles 
of smaller size may charge more strongly which in turn 
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Fig. 4: U(VI) sorption data (4 E-7 M) on kaolinite (above)
and illite (below) at 2 g/L solid content in dependence on
NaCl background electrolyte concentration. Modelling was
done using the “SPNE SC/CE” model. The species distribu-
tion in both systems is shown for 0.1 M NaCl exemplarily. In
presence of illite an additional surface species (UO2Cl(OH)2

2-

) was introduced to represent well the experimental data. The
grey area visualizes the range of the detection limit (very high
sorption). 
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may affect uptake of solutes. In the previously pub-
lished calculations on the effect of particles size Stern 
layers have been considered (see e.g. Abbas et 
al.[20]), but these authors were not involving ion-
pairs. Their calculations showed a substantial effect of 
the size on the surface charge density, with smaller 
particles exhibiting higher charge densities. This 
agrees with independent calculations by the present 
author [21]. In other applications, the size effect on 
electrostatic terms is discussed and then discarded 
[22]. The implementation however, is based on the 
early work by Ohshima [17] and does not include the 
treatment of the Stern layer or a correction of the 
surface area that is relevant for the diffuse layer and in 
a three plane model also for the layer between the 
surface (0-plane) and the d-plane. In later work by the 
same authors, the effects are no longer mentioned 
[23], which is probably justified because of the platy 
morphology of the particles they deal with. Interest-
ingly their experimental data show that the surface 
charge density decreases with the particle size [22]. In 
more recent work by others again the Stern layer has 
been omitted [24] but the calculation show the trend 
obtained by Abbas et al. [20]. The only relevant work, 
where all important aspects may have been considered 
is that by Hiemstra & van Riemsdijk [25]. However, it 
is not entirely clear how the charge balance was han-
dled. The usual treatment involves surface charge 
density, which is inaccurate in the case of a spherical 
double layer as described by Ohshima [19].  

Overall, both the theoretical treatment and the exper-
imental data are inconclusive as to the existence and 
importance of a particle size effect. To shed some light 
on the issue, the present framework presents a simple 
and convenient way to calculate charging and uptake 
properties for spherical particles. The numerical pro-
cedure is fast and precise and numerically stable down 
to 1 nm sizes (radii).  

Ohshima has provided a theoretical framework for 
including spherical geometry into site-binding models 
beyond pure diffuse layer electrostatics [19]. Here, his 
general treatment for a triple layer model is adopted to 
a Basic Stern model. A spherical polar coordinate is 
taken with its origin (O) at the center of a spherical 
particle of radius a (Fig. 7).  

Implementation of the model according to Ohshima 
[19] and including the second order surface potential 
surface charge relationship for the diffuse layer into a 
general speciation code has been performed for the 
diffuse layer and the Basic Stern models.  

Figure 8 shows that unlike for the pure diffuse layer 
model, there is no significant effect of size on the 
proton-surface charge down to very low particle sizes. 
All calculated curves down to 2.5 nm (radius) particles 
show the behaviour of the plate geometry in 100 mM 
salt, while Abbas et al. [20] obtain differences be-
tween plate and sphere at 10 nm (diameter) in 10 mM. 
Results with the present model in 10 mM do not show 
significant differences to the results shown on Figure 
8.  

The results suggest that compared to a model with-
out an explicit Stern plane the size effect is more or 
less attenuated by the presence of the Stern plane and 
the association of counter-ions in the -plane (Figure 
7). While this conclusion agrees with that of Hiemstra 
& van Riemsdijk [25], it is not clear whether the 
treatment in the latter case was fully comprehensive. 
The code used for the present calculations will be 
extended to a three-plane-model and used for more 
extensive parameter studies including the variation of 
the Stern-layer thickness. To what extent the results in 
Figure 8 can be generalized is not clear, since the 
model calculations depend on the parameters used 
(thickness of the Stern layer) or on the ionic strength 
of the system. Also, experimental data show some-
what contradictory results.  

The slip-plane distance in zeta-potential simu-
lation 
Previous attempts to model the zeta-potential of parti-
cle surfaces and flat single crystals have typically 
involved a slip plane distance that is situated some-
where in the diffuse layer (c.f. Figure 7) [26-31]. The 
use of potentials at the head-end of the diffuse layer 

 
Fig. 8: Surface charge density for silica-like spherical 
particles as calculated by a Basic Stern model in 100 mM 
NaCl. The symbols a and b denote, respectively, the particle 
radius (ranging from 100 nm down to 1 nm) and the thick-
ness of the Stern layer (constant at 0.25 nm). The drawn line 
is for the charging curve for the equivalent plate.  

 
Fig. 7: Sketch of a spherical particle and the related 
geometrical variables and interfacial potentials.  
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were much higher than the measured data. Some of 
the results are given in Figure 9. While part of the 
problem may have been due to the presence of surface 
conductivity, which causes lower apparent zeta-
potentials, and thus explain the issue, the slip plane 
distances at low salt levels become increasingly unre-
alistic. Therefore, they have been frequently consid-
ered as mere fitting-parameters. In turn the relation-
ship between slip plane distance and ionic strength is 
intriguing. In principle, the slip-plane distance should 
correspond to the thickness of the hydration layer at 
such interfaces. In an electrokinetic experiment, the 
zeta-potential is measured at the shear-plane, where 
stagnant water meets mobile water. Thus measured 
hydrodynamic radii in relation to bare particle radii 
can indicated to what extent slip plane distances (from 
Figure 9) can be independently confirmed. The differ-
ence between the measured hydrodynamic radii and 
the respective bare (dry) radii of the same particles are 

plotted in Figure 10 for three different silica samples 
from Killmann et al. [32], Sasaki and Maeda [33] and 
Okubo et al. [34]. 

 
A literature research has shown that measurements 

of the hydrodynamic diameter of monodisperse col-
loids as a function of salt level or pH yield similar 
relationships.  

Clearly, Figure 10 shows that the two independent 
quantities are very similar in size and also show the 
same trend with salt content. The slip-plane distances 
do not include the Stern layer thickness. Unfortunate-
ly, the hydrodynamic radii may also result from the 
formation of gel layers. It has been mentioned in the 
discussion of the data by Killmann et al. [32] that the 
size dependence shown for silica in Figure 10 may 
have originated from “hairyness” and was not ob-
served in the case of iron oxide particles. Yet, for 
silica particles the observation may remain relevant 
when zeta-potentials are to be interpreted.   

For modelling adsorption processes the effect of ge-
ometry can now be investigated in some detail con-
cerning the role of the different parameters, like thick-
ness of the Stern layer or the adsorption of counter-
ions. In the same line of reasoning the hydration layer 
thickness can be of importance since the chemistry in 
water layers close to mineral surfaces can be different 
from bulk water. In particular silica surfaces in many 
natural systems are relevant and they are related to 
clay systems. The behavior of sensitive probes like 
Curium could be systematically studied in such hydra-
tion layers with known and variable thickness.  
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Introduction 
During the (geo)chemical evolution of deep reposito-
ries, ground water may migrate through the geological 
and geotechnical barriers of the multi-barrier system, 
and reach the intact or partly failed technical barrier 
initially encapsulating the high-level waste (HLW) 
matrix. In aqueous environments, various secondary 
phases may form as alteration or corrosion products of 
barrier materials. Regarding the examples presented 
here: steel canisters will corrode over extended peri-
ods of time in contact with ground water and various 
Fe-bearing secondary phases will form. Calcite on the 
other hand is expected to form as an alteration product 
of concrete based materials, and may be present as a 
constituent of possible host rock formations (e.g. argil-
lites). Secondary phases have the potential to scavenge 
radionuclides (RNs) and to retard their release to the 
biosphere. Various molecular scale retention process-
es, from surface adsorption to structural incorporation 
have been reported. Especially structural incorpora-
tion, i.e. solid-solution formation, is argued to lead to 
sustainable retention of the radionuclides in the near 
field of a repository. However, despite the abundance 
of solid solutions in natural systems, reliable thermo-
dynamic and kinetic models to predict their formation 
are hardly available. Such data can be obtained by 
combining information from specific lab experiments 
with molecular scale information from advanced spec-
troscopic and microscopic techniques and computa-
tional studies. 

The group working on secondary phases at INE in-
vestigates the structural incorporation of RNs into 
secondary phases expected to form in deep geological 
repositories. Shown below are two examples: 1) inves-
tigations on An(III) uptake by iron phases as an exam-
ple of a joint research proposal (JRP) performed with-
in the European FP7 TALISMAN project at INE and 
2) investigations on calcite recrystallization performed 
within a bachelor thesis (Leonie Paulig). 

Uptake of trivalent actinides by 
iron(hydr)oxides 
In various countries, HLW will be confined in steel 
canisters which are foreseen to be surrounded by vari-
ous barriers in deep disposal sites. However, geologi-
cal (clay and crystalline formations) and engineered 
barriers (compacted bentonite) are expected to become 
water saturated over the geological time scales to be 
considered and the corrosion of the steel canister is to 
be expected. Long-term corrosion studies [1-3] have 

shown that steel corrosion in the presence of clay pore 
water produces Fe(II)- bearing phases such as green 
rust (GR) or magnetite (Fe3O4). 

The formation of magnetite during anaerobic steel 
corrosion at elevated temperatures follows a two-step 
process. The first step consists in the production of 
ferrous hydroxide and hydrogen by water reduction 
and iron oxidation. In the second step, Fe(OH)2 is 
oxidized by water to form hydrogen and magnetite 
(Schikorr reaction). Partial Fe(OH)2 oxidation can also 
form green rust, which belongs to the family of Fe(II)-
Fe(III) layered double hydroxides [4] and which are 
known to be metastable reaction compounds between 
metallic iron and final corrosion products. Reducing 
conditions will develop as a consequence of the hy-
drogen evolution upon steel corrosion, thereby possi-
bly reducing RN to lower oxidation state(s). Infor-
mation on the immobilization of actinides by Fe(II)-
bearing solids and the stable oxidation state under the 
established EH/pH- conditions could therefore be of 
importance for safety performance assessment of deep 
nuclear repositories. However, only few investigations 
on the retention of trivalent or tetravalent actinides by 
magnetite have been reported so far [5-8]. Magnetite 
and GR both have octahedral Fe(III) sites and thus 
homovalent substitution of trivalent actinides for octa-
hedral Fe atoms can be expected. However, the substi-
tution may be hindered due to the size mismatch be-
tween six-fold coordinated Fe(III) or Fe(II) (rVIFe(III) 
= 0.65 Å; rVIFe(II) = 0.78 Å) and trivalent actinides 
(rVIPu(III) = 1.00 Å; rVIAm(III) = 0.98 Å; rVICm(III) 
= 0.97 Å) [9]. Yet, recent studies showed the possibil-
ity to incorporate some Am(III) at octahedral sites 
within brucite and sheet silicates [10] as well as in 
calcite [11], suggesting that incorporation within mag-
netite octahedral sites may be possible. 

In this study we investigated the incorporation of 
Am(III), a typical trivalent actinide, in magnetite ei-
ther by direct precipitation with aqueous Fe(II) and 
Fe(III) or by incorporation in a GR precursor followed 
by transformation of this solid.  
 
Sample preparation. All samples were prepared and 
handled in an Ar glove box, and all measurements 
were performed under anoxic conditions. Fe(II) and 
Fe(III) sources were chloride salts and the Am(III) 
stock solution contained 15 mmol/L 243Am in 1 mol/L 
HCl. pH was measured with a combined electrode and 
adjusted when necessary by using NaOH or HCl. Eh 
values were measured using a Pt electrode. Suspen-
sions were stirred during pH and Eh measurements; 



 

- 32 - 

typical uncertainties on pH and Eh values are ± 0.05 
and ± 30 mV, respectively. 

Chloride GR formed in the presence of Am (sample 
AmCopGR) was prepared by addition of NaOH to a 
stirred solution containing Fe(II) and Fe(III) 
(Fe(II):Fe(III) molar ratio of ~7:1) spiked with 243Am 
([Am(III)] = 32 µmol/L). pH and Eh were measured 
after two days (pH = 7.00; Eh = -333 mV vs S.H.E.) 
and 10 mL of the suspension were centrifuged in the 
glove box for 10 minutes at 6500 rpm. The superna-
tant was removed and replaced by ultra-pure water 
(m/V = 2.1 g/L) and the pH raised while stirring to 
induce transformation into magnetite (sample 
AmCopGRtrans). pH and Eh were measured after two 
days (pH = 11.00; Eh = -518 mV vs S.H.E.). Separate-
ly, magnetite was prepared in the presence of 243Am 
similar to AmCopGR, but with Fe(II):Fe(III) = 1:2 
and [Am(III)] = 33 µmol/L. After two days of reac-
tion, the measured pH and Eh were 8.25 and -295 mV 
vs S.H.E., respectively. A portion of each suspension 
was also ultra-centrifuged for 1 hour at 694,000 g 
(Beckman XL-90) and the concentration of dissolved 
Am in the supernatant was determined by high resolu-
tion ICP-MS (Thermo Element XR). Two samples 
were used as model compounds for XAS: an 243Am 
stock solution in acidic medium and an Am(OH)3(s) 
precipitate formed by addition of NaOH to a stirred 
acidic Am(III) solution under air (sample AmHydrox). 
 
Solid phase characterization. Solid phases were first 
characterized by XRD using an air-tight sample hold-
er. Samples were prepared in the glove box and X-ray 
diffractograms were recorded on a D8 Advance (Cu 
Kα radiation) diffractometer (Bruker) equipped with 
an energy dispersive detector (Sol-X). Phases were 
identified by comparison with the PDF-2 database. 
Information on size and morphology was obtained by 
SEM with an environmental scanning electron micro-

scope (Quanta 650 FEG, FEI). Samples were prepared 
in the glovebox and quickly positioned in the micro-
scope to minimize the air exposure time. 

Information on the Am(III) local environment was 
provided by probing the L3-edge by XAS at the INE-
Beamline for actinide research at ANKA [12]. Energy 
calibration was done by assigning the first inflection 
point of the Zr K-edge of a Zr foil at 17998.0 eV, and 
this reference was measured in parallel with all sam-
ples. Data were collected in fluorescence mode using a 
5-element solid state detector (Canberra-Eurisys). All 
Am-containing samples were mounted within a double 
container to meet safety regulations. Data were ana-
lyzed following standard procedures by using Athena 
and Artemis interfaces to the Ifeffit software [13]. 
EXAFS spectra were extracted from the raw data and 
Fourier transforms (FTs) were obtained from the 
k3×χ(k) functions. Data were fit in R-space using a 
combination of single scattering paths where phase 
and amplitude functions were calculated with feff8.4 
[14]. 
 
Results and interpretation. X-ray diffractograms of 
all samples are presented in Figure 1 and scanning 
electron micrographs in Figure 2. Figure 1 indicates 
that sample AmCopGR consists mainly of GR, with 
minor amounts of magnetite, most likely due to partial 
GR oxidation during measurement. The SEM picture 
indicates that GR platelets have several hundreds of 
nanometers in size and that magnetite is of small size, 
scattered on the sample. Analysis of the supernatant 
indicates that more than 98 % of Am is associated 
with the solid. Sample AmCopGRtrans obtained by 
transformation of AmCopGR is composed of Fe(OH)2 
intermixed with magnetite. SEM indicates that 
Fe(OH)2 platelets have several micrometers in size 
and that they are covered by fine grained magnetite. 
The concentration of dissolved Am in the supernatant 
([Am] = 2.1×10-9 mol/L) is low, indicating almost no 
release during phase transformation. Note that in that 
sample, Am can be bound to either one or two phases. 
The formation of Fe(OH)2 and Fe3O4 by increasing the 
pH of a suspension containing chloride GR is in 
agreement with earlier findings of Jolivet et al. [15] 
for sulfate GR. Finally, only fine grained material 
could be detected in the magnetite directly precipitated 
in the presence of Am(III) and trace amounts of Am 
were found in the supernatant ([Am] = 3.0×10-10 
mol/L), indicating quantitative Am uptake by Fe3O4. 
XRD and SEM consistently show that the presence of 
Am(III) did not affect the syntheses of any Fe phase. 
The experimental and modeled EXAFS spectra of the 
samples and model compounds, with the correspond-
ing Fourier transforms (FTs), are presented in Figure 
3. The spectra of the model compounds differ from 
that of the Fe samples, especially at k > 7 Å-1, imply-
ing that Am is connected to a solid Fe phase and that it 
did not precipitate as Am(OH)3(s). 
The EXAFS data of Am(III)aq indicate the presence of 
only one ordered shell, and a good fit was obtained 
with one shell of 9.0(5) O atoms at d(Am-O1) = 
2.47(2) Å, in agreement with earlier findings [10,16]. 

 
Fig. 1: Experimental X-ray diffractogram of samples
AmCopGR, AmCopGRtrans and AmCopMag, and reference
data from the PDF-2 database. 
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The EXAFS spectrum of AmHydrox has lower wave 
amplitude maxima and frequency, hinting at a lower 
coordination number and interatomic distance to the 
first ligand shell. This is also evident from the position 
and amplitude of the first peak in the FT. Additional 
peaks of lower amplitude are also present at higher 
distances on the FT. A good fit to the data was ob-
tained with 5.7(10) O atoms at 2.39(2) Å, as well as 
~2 O atoms at 3.36(6) Å and ~2 Am atoms at ~3.76 Å. 
Unfortunately no published XAS data of Am(OH)3 are 
available to compare with these values, but this com-
pound is isostructural to Nd(OH)3 and both have com-
parable unit cell parameters [17,18], suggesting that 
Nd(OH)3 could be used as proxy for Am(OH)3. In 
Nd(OH)3, Nd is surrounded by two O subshells of 3 
and 6 atoms at 2.50 and 2.52 Å, respectively, and two 
Nd atoms are located at 3.74 Å. AmHydrox is poorly 
crystalline and thus explains that the number of de-
tected O atoms is lower compared to that found in the 
bulk structure. The detection of an Am shell at 3.76 Å 
compares more with the Nd-Nd distance in Nd(OH)3. 
The detection of an Am shell at similar distance in the 
Fe samples will thus inform on the presence of poly-
mers/hydrous precipitate.  

The spectra of AmCopGR and AmCopGRtrans are 
very similar in oscillation amplitude and frequency, 
hinting at very similar chemical environments (Figure 
3). The FTs display peaks at R + ΔR ~2 and ~3 Å, and 
a small additional contribution at ~3.5 Å for AmCop-
GRtrans. For both samples, good fits were obtained 
with ~6 O atoms at d(Am-O1) = 2.43(2) Å, and with 
~2 Fe atoms at ~3.45 Å. This bond length is moderate-
ly larger than interatomic distances in sulfate GR (3.18 
Å) [19] or in Fe(OH)2 (3.25 Å) [20]. Furthermore, the 
increase in distance from d(Fe-Fe) to d(Am-Fe) (0.20 
– 0.27) parallels the increase in ionic radius from 
Fe(II) or Fe(III) to Am(III) (0.20 – 0.33 Å), suggesting 
that the Fe shell at ~3.45 Å may be attributed to 
neighboring octahedral Fe surrounding Am, which 
substitutes for Fe in GR (AmCopGR) or in Fe(OH)2 
(AmCopGRtrans). Some Am(III) may also be surface 
retained in these samples, thereby explaining the low 
number of detected Fe atoms and the number of O1 

atoms slightly larger than six expected for Am located 
at octahedral site. No neighboring Am was detected, 
ruling out the presence of Am(OH)3(s) in the samples. 

The spectrum of AmCopMag differs from that of the 
GR samples, mainly in amplitude of the oscillations 
and also in frequency at k > 7 Å-1. Accordingly, the FT 
also differs, especially in the FT peak amplitude at ~3 
Å. A good fit to the data was provided considering a 
first O shell of 7.1(5) atoms at 2.44(2) Å, and higher 
distances shells of 3.3(8) Fe at d(Am-Fe1) = 3.45(4) Å 
and ~3 Fe at ~4.00 Å. The O1 and Fe1 shells are lo-
cated at similar distances than in the GR samples, 
suggesting similar chemical environments. However, 
the O1 shell has a coordination number higher than 
expected for an octahedral environment, and the Fe1 
shell is at significantly larger distance than for octahe-
dral Fe in magnetite (2.97 Å), but close to the reported 
distance from octahedral Fe to tetrahedral Fe (3.48 Å) 
[21]. Within bulk magnetite, the substitution of 
Am(III) for Fe(III) would result in the actinide located 
at highly distorted sites, and thus the number of de-
tected O atoms should be less than six because of 
damping out of EXAFS waves, in contrast to the ob-
servations. Compared to reported data for Am ad-
sorbed onto preformed magnetite [7], the formation of 
surface complexes can be ruled out. Consequently, the 
data can best be explained by an uptake of Am(III) at 
Fe(III) sites at the surface, where the bonding envi-

 
Fig. 2: Scanning electron micrographs of samples
AmCopGR, AmCopGRtrans and AmCopMag. 

 

 
Fig. 3: Experimental (solid black line) and modeled EXAFS
spectra (left) with the corresponding Fourier transforms
(right) of samples AmCopGR, AmCopGRtrans, AmCopMag,
and of reference compounds. 
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ronment might be less constrained. This would be 
consistent with the rather high coordination number 
and interatomic distance of the O1 shell. In that con-
figuration Am and Fe polyhedra may share corners in 
geometries ranging from bent (d(Am-Fe1) = 3.45(4) 
Å) to close to linear (d(Am-Fe2) ~ 4.00 Å). The Am 
retention is also associated with high structural strain, 
as attested by the relatively high mean square dis-
placement (σ2 = 0.007 Å2) of both Fe shells. 
 
Discussion. In the GR experiment, the Am concentra-
tion is too low to have a significant influence on the 
sample preparation, but the increase in size from 
Fe(III) to Am(III) may strongly impact the local sta-
bility and thus the Am(III) retention mode. According 
to the synthesis pathway, Am(III) was first retained by 
a poorly ordered ferric phase and subsequently by GR. 
Structural data indicate that Am(III) can substitute for 
octahedral Fe(III) within GR structure, however, with 
a large distortion of the lattice site. The homovalent 
substitution seems to operate to a limited extent, cer-
tainly facilitated by the net charge balance. GR has a 
brucite-like structure made of stacked octahedral 
sheets which are likely to be able to accommodate the 
large actinide. This result corroborates recent findings 
on Am(III) substitution for octahedral Mg within 
brucite [10]. 

The transformation of GR into Fe(OH)2 and magnet-
ite by increasing the pH of the AmCopGR suspension 
agrees with earlier findings [15], and Am(III) had no 
detectable effect on the transformation pathway. No 
Am release from the bulk structure was detected and 

the chemical environment hardly changed, suggesting 
that the actinide is still located at Fe octahedral sites. 
This is consistent with Am retained within Fe(OH)2 
rather than at magnetite octahedral sites, indicating 
that this formation pathway appears unfavorable to the 
incorporation of Am within magnetite. 

The presence of Am(III) had also no detectable in-
fluence on the magnetite formation by direct precipita-
tion and XAS data suggest that Am substitutes for Fe 
in AmCopMag at the surface. Furthermore, comparing 
the data of AmCopMag to that of AmCopGRtrans 
indicates that the magnetite fraction in that transfor-
mation sample does not contain significant amounts of 
Am(III), compared to that in the more abundant 
Fe(OH)2 phase. This finding indicates that the synthe-
sis pathway plays a critical role in the actinide incor-
poration within magnetite. 
 
Conclusion. This study shows a possible retention of 
trivalent actinides within structures of Fe(II)-bearing 
solids or at their surfaces. Upon steel corrosion chemi-
cal conditions expected to develop in a repository 
near-field would favor the formation of corrosion 
products such as Fe(OH)2, GR and magnetite. 
Fe(OH)2 and magnetite show high affinity for 
Am(III), indicating that at the early stage of canister 
corrosion, secondary phases could limit the Am(III) 
mobility. In the presence of Fe(II)aq, magnetite exhib-
its a high reactivity in suspension and thus the binding 
mode of trivalent actinides is likely to evolve. For 
example, trivalent actinides can form surface sorbed 
species together with Fe(II) species in equilibrium 

Table 1: Characteristics of the Cc powders used in the recrystallization experiments (PCC stands for precipitated calcium 
carbonate). The first line indicates the label, the BET surface area, and the source of the Cc powders. SEM micrographs in
the second and third line are taken before (2nd row) and after (3rd row) the experiments. Experiments ran for 250 days for 
Ground Cc and Fine PCC and for 600 days for the other powders. Particle sizes were analyzed before the experiment and
after 250 and 600 days of recrystallization, respectively. The corresponding relative changes in particle size are indicated 
in the consecutive box-plots in the last row.   

*: area of SEM micrographs 
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with corrosion products and with time the solid recrys-
tallization can lead to An(III) scavenged within the 
bulk structure. Magnetite thus appears as a potential 
sink for RN, attenuating their migration to the far 
field.  

Calcite recrystallization 
Calcite (Cc) is expected to form as an alteration prod-
uct of concrete based materials in the multi-barrier 
system around a potential deep geologic waste reposi-
tory. It is also a major constituent of clay formations 
(argillites) and occurs as fracture filling material in 
crystalline rocks, both considered as potential host 
rocks for nuclear waste repositories in European coun-
tries. Numerous studies have shown that Cc effective-
ly sequesters RNs upon precipitation or growth in the 
presence of RNs [22-25]. With the experiments pre-
sented here, we address questions of major importance 
regarding the relevance of previous results on RN-
coprecipitation with Cc: In how far does Cc recrystal-
lize spontaneously in aqueous environments, thereby 
opening a pathway to structural incorporation of RNs 
into pre-existing Cc minerals? What are the recrystal-
lization rates? And finally, what drives Cc recrystalli-
zation in aqueous solutions that are nominally in equi-
librium with Cc? 

Recrystallization experiments. All experiments are 
carried out in Cc saturated solutions (CSS). These are 
prepared by adding an excess of Cc to ultrapure water 
(18.2 MΩ cm, < 4 ppb TOC) containing 100 mmol/L 
NaCl as background electrolyte. The resulting suspen-
sion is percolated with air (~390-500 ppm CO2) until 
the pH predicted by geochemical modelling (PhreeqC 
[26] and Nagra/PSI database [27]) is established. After 
equilibration, excess Cc is removed by filtration (Mil-
lipore 0.45 µm). 
To start the experiments, we add 5 g/L Cc powder and 
a spike (116 Bq/mL) of 45Ca to 40 mL CSS. Seven 
Cc powders with strongly differing characteristics are 
used in the recrystallization experiments (cf. Tab. 1). 
45Ca-activity data are displayed in Fig. 4. Uncertain-
ties depict standard deviations of triplicate experi-
ments. Reference experiments without added Cc ex-
hibited no significant 45Ca sorption to container 
walls. 
 
Results and Discussion. All Cc powders show 45Ca 
uptake, which strongly exceeds any uptake that might 
be explained by surface adsorption or surface ion-
exchange. Correspondingly, we may conclude that 
45Ca is taken up into the bulk of the Cc minerals, most 
likely by dissolution- reprecipitation processes. The 
degree to which the Cc minerals recrystallize and take 
up 45Ca may be estimated based on the homogeneous 
recrystallization model [28]. For the Cc powders in 
our study is varies from about 1 % for the coarse Cc 
powders to 100 % for the fine grained PCC. SEM 
images and a corresponding analysis of the particle 
size distributions indicate that an evolution from 
rounded irregular particle morphologies towards eu-
hedral rhombohedral crystallites and a corresponding 
decrease of surface roughness is the main driving 

force for the recrystallization process. For the pris-
matic PCC a development from the metastable pris-
matic-, towards a stable rhombohedral morphology is 
observed. Interestingly this is not (or to a much lesser 
extent) the case for the scalenohedral PCC. Only the 
Ground Cc shows the expected trend in particle size 
evolution, i.e. smaller particles dissolve in favor of 
growth of larger particles. Most powders exhibit no 
significant change in particle size distribution. We 
interpret cases where an opposite evolution towards 
smaller particles is indicated (e.g. Rhombohedral 
PCC) as a de-agglomeration of particle aggregates. 

Overall we conclude that Cc recrystallization is an 
Ostwald-ripening process. However, changes in parti-
cle sizes play a minor role and a classical treatment of 
interfacial free energy as presented e.g. by Schindler 
et al. [29] is not suitable to describe the driving forces 
of the process. More sophisticated expressions for 
interfacial free energy including energy contributions 
from particle morphology and roughness [30] need to 
be employed in order to capture the observations in 
this study. Quantification of the various contributions 
to interfacial free energy remains, however, a chal-
lenge. 
With regard to applications we may conclude that:  
1) General statements about the reactivity of Cc 

should be regarded with suspicion.  
2) Specially designed freshly ground rough Cc pow-

ders may recrystallize to 100 % within days or 
weeks and may be highly effective scavengers for 
toxic substances in environmental remediation 
strategies.  

3) On the other extreme, for natural Cc crystals 
whose surfaces have been equilibrated with the 
surrounding aqueous solution for millennia, re-
crystallization may be limited to some surface 
mono-layers even over geologic periods of time. 

Fig. 4: Overview over decay corrected 45Ca-activity data
from Cc recrystallization experiments. Note that all experi-
ments start at 116 Bq/mL. The insert highlights details of the
experiments with Ground Cc and Fine Grained PCC that
were stopped after 250 days. The thin dashed line indicates
the equilibrium activity: 1.96 Bq/mL.  
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4) Experiments assessing the sorption capacity of 
natural Cc need to be performed with great care, 
as any disturbance of the Cc surfaces, e.g. by 
grinding, may strongly alter the reactivity. 

Especially the last two points have to be considered in 
order to avoid an overestimation of the sorption capac-
ity of Cc for RNs in host rock formations around po-
tential nuclear waste repository sites. 
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Introduction 
In geochemically perturbed systems due to pore 
water disequilibrium mineral precipitation/ dissolu-
tion might be induced which could possibly change 
the transport properties as porosity and pore diffu-
sion coefficient. These reactions might alter the 
sealing capabilities of the rock by complete pore-
scale precipitation (cementation) of the system or 
by opening new migration pathways through min-
eral dissolution. Furthermore, the formation of 
secondary phases might be an additional radionu-
clide retention pathway via incorporation in the 
newly formed phases [1]. In actual 1D continuum 
reactive transport codes the coupling of transport 
and porosity is generally accomplished through the 
empirical Archie law [2]. Experimental data on its 
general applicability for systems changing the po-
rosity under well controlled conditions to constrain 
model input parameters to a maximum possible are 
rarely documented. In this study, celestite (SrSO4) 
was precipitated in the pore space of a compacted 
sand column under diffusion-controlled conditions 
and the effect on the fluid migration properties 
investigated by means of three complementary 
experimental approaches: (1) tritiated water (HTO) 
tracer through diffusion, (2) computed micro-
tomography (µ-CT) imaging and (3) post-mortem 
analysis of the precipitate (selective dissolution, 
SEM/ EDX). Details of this study can be found in 
[3]. 

Using a quite similar approach in clay based po-
rous media the effect of pore scale celestite precipi-
tation on anion exclusion; more specifically on Cl-
36 transport was investigated. Details to this work 
can be found in [4]. Both references [3, 4] are a 
summary of selected results from the PhD thesis of 
Aurélie Chagneau documenting a very fruitful and 
productive collaboration between BRGM and KIT-
INE. 

Silica (sea sand) based porous media 
The porous media transport parameters (De & e) 
were very reproducible measured in separate col-
umn runs (ntot =16). The values determined are used 
as fixed input parameters for the 1D single continu-
um scale reactive transport model CrunchFlow [5]. 
The average parameter values determined were De 

= (4.07 ± 0.37)10-10 m2/s, a porosity  = 43.5 ± 
6.8% and a cementation factor m = 1.99 ±0.33 cor-
responding to a geometric factor G of 2.24 ± 0.24. 
Concerning the porosity determination, the µCT 
segmented porosity of 40 ± 3% and the mercury 
intrusion porosimetry (MIP) of 41.6 ± 1.6% 
matched quiet well with the HTO through diffusion 
experimental data giving further confidence in the 
transport parameters chosen. As an impression of 
the porous media used in the experiments (sea sand) 
the 3D rendering of a typical reconstructed volume 
is presented in Fig. 1 given an impression of the 
pore morphology. 

Pore scale precipitation of celestite was initiated 
by counter diffusion of 0.5M SrCl2 and 0.5M Na-
SO4 while continuously monitoring the HTO flux. 
The through-diffusion experiments reached steady 
state after 15 days, at which point celestite precipi-
tation ceased and the non-reactive HTO flux be-
came constant. The pore space in the precipitation 
zone remained fully connected under the 6µm µ-CT 
spatial resolution with 25% porosity reduction in 
the approx. 0.35 mm thick dense precipitation zone 
(see Fig. 1). In none of the experiments full clog-
ging was observed. The mass of SrSO4 precipitate 
estimated by µ-CT with 25 ± 5 mg and selective 
dissolution 21.7 ± 0.4 mg were in good agreement, 
respectively. However, using the experimentally 
derived data as input parameters, the 1D continuum 
reactive transport model that assumed the direct 
linkage of porosity to the effective diffusivity via 
one cementation factor valid over the whole porosi-
ty variation range of the system investigated was 
not able to accurately reproduce both the celestite 

Fig. 1: (left) 3D pore scale reconstruction of the com-
pacted sea sand of the diffusion cells used in [3].(right) 
3D representation of the Laplace field in the Z direction. 
The celestite grains appear in yellowish white. Figure 
modified after [3]. 
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precipitation front and the remaining connected 
porosity.  

The 1D continuous model either underestimated 
the remaining connected porosity in the precipita-
tion zone, or overestimated the amount of precipi-
tate to provide a best fit of the experimental data. 
These findings support the need to implement a 
modified, extended Archie’s law to the reactive 
transport model and show that pore-scale precipita-
tion transforms a system (following Archie’s simple 
power law with only micropores present) towards a 
system similar to clays with micro- and nanoporosi-
ty. 

Following our observations and analysis, our 
main conclusions are: 
(1) Celestite porosity reduction of sea sand was 

incomplete (the initial porosity was decreased 
by only 25%), as evidenced by the non-zero 
steady-state HTO flux at the end of all experi-
ments and the fact that micro-CT mapping indi-
cates an open and connected porosity of 0.30. 
The celestite precipitate was primarily localized 
in a ~0.35 mm wide disk-shaped precipitation 
front surrounded by small areas of disperse pre-
cipitation in approximately the middle of the 
diffusion cell. The heterogeneity created by the 
precipitation front has a very strong influence 
on the transport parameters, despite the fact that 
the remaining porosity is fully connected. This 
phenomenon was evidenced by the strong effect 
of the porosity reduction on HTO flux and by 
the Laplace field calculation performed on the 
µ-CT 3D volumes. 

(2) The 1D continuum reactive transport model 
successfully reproduced the experimental HTO 
through- diffusion data obtained prior to the sea 

sand porosity reduction with an average porosi-
ty of 0.40. However, the same model failed to 
reproduce the HTO through-diffusion during 
celestite precipitation, indicating that a single 
continuum model is not capable of describing 
the system. When the minimum porosity of 0.30 
determined with µ-CT was used, the modelled 
tracer resembles more a homogeneously higher 
compacted system, which clearly contradicts the 
experimental observations. The best fit for the 
HTO through-diffusion flux curve was with a 
minimum porosity of 1%. However, the amount 
of precipitate obtained from this calculation was 
about 4.5 times greater than the experimental 
result.  

From these observations we see that the system was 
well characterized, but that a simple 1D single 
continuum model cannot reproduce the clogging 
experiments satisfactorily. A more complex dual 
continuum 2D/3D pore-scale reactive transport 
model including a modified diffusivity/porosity 
relationship and possibly complex precipitation 
kinetics (e.g. heterogeneous nucleation and inhibi-
tion processes) may provide a better description. 
Indeed, the SEM observations seemed to indicate 
an intricate mix between heterogeneous nucleation 
and surface growth processes, as was shown by the 
wide range of shapes and sizes of precipitated cel-
estite. The question of why no more precipitation 
seems to occur in the column after a very short time 
(less than 10 days) should also be addressed in 
terms of inhibition processes. 

This more complex model is needed to firstly re-
produce the experimental data presented here, and 
secondly predict transport behaviors in more com-
plex, natural systems on long time scales, unreach-
able to the experimentalist (100, 1000, 10,000 
years). 

Surface-charged porous media (compacted 
illite) 
Clays are envisioned as efficient barriers for large 
scale confinement applications such as nuclear 
waste storage or CO2 geological sequestration. 
Their pores sizes and shapes hinder water flow and 
make diffusion the dominant solute transport mech-
anism. Most clay structures exhibit a negative 
charge that is balanced by an electrostatic diffuse 
layer at the surface-water interface, thereby retard-
ing cations migration through adsorption processes, 
and decreasing anions accessible porosity and dif-
fusion fluxes. Electrostatic interactions give also 
rise to semi-permeable properties inducing e.g. 
anomalously high fluid pressures in oil fields. Nu-
merous models of membrane and diffusion proper-
ties differ in their representation of water, solutes 
and surface charge distributions in the clay pore 
network due to a lack of experimental constraints.  
Here we present an approach to evidence the total 
exclusion of anions from the smallest pore of a clay 
material. Two samples were prepared by compact-

Fig. 2: HTO through-diffusion curves for diffusion exper-
iments without pore space clogging (open circles), and
two cells (open and full triangles, respectively) while
porosity reduction by celestite precipitation. The full green
line is the model without clogging (reduction). The dashed
red and the dotted blue lines are obtained by running a
reactive transport model taking into account the clogging
(reduction), with a minimum porosity of 0.01 (best fit) and
0.30 (real CT determined porosity), respectively.  
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ing 8.6 g of the illite in a half-open PEEK diffusion 
cell to a dry bulk density of 1700 kg/m³ correspond-
ing to a total porosity of approx. = 0.40. 
The porosity of compacted illite was clogged by 
celestite precipitation in the course of multi-tracers 

diffusion experiments. While the water tracer diffu-
sion flux decreased by a factor of two (see Fig. 3), 
chloride diffusion flux dropped to zero, thereby 
demonstrating the ideal membrane properties of the 
smallest pores and suggesting the necessity of con-
sidering a multi-porosity description of the pore 
network for accurate modelling predictions. 
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Fig. 3: Normalized HTO (squares) and 36Cl (circles)
through-diffusion fluxes prior to (no clogging) and during
porosity clogging by celestite precipitation in an illite
sample. The drop of 36Cl flux to zero at day 80 evidences
the selective disrupting of the pore network connectivity
for 36Cl and not for HTO, thereby indicating that 36Cl is
totally excluded from the pore throats.   
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5 Applied studies: Radionuclide retention 
in the multi-barrier system 

Long-term safety of a deep geological repository for nuclear waste depends on a multi-barrier system which 
consists of technical and geo-technical barriers such as the waste form, the canister, backfilling and sealing of the 
mined openings as well as on the natural barrier function of the host rock. A series of applied studies on subsys-
tems of various multi-barrier systems are performed, which cover a variety of components with specific charac-
teristics and properties. Investigations presented in the first sub-chapter cover the quantification of radionuclides 
of irradiated cladding material of a spent nuclear fuel rod segment. In the following, we describe studies on the 
behavior of cemented waste forms, the characterization of solid, liquid and gaseous samples from rock for-
mations overlaying the Asse II salt mine, and studies on the retention of actinides by Mg2+/OH- bearing materi-
als, which are considered as geochemical buffer materials. These studies described in the second sub-chapter are 
related to the behavior of non-heat producing waste forms, the radionuclide release from these waste forms and 
the retention of radionuclides in geo-technical barriers and in the geological barrier, respectively. The third sub-
chapter deals with the formation and deposition of bentonite colloids, the properties of di-octahedral smectites, 
which are the main constituents of bentonite, and the colloidal transport of radionuclides in bentonite backfilling 
/ granite subsystems. In addition to these mainly experimental studies, modelling studies of multi-barrier systems 
are conducted, which are described in the final sub-chapter. Using reactive transport modelling, radionuclide 
release and retention processes in the near-field of spent nuclear fuel canister in a generic repository in claystone 
are simulated. 
 

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

In collaboration with: 
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a Karlsruhe Institute of Technology, Institute for Neutron Physics and Reactor Technology, Karlsruhe, Germany; b European Commission, 
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Introduction 
The long-lived activation product 14C is one of the 
crucial radionuclides with respect to estimated doses 
arising from the release in a deep geological reposito-
ry for nuclear waste to the environment in a canister 
failure scenario due to its assumed mobility. 

A scenario taken into account in long-term safety 
assessments of such facilities is corrosion of the fuel 
cladding upon contact with groundwater. This possi-
bly leads to the formation of volatile and/or dissolved 
14C bearing organic species. These compounds reveal 
a high mobility either in the aqueous or in the gaseous 
phase and, once released, are possibly transported into 
the biosphere, where 14C may be metabolized by any 
kind of organism. On the contrary, volatile/dissolved 
inorganic 14C bearing compounds are affected by 
various retention processes in the near field of a re-
pository and the geosphere. 

UO2 or MOX (mixed oxide) fuel pellets used in 
light water moderated power reactors are usually 
inserted into fuel rods and sealed air-tight. In addition, 
the tubes are pressurized with helium to improve the 
conduction of heat from the fuel to the cladding. The 
fuel rods are bundled to fuel assemblies (e.g. 15×15, 
17×14 lattice). These fuel assemblies are then used to 
build up the reactor core. 

The cladding tube of fuel rods are made of Zircaloy, 
a zirconium based alloy, for nominal chemical com-
position see elsewhere [1-3]. Besides to its low neu-
tron absorption, Zircaloy shows good mechanical 
properties and resistance to corrosion under reactor 
operation conditions [1]. Zircaloy-4 is used in many 
fuel assemblies for pressurized water reactors (PWR) 
whereas Zircaloy-2 is used in many assemblies for 
boiling water reactors (BWR). In contrast to Zircaloy-
2, Zircaloy-4 does not contain nickel to reduce the 
absorption of hydrogen, which is more likely to occur 
in PWRs than in BWRs [2]. 

The principal source of 14C in Zircaloy is the activa-
tion by neutrons during reactor operation of: nitrogen-
14 (14N(n,p)14C), carbon-13 (13C(n,)14C) and oxygen-
17 (17O(n,)14C). 14N is the main naturally occurring 
nitrogen isotope (99.6%), whereas 13C (1.1%) and 17O 
(0.038%) are low abundance naturally occurring car-
bon and oxygen isotopes, respectively [4]. 

Nitrogen and carbon are present as impurities in 
Zircaloy cladding and other reactor core structures. 
However, 14N is the main source of 14C due to its 
isotopic abundance and large thermal neutron capture 
cross-section (1.93 barn [4]). The content of 14N in 
Zircaloy is typically less than 80 ppm [1-3]. Gras 
estimated a general recommends an impurity level of 
about 40 ppm for Zircaloy-2 and Zircaloy-4 [5]. 
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In the present study, focus is given to the determina-
tion of the inventory of 14C in an irradiated Zircaloy-4 
cladding as well as the chemical form of 14C released 
from the material. Additionally, the inventories of 
other activation/fission products present in the Zircal-
oy cladding are determined. Finally, experimentally 
measured radionuclide contents are compared to theo-
retically predicted inventories of the irradiated Zircal-
oy-4, obtained by means of Monte Carlo N-Particle 
calculations (MCNP-X). 

Zircaloy-4 sample origin, irradiation charac-
teristics and sample preparation 
The studied Zircaloy-4 cladding was sampled from 
fuel rod segment N0204 of the fuel rod SBS1108, 
which was irradiated during four cycles in the PWR 
Gösgen (Switzerland). The fuel rod was finally dis-
charged from the nuclear reactor in May 1989 after 
1226 effective full power days and experienced an 
average burn-up of 50.4 GWd/tHM. 

In Fig. 1a the cut top of the fuel rod segment is 
shown. The so-called plenum region of a fuel rod 
contains beside the welded end-plug (Fig. 1a, last 
12 mm on the right end side) a free volume. This free 
space accommodates thermal expansion of the pellets 
and further contains a stainless steel or Inconel 
spring to compress the pellet stack and to minimize its 
movement. 

The 16.618 g heavy plenum Zircaloy-4 cladding 
shown in figure 1a had a dose rate of ~20 mSv/h in 
contact. Subsamples for dissolution experiments con-
ducted in a glove-box were dry cut using an IsoMet 
Low Speed Saw (11-1180, Buehler Ltd.) equipped 
with an IsoMet diamond wafering blade (11-4254, 
Buehler Ltd.). In total six Zircaloy-4 specimens (see 
figure 1b) with masses ranging from 119.7 ± 0.2 mg 
to 189.0 ± 0.2 mg were prepared by remote handling 
in a hot cell. The mass and dose rate of each specimen 
was measured using an analytical balance (MS304S, 
Mettler-Toledo International Inc.) and a dose rate 
meter (6150AD6, automess – Automation und Mess-
technik GmbH). Dose rate of the subsamples was 
typically less than 0.3 mSv/h in contact. This allowed 
us to remove the subsample from the hot cell and to 
perform dissolution experiments including the sam-
ples in a specifically manufactured glove box. 

Dissolution of irradiated Zircaloy-4 specimens 
Two types of digestion experiments were conducted 
with the irradiated Zircaloy-4 specimens. The first 
approach, dissolution of Zircaloy specimens in a glass 

reactor, gives insight into the 14C inventory and the 
partitioning between total inorganic and organic/CO 
14C, whereas no information about the distribution of 
14C bearing compounds in the aqueous and gaseous 
phase is obtained. Therefore, dissolution of Zircaloy 
specimens in an autoclave were additionally per-
formed. The partitioning of 14C between inorganic and 
organic/CO compounds and their distribution between 
the aqueous and gaseous phase is obtained by these 
autoclave experiments. However, the autoclave exper-
iments are much more elaborate/costly and time-
consuming. 

Three cladding samples (denoted as #1, #2, #3)) 
were digested in 16% H2SO4 + 3% HF in a flask of 
the 14C extraction apparatus set-up in a specifically 
manufactured glove box and two cladding sample 
(denoted as #4 and #6)) were digested using an auto-
clave equipped with a glass liner and a gas collecting 
cylinder with two valves mounted on top. Sample #5 
was digested in a glass beaker and analyzed by -
spectroscopy and LSC to check before working that 
the radioactive inventory of the samples is within the 
regulatory limits for working in a glove box. 

Carbon-14 extraction and separation tech-
nique 
The 14C extraction and separation technique used in 
this work is based on a method developed for deter-
mining 14C in spent ion exchange resins and process 
water from nuclear reactors [6-8], and allows to de-
termine at the same time the total inorganic and total 
organic 14C content and thus the 14C inventory. The 
method was adapted for highly activated materials 
and particularly for gaseous samples derived from 
dissolution experiments with irradiated Zircaloy-4 
specimens using autoclaves. The total inorgan-
ic/organic 14C analysis in aqueous and gaseous sam-
ples and simultaneous distinction of 14C bearing inor-
ganic/organic compounds in solution and gas phase is 
a novel procedure for irradiated Zircaloy-4 analysis, 
developed and applied in this work. 

The separation procedure of 14C from other radionu-
clides in aqueous and gaseous aliquots by stepwise 
extraction of the inorganic and organic carbon frac-
tions by conversion into CO2 is outlined in Fig. 2. 

The experimental set-up, shown in figure 3, consists 
of a three-neck flask with gas-inlet, dropping funnel 

Fig. 1: Pictures of the irradiated plenum Zircaloy-4 clad-
ding: (a) dimensions, the red circle indicates the welded
end-plug; (b) subsample prepared for the dissolution ex-
periments. 

 

Fig. 2: Scheme of 14C extraction procedure for 14C bearing 
compounds released during digestion experiments per-
formed in a glass reactor or autoclave. 
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and cooler or a gas collecting cylinder with two 
valves (SS-4CS-TW-50, Swagelok) connected to the 
CO2 extraction system. 

The 14C extraction system consists of in total eight 
washing bottles. Four alkaline washing bottles for 
trapping CO2/

14CO2, three acidic and one silver nitrate 
washing bottles for tritium and iodine removal. A 
catalytic furnace between two sets of washing bottles 
ensures oxidation of reduced compounds (e.g. CO, 
CH4). 

Nitrogen is used as carrier gas and the system is op-
erated under sub-atmospheric pressure to prevent the 
loss of any gases in the case of a leakage. 

Finally, the content of 14C is analyzed by liquid 
scintillation counting. 

Activation calculation for Zircaloy-4 radionu-
clide inventory prediction 
The activation of the Zircaloy-4 plenum cladding was 
calculated by means of the Monte Carlo N-particle 
code (version MCNP-X) with its burn-up and activa-
tion module CINDER [9]. The nuclear data library 
that was used was the ENDF/B-VII database [10]. 
The simulation is based on a fuel subassembly of the 
PWR Gösgen core in which the experimental fuel rod 
segment SBS1108–N0204 was inserted. Since the 
MCNP-X transport code evaluates the neutron flux of 
the subassembly, the input to the program includes 
geometrical shape and material composition of the 
fuel assembly, irradiation time, burn-up level, linear 
power rate to which the subassembly was exposed to. 
The obtained zone (material) and energy dependent 
fluxes are forwarded to the sub program CINDER 
within MCNP-X allowing for enhanced accuracy of 
the reaction rates evaluations upon which the activity 
of the relevant nuclides is determined. The properties 
of the plenum Zircaloy-4 (mass, density, dimension 
and stainless steel spring inside) were accounted for in 

such a way that it will include as much as possible all 
heterogeneity effects around the fuel rod segment. 
Thereby, the local neutron flux within the plenum 
could be simulated more accurately. 

Since the exact composition of the Zircaloy-4 clad-
ding components used in the fuel rod segment about 
25 years is not available, nominal chemical composi-
tion data were used for simulation of the neutron flux 
and consequently for the activation calculation. 

Results of experimental inventory analysis of 
irradiated Zircaloy-4 and chemical form of 
14C released from the studied material 

Table 1 shows the results of the experimental inven-
tory analysis obtained for each of the six Zircaloy-4 
specimens. The experimentally determined activities 
of 14C, 55Fe and 125Sb for each sample are in good 
agreement among themselves within the analytical 
The results demonstrate the reliability of the 14C ex-
traction and analysis method for both Zircaloy disso-
lution approaches (glass reactor/autoclave) used in 
this work. 

Mean values of the experimentally determined in-
ventories of 14C, 55Fe and 125Sb are summarized in 
Table 2. These were further compared to the MCNP-
X inventory calculations performed in the present 
study. Additionally, the 14C inventory was compared 
to Zircaloy-4 hull specimens of a similar PWR fuel 
rod studied by [11]. The experimental results obtained 
in this study for the inventory of 14C, 55Fe and 125Sb 
are in very good agreement with the MCNP-X calcu-
lations within the uncertainties. The experimental 14C 
inventory exceeds the calculated value only by a fac-
tor of 1.2. In contrast, the experimental 14C inventory 
in irradiated stainless steel, recently assessed by [12], 
exceeds the calculated by a factor of four. Moreover, 
the 14C inventory is in good agreement with data of a 
similar PWR fuel rod hull specimen studied by [11]. 

 
Fig. 3: Experimental design for 14C extraction from gaseous and aqueous aliquots obtained from dissolution experiments 
with irradiated Zircaloy-4. 
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Table 3 shows the partitioning between the total inor-
ganic and organic 14C fractions for each of the six 
analyzed samples. Again, the results obtained for each 
sample are in good agreement among themselves 
within the analytical uncertainty, and virtually no 
differences are seen for the two Zircaloy dissolution 
approaches used in this study (glass reac-
tor/autoclave). In all experiments, the vast majority of 
14C is found in the organic/CO fraction, whereas al-
most no inorganic 14C is found. 

Moreover, the autoclave experiments provide addi-
tional information about the distribution of the inor-
ganic/organic 14C compounds released during the acid 
digestion into the aqueous and gaseous phases. The 
partitioning of 14C bearing compounds in inorganic 
and organic fractions and furthermore the distribution 

of these fractions in the gaseous and aqueous phase is 
provided in Fig. 4. 
About 88 ± 10% of the 14C inventory present in irra-
diated Zircaloy-4 is released as gaseous 14C bearing 
compounds during the dissolution into the gas phase. 
On the contrary, about 11 ± 10% remains as dissolved 
organic compounds in the acidic digestion liquor. 
Almost no inorganic 14C bearing compounds (< 1%) 
are found in all experiments (glass reactor and auto-
clave) neither in the gaseous nor in the aqueous phase. 
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Tab. 1: Results from LSC and -measurements obtained 
from the six Zircaloy-4 specimens. 
 

sample no. total 14C 55Fe 125Sb 
[Bq/gZry-4] [Bq/gZry-4] [Bq/gZry-4] 

#1 3.9 (±0.4)×104 1.3 (±0.1)×105 2.6 (±0.1)×105 
#2 4.2 (±0.4)×104 ND 2.4 (±0.1)×105 
#3 3.4 (±0.3)×104 ND 2.5 (±0.1)×105 
#4 3.2 (±0.3)×104 ND 2.3 (±0.1)×105 
#5 ND 1.7 (±0.2)×105 2.5 (±0.1)×105 
#6 3.8 (±0.4)×104 ND 2.2 (±0.1)×105 

ND: not determined 

Tab. 2: Mean values of the experimentally determined in-
ventories of 14C, 55Fe and 125Sb in comparison with results 
from the activation calculations performed in this study and 
experimentally measured 14C contents in a spent PWR 
Zircaloy-4 specimen with a similar burn-up [11]. 
 

Sample segment SBS1108–N0204 
fuel rod 
hull 

BU 
(GWd/tHM) 

50.4 47.9 

Specific 
activity 

measured calculated measured 

14C 
[Bq/gZry-4] 

3.7 (± 0.4)×104 3.2 (± 0.3)×104 3.2×104 
55Fe 
[Bq/gZry-4] 

1.5 (± 0.1)×105 1.3 (± 0.1)×105  
125Sb 
[Bq/gZry-4] 

2.4 (± 0.1)×105 2.6 (± 0.1)×105  

 
Tab. 3: Partitioning of 14C between total inorganic/organic 
fractions for each of the six samples. 
sample no. TIC-14 TOC-14 

[Bq/gZry-4] [Bq/gZry-4] 
#1 9.5 (± 0.1)×101 3.9 (± 0.4)×104 
#2 11.9 (± 0.1)×101 4.2 (± 0.4)×104 
#3 11.8 (± 0.1)×101 3.4 (± 0.3)×104 
#4 6.2 (± 0.1)×101 3.2 (± 0.3)×104 
#5 ND ND 
#6 10.4 (± 0.1)×101 3.8 (± 0.4)×104 
 

 
Fig. 4: Distribution of inorganic and organic 14C bearing
compounds in the gaseous and aqueous phase 

inorganic gaseous/dissolved 14C

<1%
~11%

~88%

organic dissolved 14C

organic gaseous 14C
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5.2 Non-heat producing waste forms and barrier materials 
E. Bohnert, Ch. Borkel, B. Kienzler, V. Metz, N. Finck, Th. Rabung, M. Schlieker, M. Wiedemann 
 

 

Introduction 
Basic understanding of the long-term behavior of non-
heat producing waste forms and barrier materials 
require the development and application of specific 
numerical tools. The reliability of such tools needs to 
be tested by comparison of modelling results with 
experimental findings. For this reason, efforts were 
made providing reasonable experimental databases for 
this kind of comparisons. The results presented in this 
chapter cover 
 Long-term interactions of full-scale cemented 

waste simulates in salt brines. 
 Characterization of solids, groundwater and gas 

sampled from rocks overlaying the Asse II salt 
mine. 

 Actinide retention by solid phases in the system 
Mg2+-Na+-Cl--OH--(±CO2)-H2O. 

Long-term interactions of full-scale cemented 
waste simulates in salt brines 
Between 1967 and 1978 low and intermediate level 
radioactive waste products were disposed of in the 
Asse II salt mine in Northern Germany. A significant 
part of these wastes originated from the pilot repro-
cessing plant Wiederaufarbeitungsanlage Karlsruhe 
and consisted of cemented NaNO3 solutions bearing 
fission products, actinides, as well as process chemi-
cals. With respect to the long-term behavior of these 
wastes, the licensing authorities requested leaching 
experiments with full scale samples in relevant salt 
solutions which were performed between 1979 and 
2013. These long-term experiments aimed on demon-
stration of the transferability of results obtained by 
laboratory samples to real waste forms and on the 
investigation of the effects of the industrial cementa-
tion process on the properties of the waste forms. The 
full-scale experiments at Asse II salt mine were per-
formed at a temperature of 28±1°C defined by the 
ambient conditions depth of 490 m below ground. At 
the nuclear research centre Karlsruhe (KfK, today 
KIT), leaching and corrosion of simulated and of real 
full-scale cemented wastes were investigated using 
similar leachates at a temperature of 40°C.  

In all experiments with initially MgCl2-rich 
leachants, the Ca-Mg exchange was considered as 
measure of the corrosion progress. Fig. 1 shows the 
temporal evolution of the Ca2+ and Mg2+ concentra-
tions in the leachates of the full-scale blocks leached 
at 40°C (KfK #5 and KfK #6, both W/C ratio 
0.44 l/kg) and at 28°C (#29, WC = 0.43 l/kg and #34, 
W/C = 0.5 l/kg). Samples #5 and #6 were leached 
over a period of 8.5 years. The decrease of the Mg2+ 
concentration and the corresponding increase od Ca2+ 
is clearly shown. After about 7.5 years, the concentra-
tions (mol/l) intercepted. The Ca2+ and Mg2+ concen-

trations in the leachates of the full-scale blocks #29 
and #34 were not measured in the beginning of the 
experiments; measurements started after 7.6 years. 
These data show some scatter until 28 years, but the 
same tendency is obvious as in the case of the exper-
iments KfK #5 and #6. At 28°C and 40°C, the Mg 
concentration is very low after about 10 years which 
means that the Ca-Mg exchange reaction was almost 
complete. For blocks #29 and #34, the sulfate concen-
trations were measured after ~16 and 11 years, re-
spectively, the SO4

2- concentrations were below 0.01 
mol/l. Unfortunately, the evolution of the pH of the 
leachates of blocks KfK #5 and #6 is not available, 
anymore. 

Fig. 1 shows clearly that the Ca-Mg exchange pro-
cesses were not affected by the temperatures in the 
range from 28°C and 40°C. A different observation 
was obtained for the diffusive cesium release. Fig. 2 
shows the Cs mobilization as function of time for 
three types of full-scale cemented waste forms ex-
posed to MgCl2 solution: #28 and #29 the full-scale 
simulates leached at 28°C, KfK #5 and #6 full-scale 
simulates leached at 40°C and AF2 and AF3 real 
waste forms leached at 40°C. The real cemented 
waste forms AF2 and AF3 were prepared with a W/C 
ratio of 0.65 l/kg.  

Fig. 2 shows the release of cesium as function of 
time from the 3 types of full-scale cemented blocks 
exposed to MgCl2 solution. The Cs mobilization from 
simulated blocks stored at 40°C was faster in compar-
ison to the release under 28°C. After 9 years, 60 % of 
the initial Cs content was released at 40°C, a level 
reached only after ~14 years at 28°C. In the case of 
the radioactive waste forms this level of release was 
achieved already after 4 years and after 4.5 years, 
about 90% of the Cs inventory was found in the 
leachate. This high level of Cs mobilization was 
reached only after 15 years for the blocks #28 and 
#29. The real waste forms, however, had a distinctly 

Fig. 1: Comparison of the Ca and Mg concentrations as 
function of time in experiments #29 and #34 at the Asse II 
salt mine (281°C) and in experiments at KIT / KfK #5 and 
KfK #6 (40°C). The initial Mg concentrations of the leacha-
tes were identical.
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higher W/C ratio which gave rise to the accelerated 
exchange processes.  

Fig. 2 also shows that after 5 years in the case of the 
blocks KfK #5 and #6 and after 10 years for #28 and 
#29 the slope of the release curves change. This 
change which cannot be seen for AF2 and 3 indicate 
the formation of cracks and a correlated increase of 
exposed surfaces. 

An important conclusion from the long-term exper-
iments is that the durability of cemented waste forms 
depends on the porosity (W/C ratio) and on the type 
of the attacking solution. MgCl2 solution is signifi-
cantly more corrosive than NaCl solution. In MgCl2-
rich solution, cement products with W/C ratios (> 0.4 
l/kg) typical for real waste forms corrode within about 
15 years. In this time, a geochemical equilibrium is 
established between the attacking solutions and the 
solids (corrosion products). Depending on the (vol-
ume) ratio of cement to the solution, the Ca-Mg ex-
change occurs, the pH increases, magnesium precipi-
tates and results in a calcium-dominated solution. In 
the case of the contact to NaCl solutions, the ongoing 
reactions of the cement products are scarcely affected 
by their porosity. The pH of the NaCl solution rises 
within months to a constant value (portlandite buffer-
ing) and does not change in the long-term. 

Characterization of solids, groundwater and 
gas phase of rock formation overlaying the 
Asse II salt mine 
To perform sorption studies with the overburden 
rocks of the Asse II salt mine, the application of a 
natural groundwater was requested by Federal Office 
of Radiation Protection (BfS). The groundwater 
should be typical for the highly relevant rock layers of 
the Lower Triassic Röt formation. To obtain the wa-
ter, groundwater sampling was performed at the moni-
toring well GW-023. The concept of sampling was 
developed and implemented by Asse GmbH. KIT-
INE received water from a depth of about 200 m 
below ground. Two types of sampling techniques 

were applied: Sampling by pumping and sampling by 
sinking autoclaves to a depth of 200 m. Both types of 
samples were analyzed with respect to the composi-
tion and properties of the groundwater. The ground-
water contained Ca (13 mmol), Mg (8 mmol) SO4 (20 
mmol), and NaCl (10 mmol). pH was 7.07 and Eh = 
261.1 mV SHE. Particular attention was given to the 
CO2 content of the groundwater sampled in the auto-
claves. 

The autoclaves were filled at the level of 200 m be-
low ground. It was assumed that the dissolved gas 
was in equilibrium with the prevailing hydrostatic 
pressure at this depth. In the laboratory, the autoclaves 
were connected to evacuated gas sampling containers 
and the valves were opened and the gas phase ex-
panded. However, the release of dissolved gas was 
kinetically controlled. For this reason, the gas sam-
pling was extended for several days. Gas mass spec-
trometry was applied for the analyses. CO2 concentra-
tions in the gas phase between 5 and 22 % were 
found. Under consideration of the sample volumes 
and the system pressures the concentrations were 
converted to the mass of dissolved CO2, amounting to 
4.5 mmol/l groundwater. This value corresponds well 
with measured TIC values. 

By means of model calculations, the speciation of 
the carbonate and the CO2 partial pressure was deter-
mined. Solid calcite was assumed to be present. The 
Ca2+ concentration in the groundwater is controlled by 
calcium sulfate at a concentration of 15 mmol/l.  

[Ca2+] was by a factor of 4 above the equilibrium 
concentration in the presence of calcite. Fig. 3 shows 
that [Ca2+] remains constant independently on the pH. 
The same is true for [CO3

2-] which remains also con-
stant for pH > 6.3. This result is of high importance 
for the planned sorption experiments: The concentra-
tion of carbonate which could form complexes espe-
cially with the actinides is independent on the pH and 
on the actual CO2 fugacity in the systems consisting 
of the overlaying rocks and the groundwater. 

As it was not clear from the beginning of these in-
vestigations, whether natural groundwater could be 
sampled at the monitoring well GW-023, a backup 
procedure was considered. Pure water was equilibrat-
ed with the relevant rock materials. The following 

Fig. 2: Cs mobilization as function of time from simulated
and real full-scale cemented waste forms exposed to MgCl2

solution. Red squares: Full-scale blocks #28 and #29 at
28°C, W/C ratio 0.43 l/kg; blue diamonds: Inactive blocks
KfK #5 and #6 at 40°C, W/C ratio 0.44 l/kg; black circles:
Real radioactive cemented waste forms AF2 and AF3 at
40°C, W/C ratio 0.63 l/kg. 
 

 
Fig. 3: Calculated carbonate species distributions (and 
Ca2+) in groundwater GW-023 as function of the pH. Calcu-
lated total inorganic carbon (TIC) is also shown (right 
axis). 
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table (Tab. I) compares the cation and anion concen-
trations of the natural groundwater GW-23 with the 
equilibrated rock-water system 006_KIT and 
007_KIT. These rocks originated from a similar depth 
as the groundwater GW-23. The concentrations of the 
matrix elements agree reasonably. One may conclude 
that such an equilibrated solution could sufficiently 
well mimic the natural groundwater. 

Retention of trivalent actinides by stable and 
metastable solid phases in the system Mg2+-
Na+-Cl--OH--(±CO2)-H2O 
Intrusion of aqueous solutions into a repository for 
nuclear waste cannot be excluded in the long-term, 
although geological and geotechnical barrier systems 
may prevent ground water from contacting the waste. 
In a disposal system in a rock salt formation, solutions 
are characterized by high ionic strengths, mostly dom-
inated by high [Na+], [Mg2+] and [Cl-] concentrations. 
Suitable geotechnical barrier materials like Mg2+/OH--
bearing solids are considered, providing for buffering 
the pH and limiting the aqueous carbonate concentra-
tion. Anoxic container corrosion leads to strongly 
reducing conditions in deep geological repositories, 
thereby actinides are expected to prevail in tri- / tetra-
valent redox states, e.g. Am(III), Cm(III), Pu(III/IV), 
Np(IV), U(IV).  

For the Asse II salt mine (Lower Saxony, Germany) 
and the repository for radioactive waste Morsleben 
(ERAM, Saxony-Anhalt, Germany) brucite 
Mg(OH)2(cr) (Brc) or magnesium oxychloride (MOC) 
cement Mg2(OH)3Cl·4H2O(cr) frequently called Sorel 
cement is considered. In the Waste Isolation Pilot 
Plant (WIPP, New Mexico, USA), where low / inter-
mediate level radioactive waste products are em-
placed, periclase MgO(cr) is used as geochemical 
buffer material [1]. This material will be transformed 
in Mg(OH)2(cr) [2]. In NaCl or MgCl2 dominated 
brines, Mg(OH)2-based materials buffer at pHm of 
about 9 and scavenges carbonate, potentially pro-
duced by microbial degradation of organic waste 
constituents [3].  
In case of contact of MgCl2-rich solutions with CO2 / 
CO3

2-, long-term metastable hydroxo(chloro) carbona-

to (hydromagnesite Mg5(OH)2(CO3)4·4H2O (H-Mgs) 
and chlorartinite Mg2(OH)CO3Cl·3H2O) phases (Cl-
Art) will be formed (Fig. 1). These phases provide 
also for retention of Am(III) and Cm(III) in MgCl2 
and NaCl containing solutions (± Na2CO3) (I = 0.15 
– 15 molal), at room temperature. In presence of 
brucite and Mg-oxychloride, the specific pHm values 
are buffered in a range of 8.8 ≤ pHm ≤ 9.3. For H-
Mgs and Cl-Art the pHm values decrease with the 
precipitation of the solid phase to 8.4 ± 0.1. 

For the sorption experiments the MgCl2 / NaCl so-
lutions equilibrated with the solids under investiga-
tion were doped with [241/243Am] ≤ 6.7·10-7 mol·L-1 or 
with 1·10-7 mol·L-1 curium. The latter element al-
lowed the investigation of Cm(III) speciation by 
Time-Resolved Laser Fluorescence Spectroscopy 
(TRLFS). The method could be applied to the doped 
sorption / co-precipitation samples consisting of Brc, 

MOC, H-Mgs and Cl-Art. The investigation of sam-
ples formed by co-precipitation or by recrystallization 
processes and the combination of spectroscopic anal-
yses with sorption studies revealed a better under-
standing of the retention mechanism of actinides onto 
these solids. 

Brucite was purchased from Fluka, MOC, H-Mgs 
and Cl-Art were synthesized and characterized by 
Raman spectroscopy, SEM-EDX, TGA-DSC and 
XRD. The molar H+ concentration of the suspensions 
was determined with combination pH electrodes (Ori-
on Ross, Thermo Scientific). To convert the opera-
tional measured pHexp values, the approach of Alt-
maier et al. [4] was applied. [241/243Am] and [Cm] 
were determined by LSC (Quantulus) and by γ-
counting. Cm(III) fluorescence spectra were collected 
using a Nd:YAG laser (Continuum Surelite II 10 Hz) 
pumping a dye laser (Narrowscan Dye Laser, Radiant 
Dyes).  

A strong retention of americium was observed in 
brucite / MgCl2 ± NaCl batch experiments (0.15 ≤ I ≤ 
5.2 molal) within 2 days. A log KD(Am) of 5.4 ± 0.3 
L·kg-1 (> 99 % uptake) was determined. Only a weak 
ionic strength effect on the retention (0.1 – 0.2 log KD 

values) was observed. The retention of curium on 
Mg(OH)2-based materials was measured applying 
sorption and co-precipitation experiments. For all 

Fig. 4: Stability field of stable and metastable solids in the 
system Mg2+-Na+-Cl--OH--(±CO2)-H2O (0 ≤ I ≤ 15 molal). 
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Tab. 1: Comparison between natural groundwater GW-23 
and the equilibrated solid-water systems at comparable 
depths. 

 
equilibrium 

Natural 
water  

Layer Röt 4 Röt 3 GW-023 
006_KIT 007_KIT units 

Depth 173.8 225.5 230.0 m 
Ca2+ 525.4 590 500.4 mg/kg 
Mg2+ 60 99.7 201 mg/kg 
Na+ 376.8 194.3 307.5 mg/kg 
K+ 106 166.6 21.06 mg/kg 
Fe3+ 0.1 0.1 0.3 mg/kg 
Al3+ < NGW < NGW 0.002 mg/kg 
SO4

2- 2383 2182 1946.1 mg/kg 
Cl- 142.9 280 324.5 mg/kg 
F- 2.8 2.2 1.8 mg/kg 
NO3

- 1.5 1.3 < NGW mg/kg 
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solid phases a significant retention of log KD(Cm) = 
3.1 – 5.4 ± 0.5 L·kg-1 was determined. The retention 
decreased in following order: Brccop ≈ Brcsorp >> H-
Mgs ≈ Cl-Art > MOC (from > 99 % to ≤ 40 % up-
take). 

Long-term sorption / co-precipitation experiments 
with Cm onto Brc, MOC, H-Mgs and Cl-Art in the 
MgCl2–rich solutions were monitored by TRLFS at 
periods between 30 minutes up to 318 d, respectively 
(exemplary spectra are shown Figure 2). The emission 
spectra of all systems show significant red shift to-
wards the Cm aqua ion indicating a serious change of 
the first coordination sphere of curium. The emission 
spectra for Cm sorption onto brucite showed a de-
creasing red-shifted peak (from 609.2 nm to 606.2 nm 
with a shoulder at 609.7 nm) within 318 and 278 d, 
respectively. For co-precipitation experiments with 
brucite the same phenomena were observed (de-
creased peak from 611.3 nm to 609.0 nm). Due to the 
strong sorption, dissolved Cm species were not found. 
In the case of MOC sorption experiments a red-shifted 
peak to 603.8 nm was found as well as dissolved Cm 
(chloro and hydroxo) species. 

With increasing ionic strength, a stronger red-shift 
was observed (increase from 601.4 nm to 603.7 nm). 
Samples with H-Mgs and Cl-Art showed various red-
shifted peak up to 614.1 nm within 60 d. A (carbona-
to) solution species was identified. With increasing 
ionic strength, the peak positions hardly change. For 
Brc, H-Mgs and Cl-Art incorporation species were 
identified by long fluorescence lifetimes (>> 210 µs). 
These long lifetimes indicate a low H2O content in the 
first coordination sphere of curium (1.2 to 2.8 H2O 
molecules) which is typical for an inner-sphere sorp-
tion surface complex. Thermodynamically stable 
(Brc, MOC) and long-term metastable (H-Mgs, Cl-
art) solids showed significant retention of trivalent 
actinides in saline systems. 
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Long term safety is the pre-requisite to any deep 
geological nuclear waste repository (DGR). Per-
formance assessment (PA) has to consider which 
parameters to take into account for reliable predic-
tions.  

Aquatic colloids (particles having at least in one 
direction a dimension between 1 and 1000 nm) are 
ubiquitous (up to 106 part./mL in surface fresh 
waters) and continuously generated by multiple 
physico-chemical processes (inter alia erosion, 
nucleation/ precipitation …) [1]. To be considered 
as a relevant safety issue concerning radionuclide 
(RN) transport, these colloids have to be stable, 
mobile and to interact irreversibly with the RNs 
potentially released. Besides acting as a transport 
vehicle for contaminants colloid release/ bentonite 
buffer erosion is also an issue with respect to the 
long-term integrity of the geo-engineered barrier. 
Our aim is to identify if colloids have to be consid-
ered in PA and defining the boundary conditions for 
the colloid relevance. Our activities concentrate on 
two main colloid sources: the bentonite backfill 
material and the naturally organic matter (OM) 
present in clay formations as the Boom Clay.  

The intrinsic properties of colloids released from 
the bentonite buffer have to be studied in compari-
son to the fundamental properties of clay colloid 
suspension, which have been characterized in nu-
merous peer-reviewed publications in the literature. 
The idea behind this approach is to what extend the 
intrinsic properties of montmorillonite colloids 
(fundamental particles) might govern those of the 
bulk material. Stability of organic and inorganic 

colloids are studied in details as a function of the 
pH, ionic strength and water chemistry composi-
tion, over short and long time periods, especially in 
the frame of the Kollorado-e and BELBaR 
(http://www.skb.se/belbar) projects. RNs sorption 
and reversibility studies are on-going, under realis-
tic conditions, i.e. by contacting the RNs to the clay 
colloids under clay pore water conditions prior to 
any desorption test (PhD work of F. Rinderknecht), 
and by examining the potential effect of the multi-
modal clay colloid size distribution on their own 
stability [2, 3] and their RNs (de)sorption properties 
[4, 5]. Migration processes are investigated in the 
laboratory by looking at the deposition of colloids 
onto mineral surfaces or in-situ at the Grimsel Test 
Site (GTS, www.grimsel.com) by following the 
release of colloidal material and radionuclides of a 
compacted bentonite source in the so-called Long-
term In-situ Test (LIT) of the Colloid Formation 
and Migration (CFM) project or investigating radio-
tracer migration tests in presence of clay colloids, 
under real conditions.  

Bentonite erosion experiments  
Benchmark Test. Bentonite erosion experiments 
have been an important component within the Kol-
lorado-e and BELBaR projects. In the framework of 
the BELBaR project inter alia an artificial fracture 
benchmark erosion test was conducted by several 
partners using a commercial sodium montmorillo-
nite product (Nanocor, PGN grade) emplaced at a 
dry density of 1400 kg/m3 using the set-ups favored 
by the different partners. Although different in 

 
Fig. 1: Time-dependent swelling pressure measured in a
compacted bentonite ring (Nanocor product) emplaced at
a dry density of 1400 kg/m3. 

Fig. 2: Schematic overview of the LIT packer system
emplaced in the MI shear zone showing the compacted
bentonite ring set-up and the glass vials emplaced with
the radionuclide/Amino-G doped slurry. 
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geometry a fixed fracture aperture of 0.1 mm was 
used in all laboratories. Experiments were carried 
out in three subsequent phases: I) stagnant condi-
tions (no flow), II) low-flow conditions (~10-6 m/s) 
and III) high-flow conditions (~10-4 m/s) using 1 
mM NaCl solution. The cell at INE was equipped 
with a pressure sensor, measuring the swelling 
pressure on top of the bentonite ring. The swelling 
pressure rapidly increased to 1.85 MPa within the 
first ten days (Fig. 1) and levelled off to a plateau 
value of 2.05 MPa after 65 days remaining constant 
over the entire experimental duration. This swelling 
pressure is slightly above the approx. 1 MPa (10 
bar) expected for bentonites, but still within the 
uncertainty limits, based on the regression fit found 
in Agus & Schanz [Fig. 5 in 6].  

Grimsel Test Site activities. In the course of the 
LIT experiment within the CFM project at the GTS, 
a bentonite source was emplaced in a water con-
ducting feature. The bentonite plug consists in total 
of 16 compacted bentonite rings. 12 rings are com-
posed of pure Febex bentonite and 4 rings in con-
tact with the shear zone produced with a 10% ad-
mixture of synthetic Zn-labeled montmorillonite 
[7]. In all four Zn-/Febex bentonite rings glass vials 
were emplaced with a Ni- montmorillonite [8] slur-
ry doped with a cocktail of radionuclides (45Ca, 
75Se, 99Tc, 137Cs, 233U, 237Np, 241Am, 242Pu) and a 
conservative tracer (Amino G). The packer system 
was emplaced in the shear zone in May 2014. 

This experiment allows the determination of ben-
tonite erosion rates under glacial melt water condi-
tions in a real fracture and hydraulic conditions 
comparable to the repository post closure phase. 
Another aspect is the mobilization of bentonite 
colloids and radionuclides being initially a part of 
the compacted bentonite over a considerable time 
frame. This experiment combines for the first time 
in-situ colloid generation with radionuclide interac-
tion and migration in an advection dominated natu-
ral shear zone under well-controlled low flow 
groundwater conditions over a length of ~6m. 

Geochemical and hydro-mechanical parameters 
are monitored continuously on-site with the digital 
acquisition system (DAS) as volumetric flow veloc-
ity, pH, Eh, specific conductivity, fluorescence 
signal of the effluent (conservative tracer) and 
swelling pressure of the bentonite source at differ-
ent locations within the packer system. Samples are 
taken from the surface packer at the tunnel wall 
(Pinkel) and from an observation borehole close to 
the bentonite source (distance: ~10 cm). The later 
samples are taken at a flow rate of 50µL/min with a 
fraction collector in head-space vials emplaced 
inside an Argon glovebox to keep Eh/pH conditions 
constant. All samples taken are transferred to 
KIT/INE and analyzed off-site to monitor in addi-
tion to the DAS data potential changes in pH, con-
ductivity and fluorescence signal during transfer. 
The main objective of the sample analysis was 
however the measurements concerning the mean 

colloid size and concentration via LIBD (laser in-
duced breakdown detection) and colloid size distri-
bution (s-curve LIBD) and the water chemistry 
analysis (ICP-MS, IC) and radionuclide analysis 
(ICP-MS, SF-ICP-MS, AMS, LSC and γ-
spectroscopy). 

After 100 days, the conservative tracer (Amino G) 
was detectable by fluorescence measurements and 
its concentration steadily increased (see Fig. 3) 
while pH was considerably lower in the near-field 
with pH 9.1 compared to the Grimsel groundwater 
usually showing pH ~9.6. Both parameters are very 
comparable to the in-line on-site DAS- measure-
ments. The total mass of conservative tracer re-
leased currently corresponds to approx. 0.4% of the 
total source term mass.  

Radiochemical investigations only found 99Tc in 
the effluent samples. Technetium was introduced as 
Tc(VII) in the source and shows a release very 
comparable to the conservative tracer AGA indicat-
ing the absence of Tc(IV) in line with the Eh values 
measured in the near-field (around -100 to 100 
mV). Assuming that the Zn and Al concentrations 
above the background level are directly originating 
from bentonite colloids, colloid concentrations 
range between 1-2 mg/L colloids (acc. to the Al 
signal) and 1.5-3 mg/L colloids (acc. to the Zn 
signal) in the effluent samples and an increase with 
time as also validated by LIBD. The mean colloid 
size is around 60 nm and steadily increasing. Dis-

Fig. 3: (upper graph) Time dependent conservative trac-
er Amino-G (AGA) concentration evolution and total
mass released from source. (lower graph) Tc-99 concen-
tration measured in the LIT samples taken from borehole
CFM- 11.002.i02 and for comparison estimated Tc-99
concentration based on conservative tracer release
(green line).  
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proportionately high Mg concentrations and re-
versed Mg/Al-ratios in the effluent samples com-
pared to the background level along with decreasing 
Ca concentrations suggests cation exchange reac-
tions taking place. Constant and elevated sulphate 
release of ~15 mg/L over the last 350 days indicates 
that sulphate reducing bacteria (SRB) have not been 
active so far. Monitoring is still on-going and sam-
ples are analyzed by AMS for trace actinide con-
centrations.  

Influence of mineralogical and morphologi-
cal properties on the cation exchange behav-
iour of dioctahedral smectite < 0.2µm 
A fundamental understanding of the dioctahedral 
smectite properties is the prerequisite for assessing 
the bentonite behavior. Intrinsic properties of smec-
tite, combined with the process parameters, deter-
mine the resulting behavior. The aim of this study 
was to investigate how the structure and morpholo-
gy govern the smectites’ properties (Fig. 4) [9].  

Na-saturated dioctahedral smectites <0.2 µm sep-
arated from bentonites of different origin were 
characterized in detail with respect to their structure 
(layer charge, octahedral cation distribution, iron 
content, and layer charge distribution within tetra-
hedral and octahedral sheets). Furthermore, reduced 
charge materials (RCM) obtained after heating Li-
saturated subsamples at 300 °C were studied. Parti-
cle dimension was estimated from argon adsorp-
tion, calculation of specific surface area and direct 
observation of single layers by atomic force mi-
croscopy (AFM), which also revealed morphology 
and particle size distribution of single layers. The 
cation exchange capacity (CEC) was measured both 
for Na-saturated samples and RCM using the Cu-
trien method over a pH range of 4 to 9. 

The studied smectites belong to the montmorillo-
nite-beidellite series [10]. The smectite from Wyo-
ming (MX-80) with a mean layer diameter of 277 
nm and a low layer charge of 0.26 eq/f.u. (equiva-
lent per formula unit) differed strongly from the 
other smectites with a mean layer diameter of about 
100 nm and layer charges between 0.30 and 0.37 
eq/f.u.. Furthermore, the layer stacking was much 
higher for the smectite from Wyoming with about 
15 layers against 7 layers for the other smectites. 

The edge surfaces (as,edge), that play a key role for 
the reactivity and colloidal behavior of the smectite, 
represented only 1-3% of the total surface area. 
However, the variable charges contributed up to 
10% of the total cation exchange capacity measured 
between 90 and 120 cmol(+)/kg. Concerning the 
RCM, their CEC were reduced up to 92% due to 
collapsed interlayers leading to inaccessible inter-
layers for cations exchange. The CEC dependency 
in function of the pH above their pHPZC,edge was 
equal for the Na-saturated dioctahedral smectites 
and the RCM (Fig. 5). 

Based on calculation of edge site density and 
CEC measurements, we showed that the RCM can 
be suitable materials to study the edge site reactivi-
ty of the montmorillonites. The widespread use of 
the bentonites from Wyoming known as MX-80 or 
SWy-1(2) as reference material could lead to some 
uncertainties, if their structure and dimension are 
used as generalized input parameters for assessment 
behavior of other bentonites. Thus, comprehensive 
characterization of any bentonite under considera-
tion is recommended.  

The materials characterized in this study will be 
used in sorption and diffusion experiments to inves-
tigate the influence of smectite diversity (i.e. iso-
morphic substitutions and particle morphology).  

Predicting the deposition of colloids onto 
granite surface 
Understanding the deposition of bentonite colloids 
onto granite surface has been very complex as the 
surface inhomogeneity and chemical heterogeneity 
arises mainly from its mineral constituents such as 
K-feldspar, quartz, biotite and plagioclase. Thus the 
current study is aimed to evaluate colloid filtration 
theory (CFT) and the degree of predictability of 
colloid retention onto granite and its mineral con-
stituents. Colloid deposition experiments with 
Eu(III) at (10-7 M, 5x10-7 M, 10-6 M) or without 
were performed using 1 μm carboxylated latex 
spheres at pH 5 and 1 mM NaCl. Interferometry is 
applied to quantify the particle deposition on the 
mineral substrates. AFM colloid probe technique is 

 

Fig. 4: Mineralogical (here layer charge) and geomet-
rical properties (diameter) of smectite governing their
material properties.  

Fig. 5: CEC of natural clay material and reduced
charge material (RCM) as a function of pH. 
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applied to obtain the forces between carboxylated 
polystyrene particle and mineral surfaces. Further, 
the force curves are analyzed to estimate the miner-
al specific surface potentials using DLVO theory 
[11]. The surface potentials are included into CFT 
to calculate the colloid deposition efficiency [12].  

Deposition experiments show that in absence of 
Eu the colloid deposition follows the order: K-
feldspar > plagioclase > biotite > quartz. At [Eu] = 
10-6 M, the colloid deposition follows plagioclase > 
biotite > quartz > K-feldspar. It was observed that, 
CFT and experimental results agree when no Eu is 
present. At 10-6 M Eu, according to CFT the colloid 
deposition is ranked as plagioclase > K-feldspar > 
biotite ≈ quartz. In the presence of Eu, biotite is 
observed to retain more colloids but CFT predicts a 
higher deposition in favor of K-feldspar.   

The reason could be that CFT does not include 
surface topography of the substrate. AFM force 
measurements (colloid probe technique) also pre-
dicted a lower potential along the mica-edges than 
the basal plane and explain the observed discrepan-
cy on colloid deposition (Fig. 6) [13]. These find-
ings are on a par with the colloid deposition results 
where an increase in colloid deposition efficiency 
(Sh) with the roughness (Rq) of granite substrate 
was observed (Fig. 6).  

The effect of roughness is rather considerable at 
low colloid concentration. The observed increase in 
roughness is due to the contribution from the en-
hanced mica content where the number concentra-
tion of exposed biotite edges is dominant [14]. 
Interestingly, during the flow through experiments 

using granite fracture, the prior deposited particles 
at pH 5 showed re-entrainment with a change in pH 
to 9. Hence the next studies will be focused to sys-
tematically investigate the re-entrainment of col-
loids under pH transient conditions.  
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Fig. 6: Approach force curves between 1 μm polystyrene
(carboxylate functionality) colloid and biotite surface
identified on Grimsel granodiorite surface at pH 5.  The
inset picture shows the topography of the biotite surface
(basal and edge points) where the force curves are
obtained.  

Fig. 7: Colloid deposition efficiency (Sh) vs. roughness
of the granite surface (Rq) measured at selected sec-
tions on the granite surface. 



 

- 53 - 

5.4 Reactive transport modelling 
F. Huber, V. Metz, V. Montoya, T. Schäfer 
In co-operation with: 

S. Dubeya  

a L'Ecole des Mines de Nantes, France  
 
 
Introduction 
Advanced mathematical and numerical methods are 
needed to quantitatively assess and predict radionu-
clide migration and geochemical evolution of differ-
ent systems of interest for nuclear waste disposal by 
reactive transport modelling approaches. Quantitative 
calculations of radionuclide release and migration are 
necessary to evaluate the safety of the different engi-
neered barriers and geometry included in a geological 
disposal system. 

The understanding of the evolution of a disposal 
system over geological time scales requires a detailed 
knowledge of a series of highly complex coupled 
processes. By using small-scale laboratory experi-
ments, under well-defined boundary conditions, nu-
merical modelling can provide information to help in 
the repository design and predict future radionuclide 
migration in case of water access to the waste em-
placement rooms. 

Research activities on reactive transport modelling 
during 2015 have been focused on coupled advective 
or diffusive transport processes with different chemi-
cal reactions (sorption, precipitation, aqueous specia-
tion, kinetics). As a site for disposal of heat generat-
ing waste has not yet been selected in Germany, re-
search in the reactive transport field deal with all 
relevant host rock types (rock salt, clay / claystone 
and crystalline rock) in close cooperation and interac-
tion with strong national and international academic 
partners as well as waste management organizations. 

At this moment there are different systems under 
study in a laboratory scale were reactive transport 
modelling is applied: 

• Diffusion and sorption of radionuclides in illite 
and montmorillonite. 

• Diffusion in the interface clay / low pH cement 
system (European Union Horizon2020 project 
CEBAMA) and study of the change in the pore 
structure. 

• Diffusion and precipitation in sea sand and clay. 
• Migration of redox sensitive radionuclides in 

fractured crystalline rock. 
Other system were transport processes are modelled 
also includes: 

• Modelling the effect of fracture geometry on the 
bentonite erosion. 

• Simulation of colloid transport in artificial and 
real gap geometries. 

This kind of calculations in the laboratory scale can 
provide the scientific basis for the performance as-

sessment of various repository design options. Addi-
tionally, reactive transport modelling tools have also 
been used to predict radionuclides release from differ-
ent generic repository scenarios in clay and rock salt 
(ENTRIA project, funded by the Federal Ministry of 
Education and Research, BMBF). 

The reactive transport simulations described previ-
ously, have been conducted with different codes de-
pending on the system: PHREEQC v. 3 [1] and 
COMSOL Multiphysics ® 5.0 [2]. Additionally, the 
interface iCP [3] has been used and tested taking 
advantage that KIT-INE is part of the consortium 
where this tool has been developed. One of the ad-
vantages of using these codes is that all of them are in 
continuous development. iCP [3] is an interface de-
veloped in Java® that couples two simulator pro-
grams: COMSOL Multiphysics ® [2] and the geo-
chemical code PHREEQC [1]. One of the characteris-
tics of iCP is that the program is not in charge of the 
numerical calculations, and it is only used as an inter-
face to couple and maximize the synergies between 
COMSOL and PHREEQC. This interface provides a 
numerical platform that can efficiently simulate a 
wide number of multiphysics problems coupled to 
geochemistry (i.e. liquid flow, solute and heat 
transport, elastic and plastic mechanical deformations 
and geochemical reactions). In this sense, iCP is an 
extraordinary tool to be used in reactive transport 
modeling which can account inter alia for multiphase 
flow, pore-scale simulations, and fractured rocks 
hydrogeology coupled with mineral dissolution/ pre-
cipitation, porosity changes and cation exchange. 

Modelling of coupled transport processes in 
the near field of a generic spent nuclear fuel 
repository in a deep clay formation 
The objective of this work is to develop a reactive 
transport model accounting for (geo-)chemical and 
physical processes taking place in the near-field of a 
generic spent nuclear fuel (SNF) repository in a deep 
clay rock formation. The modelling approach consid-
ers coupled processes which potentially occur in the 
engineered and geological barriers around the nuclear 
waste during a period of thousand years. 

The studied multi-barrier system is composed of the 
waste form (spent nuclear fuel), the steel canister, the 
bentonite buffer, the cement liner and cement sealing 
as well as the clay host rock in the vicinity of the 
repository (see Fig 1). 
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Simulation calculations with respect to reactive 
transport processes in a fully saturated isothermal 
system (298 K) of a mobile anion (e.g. 129I-), a rela-
tively mobile cation (e.g. 137Cs+) and a less mobile 
safety relevant radionuclide (e.g. Am3+) have been 
carried out.  

The system studied has been implemented in the 
iCP interface [1] which couples two different codes: 
The Finite Element code COMSOL Multiphysics V.5 
[2] and the geochemical simulator PHREEQC 
v.3.1.7. [3]. 

Geometrical and transport parameters including the 
discretization of the system have been implemented in 
two dimensions (2D) in COMSOL Multiphysics (see 
Fig 1). The mesh size was selected to ensure a satis-
factory compromise between computation time and 
sufficient spatial resolution of the expected geochemi-
cal and transport processes, especially at the interface 
between the different barriers. Details of the spatial 
discretization are given on Fig. 2. Considering the 
very low permeability of the different barriers of the 
system, mass transport is dominated by diffusion, 
following Fick’s law (eq. 1) 

 
C

J D
x


 


 (eq 1) 

 
where J is the substance flux [kg/m2·s]; 

பେ

ப୶
	is the con-

centration gradient [kg/m4]; and D is the diffusion 
coefficient [m2/s] that in porous media depends on the 
properties of the diffusing chemical species, the pore 
fluid and the porous medium. In this study, it is con-
sidered the same diffusion coefficient for all the 
chemical species and only dependency with the po-
rous medium is applied. Porosity changes due to min-
eral precipitation/dissolution and feedback on 
transport is also taken into account.  

The (geo-) chemical conceptual model has been im-
plemented in the geochemical code PHREEQC 
v.3.1.7. For the initial boundary conditions, it is as-

sumed that the pore water from the host rock pene-
trates into damaged SNF packages and dissolves some 
of the radionuclides that later can be released. It is 
assumed that time zero of the simulations is the time 
at which radionuclide will release from the SNF do-
main and start diffusing in the engineering barriers. 
Chemical reactions (precipitation/dissolution) of ma-
jor components and radionuclides at equilibrium have 
been simulated using the thermodynamic database 
ThermoChimie v.9. [5], available in PHREEQC for-
mat. Although, ThermoChimie v.9 includes the Spe-
cific Ion Interaction Theory (SIT) parameters for the 
activity correction, at present status, the Davies equa-
tion, valid for the ionic strength of the studied system 
(<0.5  M) has been preferred  to  save  computational 
time.  

The chemical composition of the pore solution and 
the solid phases present in the different barriers have 
been defined in PHREEQC. The mineralogical and 
pore water composition of the cement considered in 
the cement liner and the cement plug is representative 
of a Portland cement (pH  12.5) consisting mainly on 
portlandite as a solid phase.  

The mineralogy and pore-water composition of the 
clay rocks are representative of the Opalinus clay for 
the surrounding clay rock and the MX-80 bentonite in 
the backfill material. Considering that the main com-
ponent of bentonite is montmorillonite. The model 
includes ion exchange and surface complexation on 
montmorillonite and competition effects with the 
major background dissolved elements (e.g. Ca, Mg, 
Fe, K and Sr) are also considered.  

A kinetic model with a constant rate for corrosion of 
steel canister under anoxic condition has been consid-
ered assuming that corrosion will generate magnetite 
and hydrogen.  

The simulation output includes the concentration 
profiles the major elements (Si, Al, Ca, Na, Mg, K, 
SO4, HCO3 and Fe) and radionuclides (Am, I, and Cs) 
as well as pH changes across the different barriers. A 
mechanistic specific migration model is defined sepa-
rately for each radioactive element in each barrier. As 
example, an initial concentration of 10-5 M for I and 
Cs+ in the nuclear waste is assumed. 129I- presents the 
higher mobility, diffusing from the waste to the ben-
tonite barrier resulting in concentration up to 3 x10-7 
M in 100 years (see Figure 3).  
 

 
 

Fig. 1: Schematic representation of the studied system,
representing A) the SNF, B) the steel container, C) benton-
ite, D) cement plug, E) cement liner, F) Surrounding clay
rock. Figure of generic repository adapted from Stahlmann
et al. [4] 

 
 
Fig. 2: 2D -Geometry and computational mesh of the
studied system implemented in COMSOL Multiphysics. 
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Cs+ can diffuse and sorb in the different barriers. In 
contrast to these fast release elements iodine and 
cesium, the release of Am3+ from the waste is mod-
elled by solubility of hydroxo-carbonate phases. Sorp-
tion and precipitation in the different barriers is taken 
into account. The computed results show that diffu-
sion of Am3+ is significantly retarded in comparison 
to I- and Cs+. Am is sorbed in a small region of the 
bentonite barrier. 

References 
[1] Nardi A., et al. (2014) Computers & Geosciences, 

69, 10-21. 
[2] COMSOL (2014) COMSOL-Multiphysics. Ver-

sion 5.0, www.comsol.com 
[3] Parkhurst and Appelo (2013) C. A. J. U.S. Geo-

logical Survey Techniques and Methods, 2013, 
book 6, chap. A43, 497 p. 

[4] Stahlmann J. et al., Generische Tiefenlagermodel-
le mit Option zur Rückholung der radioaktiven 
Reststoffe, TU-Braunschweig, Institut für Grund-
bau und Bodenmechanik (2014). 

[5] Giffaut, E., et al. (2014). Applied Geochem., 49, 
225-236. 

Acknowledgement  
Parts of this study was financially supported by the 
German Federal Ministry of Education and Research 
(BMBF) in the context of the ENTRIA project (grant 
number 02S9082A). We acknowledge a grant to San-
jay Dubey for his stay at KIT-INE, provided by the 
GENTLE project (European Union's Seventh Frame-
work Program for research, technological develop-
ment and demonstration, subprogram Fission-2012-
5.1.1). 

 
Fig. 3: 129I-diffusion in the SNF repository with respect to
time (years)(A) 0.03 (B) 0.5 (C) & (D) 100 
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6 Separation of long-lived minor actinides 

Transuranium elements (TRU), most notably plutonium and americium, govern the long-term heat load and 
radiotoxicity of used nuclear fuel. Potential benefits of their recycling as reactor fuel rather than their disposal 
are a matter of debate [1, 2, 3]. A suitable technique for the required separation of TRU from uranium and fission 
products is solvent extraction. In the framework of the EURTATOM FP7 projects, SACSESS and ASGARD we 
study such solvent extraction systems and processes and related aspects. A more fundamental approach is fol-
lowed in the project, f-Kom, funded by the Federal Ministry of Education and Research (BMBF). Here, we look 
at the origin of nitrogen donor ligands’ higher affinity for actinide ions compared to lanthanide ions.  

Furthermore, we have recently started working in the field of rare earth elements (REE) separation, joining the 
ERA-MIN project, ENVIREE. This way we contribute our experience in actinides solvent extraction to the field 
of REE recycling.  

Select examples of work performed in the framework of SACSESS, TALISMAN, ASGARD and ENVIREE 
are given below. Financial support by the European Commission (SACSESS, ASGARD, TALISMAN) and by 
BMBF (f-Kom, 02NUK020) is acknowledged.  
 

6.1 Water soluble complexing agents for actinides(III)  
C. Wagner, U. Müllich, A. Geist, P. J. Panak 
In co-operation with: 

I. Herdzik-Koniecko, J. Narbutt 
Institute of Nuclear Chemistry and Technology (IChTJ), Warsaw, Poland  

 

Introduction 
In recent years we have developed and studied water 
soluble nitrogen donor ligands to be used as selective 
complexing agents for actinides(III). SO3-Ph-BTP [4, 
5] and SO3-Ph-BTBP [6, 7] (Fig. 1) selectively strip 
An(III) from an organic phase loaded with An(III) and 
Ln(III) [8, 9]. More recently, SO3-Ph-BTPhen (Fig.1, 
bottom) has been developed at Reading University, 
UK [10, 11].  

Equations (1) and (2) describe the process of co-
extracting actinide(III) and lanthanide(III) nitrates by 

a solvating extracting agent, L, 
 
  (1) An3+

aq + 3 NO3
−

aq + m Lorg  An(NO3)3Lm,org  
  (2) Ln3+

aq + 3 NO3
−

aq + m Lorg  Ln(NO3)3Lm,org  
 
Equations (3) and (4) describe the process of selective 
stripping from the loaded organic phase using a water 
soluble stripping agent, BTx (such as SO3-Ph-BTP, 
SO3-Ph-BTBP or SO3-Ph-BTPhen),  
 
  (3) An(NO3)3Lm,org + n BTxaq  An(BTx)n,aq  
+ 3 NO3

−
aq + m Lorg  

  (4) Ln(NO3)3Lm,org + n BTxaq  Ln(BTx)n,aq  
+ 3 NO3

−
aq + m Lorg 

 
Due to the stronger affinity of BTx for An(III) com-
pared to Ln(III), equilibrium (3) shifts to the right 
while (4) shifts to the left. Thus An(III) are stripped 
into the aqueous phase, Ln(III) remain in the organic 
phase.  

Slope analysis of solvent extraction data implies the 
formation of 1:2 complexes for SO3-Ph-BTP [4] (i.e. 
n = 2) and 1:1 complexes for SO3-Ph-BTBP [7] and 
SO3-Ph-BTPhen [11] (i.e. n = 1). This disagrees with 
the reported formation of BTP 1:3 and BTBP/BTPhen 
1:2 complexes in solution [12, 13].  

To understand this contradiction, aqueous and or-
ganic phases from solvent extraction experiments 
were investigated by TRLFS. In this context, a possi-
ble formation of heteroleptic complexes was investi-
gated within a TALISMAN project applied for by 
IChTJ.  

Investigating post-extraction phases  
A significant fraction of BTx complexes of lower 
stoichiometry in the aqueous phase might explain the 

 
 
Fig. 1: top to bottom, SO3-Ph-BTP, SO3-Ph-BTBP and SO3-
Ph-BTPhen.  
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lower-than-expected slopes. In search of such com-
plexes, Cm(III) was extracted from aqueous phases 
containing SO3-Ph-BTP, SO3-Ph-BTBP or SO3-Ph-
BTPhen in HNO3 into an organic phase (0.2 mol/L 
TODGA (N,N,N’,N’-tetra-n-octyl diglycolamide) + 
5% 1-octanol in kerosene). Aqueous phase samples 
(still containing a sufficient fraction of the initial 
Cm(III) concentration) were investigated by TRLFS.  

The aqueous phase Cm(III) fluorescence spectra 
show the exclusive formation of a 1:3 complex, 
[Cm(III)(SO3-Ph-BTP)3] [5] and of 1:2 complexes, 
[Cm(III)(SO3-Ph-BTBP)2] [6, 7] and [Cm(III)(SO3-
Ph-BTPhen)2] [11]. Complexes of lower stoichiome-
try were not identified. These findings are evidence 
for the low slopes found in solvent extraction experi-
ments not being caused by the formation of complex-
es of lower stoichiometry.  

In search of heteroleptic complexes  
Another hypothesis is the formation of heteroleptic 
complexes in the organic phase, containing both the 
extracting agent, TODGA, and the complexing agent, 
BTx. Their presence would also result in lower slopes 
in solvent extraction slope analysis. To check this 
hypothesis, organic phase samples from the above 
solvent extraction experiments were studied by 
TRLFS, recording Cm(III) fluorescence spectra.  

Whatever complexing agent BTx present in the 
aqueous phase, the fluorescence spectra obtained from 
the organic phase samples [7, 11] are identical to 
those of the [Cm(III)(TODGA)3]

3+ complex reported 
earlier [14]. No indication of additional complexes 
explaining the solvent extraction behavior was en-
countered.  

Addressing the question whether heteroleptic com-
plexes containing TODGA and SO3-Ph-BTP are able 
to form at all, a monophasic TRLFS titration study 
was performed. For solubility reasons, TEDGA (a 
water soluble TODGA analogue with the n-octyl 
moieties replaced by ethyl) was used. An aqueous 
solution containing SO3-Ph-BTP and Cm(III) in 
1 mmol/L HClO4 was titrated with TEDGA.  

The following complexes were identified by their 
distinct emission spectra (Fig. 2): Cm(III)(SO3-Ph-
BTP) and Cm(III)(TEDGA)1–3. Moreover, two fur-
ther emission bands (607 nm and 613 nm) were ob-
served which cannot be ascribed to Cm(III)-TODGA 
or Cm(III)-SO3-Ph-BTP complexes. The correspond-
ing species were identified by slope analysis as het-
eroleptic complexes, Cm(III)(TEDGA)(SO3-Ph-BTP) 
and Cm(III)(TEDGA)2(SO3-Ph-BTP).  

Conclusions  
The heteroleptic complex, Cm(III)(TEDGA)2(SO3-
Ph-BTP) is expected to be soluble in the organic 
phase if TEDGA is replaced by TODGA (as is the 
case in solvent extraction experiments). Its presence 
may explain the low slopes found in extraction exper-
iments reported in the literature.  

Further work aimed at identifying heteroleptic com-
plexes in organic phase samples from solvent extrac-
tion experiments is underway. Furthermore, equilibri-
um models are developed to support the experimental 
program.  
 

Fig. 2: Addition of TEDGA to a solution initially containing 
10−7 mol/L Cm(III) + 10−6 mol/L SO3-Ph-BTP in 1 
mmol/L HClO4. Normalised Cm(III) fluorescence spectra as 
a function of TEDGA concentration. 
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6.2 Dissolution  of  PuO2-Mo  CerMet  pellets   
U. Müllich, A. Geist 
In co-operation with: 

E. De Visser-Týnová,a E. Ebert,b G. Modolob  
aNRG, Petten, the Netherlands bForschungszentrum Jülich, IEK-6, Jülich, Germany  

 

Introduction 
CerMet (ceramic and metallic) materials such as acti-
nide oxides dispersed in a molybdenum matrix are 
candidate materials for inert matrix transmutation 
fuels (IMF). Reprocessing such targets after irradia-
tion requires the separation of molybdenum for two 
reasons: First, molybdenum of a tailored isotopic 
composition is used, which must be recycled for its 
economic value. Second, disposing of molybdenum as 
high level waste due to contamination by e.g. fission 
products would result in a dramatic increase of high 
level waste volumes [15].  

A two-step dissolution process, first dissolving the 
molybdenum matrix followed by dissolution of the 
actinide oxides (including fission products) facilitates 
molybdenum recycling. The first step was studied 
using un-irradiated PuO2-Mo pellets.  

Pellets fabrication and dissolution  
PuO2-Mo pellets containing 5%–40% wt. PuO2 were 
fabricated and characterized at NRG Petten. This was 
done by mixing molybdenum powder, zinc stearate 
and PuO2 powder, pressing at 600 MPa and sintering 
(up to 1700°C) in an argon atmosphere [16]. The 
pellets had a diameter of 5 mm, height of 4 mm and a 
density of approx. 90% of the theoretical density.  

To find suitable conditions, the dissolution of mo-
lybdenum powder and molybdenum pellets was stud-
ied. Finally, it was decided to dissolve PuO2-Mo pel-
lets containing 5%, 25% and 40% wt. PuO2 in three 
different solutions, 3 mol/L HNO3, 1 mol/L HNO3 or 
(0.2 mol/L Fe(NO3)3 in 1 mol/L HNO3). The dissolu-
tion campaigns were performed at ambient tempera-
ture. At intervals, samples were withdrawn and ana-
lyzed for Mo and Pu content.  

The molybdenum matrix was completely dissolved 
after approx. 20 days, except for the dissolution in 
1 mol/L HNO3. In this case, the pellets were not fully 
dissolved after 20 days. In any case, PuO2 remained 
as a black precipitate. The pellet composition had no 
significant effect on dissolution rates.  

Comparing the different dissolution campaigns, 
Fig. 3: Clearly, the best results were achieved using a 
solution of 0.2 mol/L Fe(NO3)3 in 1 mol/L HNO3. In 
this case, molybdenum dissolved fastest while the 
fraction of plutonium dissolved was lowest (0.1% vs. 
3% in 3 mol/L or 1 mol/L HNO3).  

Conclusions  
The molybdenum matrix of PuO2-Mo pellets is pref-
erentially dissolved in a solution containing 0.2 mol/L 
Fe(NO3)3 in 1 mol/L HNO3 at ambient temperature. A 
small fraction of PuO2 is co-dissolved. Dissolving 
irradiated molybdenum based IMF would thus lead to 
a partial co-dissolution of the actinide oxides and 
fission products, requiring further purification of the 
molybdenum. Such a purification seems viable by 
solvent extraction, using CYANEX® 600 [17].  
 

 
Fig. 3: Dissolution of PuO2-Mo pellets (25% PuO2) in 100 
mL of different solutions. Fraction of molybdenum (top) and 
plutonium (bottom) dissolved as a function of time. 
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6.3 REE separation  
C. Stauch, U. Müllich, A. Geist 

 

Introduction 
Some of the rare earth elements (REE) are considered 
critical raw materials due to their importance for 
“green energy” applications, combined with a high 
supply risk [18]. The separation of REE from second-
ary sources such as mine tailings is studied in the 
ERA-MIN project ENVIREE (environmentally 
friendly and efficient methods for extracting rare earth 
elements from secondary sources). Eleven partners 
form eight counties contribute to ENVIREE.  

Samples from different mine tailings are assessed 
for REE content. The most promising materials are 
selected, based on several criteria. These will be 
leached and the REE will be separated and purified by 
solvent extraction. Life cycle assessment and econom-
ic feasibility studies will be performed on selected 
processes.  

First results  
As a basis for further studies with genuine leaching 
solutions, we determined distribution data for the 
extraction of REE and other metal ions from synthetic 
chloride, nitrate and sulphate solutions. Two extract-
ing agents commonly used in REE separations were 
used, D2EHPA (di(2-ethylhexyl)phosphoric acid) and 
TOPO (tri-n-octyl phosphine oxide).  

An example showing how selectivity is achieved by 
selecting a suitable leaching solution is shown in Fig. 
4. Bi(III) is extracted from nitrate and sulphate solu-
tions with distribution ratios similar to those for 
Tb(III). The extraction of Bi(III) is suppressed when 
extracting from chloride solutions of sufficient con-
centration (such as 1 mol/L in the example shown). 
This effect is caused by a more pronounced tendency 
of chloride complex formation with Bi(III) compared 
to REE(III).  

Outlook 
As soon as available, solvent extraction data will be 
collected using genuine leaching solutions from mine 
tailings. Using this data, process flow-sheets will be 
developed and separation process tests will be per-
formed in collaboration with the ENVIREE consorti-
um.  
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Fig. 4: Extraction of Bi(III) into D2EHPA, distribution
ratios as a function of proton concentration. Organic phase,
0.1 mol/L D2EHPA in kerosene. Aqueous phase, 10 mg/L
Bi(III) in (H, NH4)X (X = 1 mol/L NO3, Cl or SO4).
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7 Decommissioning of nuclear facilities 

The decommissioning department at INE has formally been established in the beginning of 2015, expanding the 
existing activities at the Institute of Technology and Management in Construction (TMB) of the KIT. This adds a 
very important topic to the portfolio of the current program oriented funding (POF III) “Nuclear Waste Man-
agement and Safety as well as Radiation Research” (NUSAFE) of the Helmholtz Association, covering the final 
step in the product life circle of a nuclear power plan prior to safe disposal of the remaining nuclear material. In 
the following report, some major activities of this specific research group in 2015 will be covered.  
 
M. Brandauer, E. Celebic, S. Gentes a  
a a Department of Deconstruction and Decommissioning of Conventional and Nuclear Buildings, Institute for Technology and Management 
in Construction (TMB), Karlsruhe Institute of Technology (KIT) 

 

 

Introduction 
Within the Karlsruhe Institute of Technology (KIT), 
the Institute of Technology and Management in Con-
struction (TMB) has been carrying out research on the 
decommissioning of nuclear facilities since 2008 by 
its Department of Deconstruction and Decommission-
ing of Conventional and Nuclear Buildings. Since 
2015, these activities have been included into the 
current program-orientated funding (POF III) of the 
Helmholtz Association by assigning three new posi-
tions to the Institute for Nuclear Waste Disposal 
(INE). This includes the professorship of Prof. Dr.-
Ing. Sascha Gentes, transforming from a junior pro-
fessorship into a full one. This one of a kind profes-
sorship in Germany guarantees the very important 
education and training at University level. A signifi-
cant development of these efforts is the continuously 
increasing number of students attending the offered 
decommissioning lectures. 

In addition to continuing the already established ac-
tivities at the existing department, the new positions at 
INE are targeted to create a better understanding of 
the complete decommissioning process in Germany as 
well as on a global level. Therefore, a database of 
decommissioning knowledge is currently being de-
veloped with the aim to assist the enormous challenge 
of numerous decommissioning projects to be coped 
with in the coming decades simultaneously. The data-
base will provide a basis for the standardization of 
dismantling procedures of nuclear facilities. Further-
more, it will reflect the current state of the art in the 
decommissioning of nuclear facilities and thus allow 
identification and definition of critical issues for fu-
ture projects and research areas. This specific topic 
will be addressed in more detail below.  

In February 2015, the “Competence Centre of De-
commissioning” has been established at KIT to 
properly address the challenging task of the decom-
missioning of nuclear facilities. In this center, all 
existing activities related to this subject within KIT 
are joined to improve communication, bundle com-
mon interests and to better address future challenges. 
Another major activity of the research group in 2015 
was the prolongation of a present research project 
dealing with the separation of secondary waste of the 

water abrasive suspension cutting technique. Within 
the process of decommissioning nuclear facilities, this 
project aims to significantly reduce radioactive waste 
by applying physical separation, thus reducing final 
storage volume. For this reason, a separation process 
has been developed, a prototype system built and 
experimental and initial numerical investigations have 
been performed. This specific topic will also be fur-
ther addressed in more detail below. Within this 
scope, Ms. B.Sc. Emilia von Fritsch was awarded the 
"Women in Nuclear Germany price 2015" for her 
bachelor thesis of numerical investigations of the fluid 
flow in the applied filter in the separation process.  

Furthermore, great efforts were undertaken to ex-
tend the current network with different research insti-
tutions. An ongoing communication has been estab-
lished with Japanese colleagues of the University of 
Fukui, who sent a research associate to visit our insti-
tute in a three months’ exchange initiative. Another 
very important aim is networking at a European level. 
Currently, there are plans for the establishment of a 
non-commercial Europe-wide training program for 
professionals in the decommissioning sector, promot-
ed by the European Commission. The aim is to 
achieve improved international information exchange 
and thus generating a harmonized and professional 
dismantling of nuclear installations within the Euro-
pean market. The present group played an important 
role here and will continue to do so in 2016. In the 
following, the two main research activities concerning 
the database and the separation system for radioactive 
waste will be further discussed. 

Set up of a knowledge database 
The target of creating a knowledge database with 
information on the decommissioning of nuclear facili-
ties is to gather relevant characteristic values for nu-
clear decommissioning procedures and to illustrate the 
state of the art within R&D areas as well as the practi-
cal use of technologies and methods in the nuclear 
field. The scientific motivation is to build a 
knowledge base for future R&D projects, so a fast 
introduction to the topic of decommissioning and 
access to all relevant data is available. The database 
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includes also a decommissioning library which is able 
to store and link related bibliography. 

The first step towards this was the selection of a 
suitable software solution that fulfils the defined re-
quirements for a decommissioning database, while 
being user-friendly and easy to maintain.  

The selection process included the determination of 
existing databases and interviews with international 
experts within the fields of decommissioning and IT. 
As a result of the evaluation of possible software 
solutions, a commercial enterprise-wiki has been 
chosen and implemented. The workflow for the selec-
tion of a suitable software product is shown in the 
following Fig. 1. 

In a second step, the software has been tested and 
modified in order to fulfil the previously defined 
requirements for a suitable decommissioning data-
base. This also included structuring the database along 
the six following main topics: 

 decommissioning in Germany, 
 nuclear reactor types, 
 decommissioning processes and technolo-

gies, 
 decommissioning strategies, 
 approval process, and 
 further topics, e.g. management methods, so-

cial and political affects, further national and 
international research facilities in decommis-
sioning and their present work, etc. 

The current work includes the data assembly and 
linking of relevant information and documentation on 
a national basis as well as the coverage of foreign 
decommissioning topics. 

Treatment of secondary waste from the water 
abrasive cutting technique 
For the reduction or even elimination of secondary 
waste produced by the water abrasive cutting tech-
nique, two research approaches have been followed in 
previous years. On the one hand, research has been 
undertaken to treat the secondary waste by a novel 
physical separation method of the radioactive particles 

contained in the mixture. The second approach ana-
lyzed the possibility of admixing the secondary waste 
into the concrete which is used to fill-up the so-called 
KONRAD containers.  

The combination of both approaches has the aim of 
significantly reducing the amount of waste in the first 
step and to completely eliminating it through the 
second approach, while only the first one has been 
further addressed by the present research group. For 
these investigations, two samples of non-radioactive 
mixtures have been used allowing the handling of the 
materials and therefore enabling actual tests. These 
samples have been generated by AREVA GmbH in a 
mock-up using the original cutting technique. Both 
samples differ in their material properties of the cut 
metal (a ferritic and an austenitic stainless steel), 
chosen to best resemble the properties of the usual 
reactor pressure vessel and its internals. These two 
samples have then been analyzed in detail at KIT [1]. 
These analyses show that both kinds of steel lead to 
similar characteristics in the resulting mixture after 
the cut. The main characteristics which could be used 
for the physical separation besides the density are the 
considerable difference in particle size of the steel 
chips and the remaining abrasive particles. Even 
though both kinds of steel have twice the density of 
the abrasive, due to the substantially smaller particle 
size of the chip fraction, the resulting sedimentation 
velocity is significantly slower. The second useful 
characteristic is the magnetic property. By applying 
very strong magnetic fields in primary tests, even the 
stainless steel particles could be successfully separat-
ed from the remaining abrasive particles. 

In order to develop a separation module which can 
later be tested with activated waste, a big effort has 
been made to develop a test rig, which is as insuscep-
tible as possible. Furthermore, since it has to be ap-
plied within the containment, the size was limited to 
fit into a 20" container. In order to allow the trans-
portability between future decommissioning sites, the 
mobility had to be taken into account as well as the 
necessity to decontaminate the entire system. Consid-
ering all this, a very simple test rig has been carried 

 
 

Fig. 2: Applied process chain of the preliminary test rig. 

 
Fig. 1: Selection of a suitable software solution for the
database 
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out. The process chain of this test rig is shown in the 
following Fig. 2. 

In order to take advantage of the shielding effect of 
water against radiation and also to track possible 
leakage in the system, the abrasive and steel mixture 
is brought into suspension by adding water within a 
slurry feed tank (2). To avoid the abrasion by the 
abrasive particles caused in typical pump designs, 
membrane pumps (5) have been used without deterio-
ration problems. The slurry suspension is in sequence 
pumped through a magnetic filter (6) in a closed loop. 
This loop is operated until repletion of the filter is 
reached and then flushed by a second loop, were the 
separated activated particles are drained out of the 
system by a hydro cyclone (7) into a depository con-
tainer (8). 

The remaining equipment for the separation system 
is a prior feed tank (1), the drivetrain and correspond-
ing agitator (3) of the slurry feed tank, a fresh water 
supply (9) and 2/3-way valves (10) to operate both 
closed loops sequentially.  

After separating the contained activated chips as 
thoroughly as possible from the primary mixture, the 
remaining mixture leaves the apparatus through the 
2/3-way valve beneath the slurry feed tank. The mate-
rial is then released to either further processing or 
discharged as decontaminated waste, depending on 
the remaining radiological aspect.  

The functionality of the preliminary test rig has been 
tested by taking three portions of the sample generat-
ed by cutting stainless steel. The stainless steel was 
chosen first due to the lesser magnetic properties of 
the stainless steel particles. The tests have been per-
formed by taking 1.000g of the mixture containing 
stainless steel have and mixing in a mass proportion 
of 1:100 with water in the slurry feed tank (2). In 
order to account for the amount of material which is 
effectively separated by the system, an additional tank 
has been used to allow the entire initial batch to pass 
through the magnetic filter. By pumping the suspen-
sion between these two tanks in three series with 10 
passes each, preliminary feasibility results have been 
obtained [2]. 

In order to allow an interpretation of these results, 
the same test series have been carried out with fresh 
unspoiled abrasive. The initial material characteriza-
tion has already shown that due to the chemical com-
position of this natural product the abrasive also con-
tains particles with magnetic properties amounting to 
approximately 2 Mass-% [1]. Maintaining the same 
set-up and parameters, the experiment was repeated 
with the fresh abrasive and compared with the results 
obtained with the mixture of steel chips and abrasive 
after the cutting. These results are shown in the fol-
lowing Fig. 3. 

The comparison of the two curves leads to the con-
clusion that they reach the same asymptote after about 
4 to 7 passes. In this manner, the curve containing the 
steel chips of the cutting process converges to the 
curve of the abrasive. This can be understood as the 
separation process of the contained steel chips. By 
summing up the difference between the two curves, a 

total average mass difference of 15 mass-% is yielded. 
Optical analyses of the separated fraction in the filter 
and the “cleaned” mixture in the slurry feed tank 
show that a significant separation of steel particles can 
be achieved with this preliminary set up.  
However, since these are only assumptions based on 
rough estimations, further analyses and tests are now 
necessary in order to actually quantify the separation 
quality and the effectiveness of the current system. 
This will involve optimizing the present system, real-
izing tests with activated and therefore radioactive 
material and achieving a better understanding of the 
separation process by numerical investigations within 
the applied rod magnet filter. For this reason, a fol-
low-up project has been applied for in the previous 
year, which was granted to the institutes INE and 
TMB by the end of 2015. It provides three additional 
fully financed positions to the cooperating institutes, 
one at INE and two at TMB.  

This research will actually significantly improve the 
treatment and disposal of the secondary waste gener-
ated by the water abrasive suspension cutting tech-
nique. By the development of the separation module 
shortly described in this report, the feasibility of waste 
reduction through physical separation has already 
been shown and will now be further improved. The 
coupling with the additional disposal technique of 
admixing to concrete in KONRAD-containers makes 
the elimination of this major drawback of this cutting 
technique possible and allows the water abrasive 
suspension cutting technology to become a very suit-
able tool for the upcoming decommissioning projects 
of nuclear facilities in Germany and worldwide.  

These results have been achieved within the frame-
work of the Project 02S8871 funded by the German 
Federal Ministry of Education and Research.  
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8 Development of radionuclide speciation methods 

Maintaining the state-of-the-art portfolio of advanced surface science and spectroscopy methods at INE is an 
important R&D activity, as these methods are crucial tools for understanding and advancing actinide and radio-
nuclide (geo)chemistry. Radionuclide speciation methods available at INE controlled area laboratories and the 
KIT synchrotron radiation source ANKA are continuously adapted to serve the requirements of the INE in house 
R&D program. In addition, access to these facilities is provided to the radiochemistry and nuclear science com-
munity through direct cooperation with KIT-INE, thus serving as important crystallization seeds for national and 
international cooperation. The INE-Beamline for radionuclide science at ANKA is operated by INE since 2005 
as a flexible experimental station for X-ray based radionuclide speciation investigations. Ten years later, in 2015 
the commissioning of the new hard X-ray beamline ‘CAT-ACT’ for CATalysis and ACTinide research at 
ANKA has been successfully completed. CAT-ACT will be jointly operated by the two KIT institutes having 
essential expertise in these two application fields – ITCP/IKFT for in operando catalysis research and INE for 
radionuclide science, respectively. The portfolio of laser based speciation techniques at INE comprises different 
optical and non-optical methods: LIBD, TRLFS, LIBS, and LA-ICP-MS (the latter in collaboration with JRC-
ITU). Currently, an ambitious program to upgrade all existing systems and to improve the performance of laser-
based techniques is realized - with a focus on new instrumentation for TRLFS and LIBD investigations. Process-
es determining radionuclide retention or release from waste matrices or iron oxide based container corrosion 
products are largely governed by surface properties of these materials. Combining high efficiency EDX spec-
troscopy and atomic resolution HAADF-STEM, direct visualization of single Lu atoms incorporated on Fe lat-
tice positions near the rim of goethite crystal needles has been shown to be possible, thus improving our atomic 
scale understanding of actinide/radionuclide retention by secondary phases. Nuclear magnetic resonance spec-
troscopy (NMR) is a spectroscopic method that is highly sensitive to the electron density surrounding the ob-
served nucleus. Since the density is influenced strongly by “sharing” electrons in a covalent bond, NMR is the 
ideal tool to give insight into metal-ligand bonds - extensively used in 2015 at INE for the investigation of BTP-
type ligands developed to separate trivalent actinides from their lanthanide counterparts. A method more recently 
established at INE is accelerator mass spectrometry (AMS). AMS is presently one of the most sensitive analyti-
cal techniques with an overall sensitivity of ~104 atoms in a sample. A novel analytical protocol for the simulta-
neous ultra-trace determination of 237Np and 243Am concentrations has been developed based on the application 
of non-isotopic tracers. Additionally, initial results were obtained in the ultra-trace determination of the radioac-
tive fission product 99Tc. Many of the in house research activities at INE benefit from strong support by quantum 
chemical calculations, providing molecular structures or thermodynamic data. The systems under investigation 
vary from small complexes in solution to crystals or interfaces. New algorithms and the constantly improving 
hardware allow getting closer to a detailed description of radionuclide systems at the level of electronic structure, 
thus complementing spectroscopic results. 
 

8.1 R&D projects conducted at the INE and CAT-ACT beamline at 
ANKA  and  at  external  SR  sources   
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Introduction 
Synchrotron radiation (SR) based speciation tech-
niques have become key methods in basic and applied 
radionuclide research. This development is primarily 
driven by the need to secure molecular-scale under-
standing for (geo-)chemical processes determining the 
mobility of long-lived radionuclides possibly released 
from a projected disposal site for highly active, heat 
producing nuclear waste (HAW). Presently, final 
disposal in deep bedrock repositories is deemed as the 
preferred option for the management of spent nuclear 
fuel (SNF) and high level waste (HLW) glass used to 

immobilize highly radioactive residues from nuclear 
fuel reprocessing. The release of actinides, fission and 
activation products following corrosive HAW degra-
dation depends mainly on the oxidation state and 
bonding characteristics of the radionuclides in the 
individual waste matrices. Solving the nuclear dispos-
al safety case requires the assessment of an envisaged 
disposal site on geological time scales, where specia-
tion techniques like XAS (X-ray Absorption Spec-
troscopy) provide necessary input parameters for 
modelling geochemical reaction and transport paths 
for radionuclides. The INE-Beamline for radionuclide 
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science [1] at the KIT synchrotron facility ANKA [2] 
is operated by INE since 2005 as a flexible experi-
mental station for X-ray based radionuclide speciation 
investigations. Ten years later, the commissioning of 
the new hard X-ray beamline ‘CAT-ACT’ for CATal-
ysis and ACTinide research at ANKA has been suc-
cessfully completed [3]. CAT-ACT will be jointly 
operated by the two KIT institutes having essential 
expertise in these two application fields – ITCP/IKFT 
and INE, respectively. The INE-Beamline and the 
ACT station are the only facilities of their kind in 
Europe offering direct access to radiochemistry labor-
atories operating a shielded box-line in close proximi-
ty to the synchrotron light source on the same re-
search campus. 

INE-Beamline user operation in 2015 
The year 2015 was marked by the abrupt halt of 
ANKA user operation with the end of beam time call 
No. 25 (October 2014 - March 2015), following the 
decision of the KIT executive board to transform 
ANKA from a LK II (HGF nomenclature for a user 
facility) to a LK I (KIT in house research) facility. 
Due to unsecure ANKA funding and a fire destroying 
a major storage ring power supply unit, in 2015 a user 
operation (UO) shift reduction by more than 50% (62 
days compared to 126 days in 2014) had to be dealt 
with. Remaining UO days were mostly spent for 
granted TALISMAN Joint Research Projects request-
ing INE-Beamline access and beam time projects 
related to INE PhD thesis work. Nevertheless, a total 
of 20 in house and external projects were hosted at the 
INE-Beamline in 2015. The time available for INE 
internal research amounted to ~52% of all available 
shifts (32 days). Three days were spent for mainte-
nance and development. A total of 27 days was given 
to external projects with (23 days) and without (4 
days) ANKA or TALISMAN peer review (i.e., 
through direct cooperation with INE - for now the 
only possibility to get access to beam time at INE-BL 
and ACT stations for non-HGF users). As in previous 
years, INE in house projects in 2015 covered a broad 
range of systems containing actinides, fission prod-
ucts, their chemical homologues or materials relevant 

for radionuclide retention. These were, e.g., Tc sorbed 
on natural granitic rocks and magnetite, Pu(III) and 
Pu(IV) solid phases in the presence of reducing or 
complexing agents, Am(III) in the presence of natural 
dissolved organic carbon, Np(V) complexed by chlo-
ride, Eu(III) in contact with Mg(OH)2 and 
Mg2(OH)3Cl·4H2O phases or iron rich illite and glau-
conite minerals investigated at the Fe K-edge. Some 
of these studies are presented in more detail elsewhere 
in this annual report. Examples for studies applying 
advanced high resolution (HR) XANES techniques 
for measuring actinide M4,5 absorption edges now 
available at the beamline are highlighted in a separate 
section below.  

HGF external scientists from the German and inter-
national research institutions listed below conducted 
experiments at the INE-Beamline in 2015: 
 Trinity College Dublin, Ireland 
 CEA Cadarache, France 
 Manchester University, Dalton Nuclear Institute, 

United Kingdom 
 Niederrhein University of Applied Sciences, Kre-

feld, Germany 
Four projects in 2015 received beam time and were 
funded through the EU project TALISMAN as Joint 
Research Projects (JRP). 

Commissioning of the CAT-ACT beamline at 
ANKA 
In the first half of 2015 all optics and control system 
components of the new beamline for CATalysis- and 
ACTinide/radionuclide science ‘CAT-ACT’ at ANKA 
were installed and mechanically pre-aligned (Fig. 1). 
The ACT (Exp1) and CAT (Exp2) experimental 
hutches downstream from the optics section were 
equipped with basic infrastructure (experimental ta-
ble, media and data line connections) and later on 
with temporary detection systems for X-ray beam 
alignment and diagnostics (Fig. 2).  

All steps of the ‘hot’ beamline commissioning re-
quired to meet conditions for the final component site 
acceptance test were successfully accomplished be-
fore the 2015/16 ANKA winter shutdown. This pro-

 
 
Fig. 1: CAT-ACT beamline optics consisting of vertically
collimating mirror, DCM (Si<111>/<311>), toroidal
focusing mirrors and beam diagnostic devices. 
 

 
 
Fig. 2: The multi analyzer crystal HRXES spectrometer was 
transferred from the INE-Beamline and is now installed 
inside the ACT experimental hutch (Exp1). 
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cedure included the characterization of the wiggler 
source inside the storage ring, alignment and tests of 
frontend slits and beamline diagnostic devices (beam  

position, profile and intensity monitors, fluores-
cence screens), alignment of the first upward deflect-
ing collimating mirror, the LN2-cooled double crystal 
monochromator (DCM) equipped with pairs of 
Si<111> and Si<311> crystals for nominal low and 
high energies, respectively, and the downward de-
flecting and focusing toroidal mirrors guiding the 
monochromatic X-ray beam to the sample positions 
inside Exp1 and Exp2, where a beam spot size below 
1 mm × 1 mm was achieved. In the future, the two 
experimental stations will be operated alternately with 
a share of 50% of all available UO shifts for each user 
community. Finishing the initial commissioning stage, 
the first X-ray absorption spectra were successfully 
acquired from materials related to both research areas 
(Fig. 3). Regular operation of the CAT-ACT beamline 
is planned to commence in the second half of 2016 
once the requested license for handling radioactive 
materials – following the safety concept enacted for 
the INE-Beamline – has been approved. The new 
beamline will augment the X-ray spectroscopy capa-
bilities at ANKA – which have been always under 
very high demand – by new high flux / high energy 
spectroscopy options. The wiggler source gives access 
to K absorption edges of heavy elements like Tc, Rh, 
Pd and Ag and 4f/5f-element edges until now unavail-
able at the INE-Beamline (actinide L1-edges and 
lanthanide K-edges up to Gd). The low energy limit of 
the beamline still allows investigations at the K-edges 
of transition metals and actinide M4,5-edges. Com-
pared to ANKA bending magnet radiation, the photon 
flux at 20 keV has been already shown to be about 
two orders of magnitude higher, which is especially 
beneficial with respect to the spectroscopic sensitivity 
for dilute sample systems, e.g., for studying catalyst 
promoters or poisons or trace concentrations in envi-
ronmental radionuclide studies. 

Redox states of U co-precipitated with mag-
netite nanoparticles  
Uranium is a main constituent of radioactive wastes 
(e.g., spent nuclear fuel) but it is also present in high 
quantities in contaminated sites after U ore processing 
and technogenic accidents. Significant interest lies in 
the investigation of the heterogeneous reduction of 
U(VI) by ferrous iron (Fe(II)). Such interactions are 
believed to be key processes influencing mobilization 
/ immobilization of U in the near and far field of a 
nuclear waste repository and generally in the envi-
ronment. Due to kinetic effects during interaction with 
Fe(II)/Fe(III) species, U is often found as a mixture of 
its redox states. U has two environmentally relevant 
redox states, U(IV) and U(VI) and an intermediate 
U(V) state with poorly understood chemical behavior 
and interaction with the environment. U(V) is rarely 
considered due to the lack of reliable detection meth-
ods. A project in the frame of the PhD thesis work of 
I. Pidchenko concentrated on the redox speciation of 
U in the final product formed by co-precipitation of 
U(VI) with magnetite. The U redox states in magnet-
ite nanoparticles with varying (1000, 3000, 6000 and 
10000 ppm) U loadings (denoted as samples Um1-
Um10) were investigated by U M4 edge high energy 
resolution XANES (HR-XANES) at the ESRF ID26 

 
Fig. 4: U M4 edge HR-XANES of the Um1-Um10 samples
and the U4O9 and Umh references. 
 

 
Fig. 3: First uranium XAFS spectra measured at CAT-ACT
in December 2015: U L3-edge XANES of U(VI) ‘uranyl’
species in the mineral meta-schoepite (UO3 • nH2O) and a
simulated U-borosilicate nuclear waste glass (4.7 wt.% UO2

loading). An Y metal foil was measured at the Y K-edge as
energy calibration standard. 

 

Fig. 5: The in situ spectroelectrochemical cell during U
M4 edge HR-XANES/3d4f RIXS experiments at the INE-
Beamline. 
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beamline 10 days after sample preparation. The main 
aim of this study was to verify the presence of U(V) 
in this system. 

Figure 4 depicts the U M4 edge HR-XANES spectra 
of the Um1-Um10 samples and U4O9 as well as ma-
ghemite with 3000 ppm adsorbed U (Umh) reference 
materials (additional U M4 edge HR-XANES meas-
urements of the Um1 sample aged for 289 days not 
shown here were performed at the INE-Beamline, 
publication in preparation). The U M4 absorption 
spectra typically shift by >0.5 eV to higher energies 
when increasing the formal U redox state by one unit. 
This is induced by the reduced screening of the 3d3/2 

core-hole by the lower electronic charge density on 
the U atoms. Small energy shifts of about 0.2 eV for 
the same U redox state can be caused by variations of 
the electronegativity of the bonding partner, changes 
in symmetry, short and long range atomic order etc. as 
found from U M4 edge HR-XANES studies of U(V) 
organic and inorganic compounds. It was demonstrat-
ed that U4O9 contains equal amounts of U(IV) and 
U(V) described by the two peaks A [U(IV)] and B 
[U(V)] separated apart by about 1 eV [4]. Maghemite 
has the same inverse spinel crystal structure as mag-
netite with the specificity that Fe(II) is oxidized to 
Fe(III). The main absorption peak C of the Umh spec-
trum is shifted by ~0.4 eV to higher energies as com-
pared to peak B. Hence we can deduce that U(VI) is 
the main redox state of U in the Umh sample. Spectral 
features D and E are typical for U(VI) and U(V) spe-
cies forming short axial trans-dioxo bonds with 
lengths of about <1.8 Å and <1.9 Å (uranyl, U-yl), 
respectively [5]. The energies of the two main absorp-
tion resonances of the Um1 spectrum are very similar 
to to the energy positions of the main peaks of the 
U4O9 reference spectrum. Based on this strong exper-
imental evidence we conclude that after 10 days inter-
action time U(V) is formed in Um1 coexisting with 
minor amount of U(IV) visible as a shoulder on the 
low energy side of the main absorption peak. Features 
D and E are absent in the Um1 spectrum. This con-

firms that U(VI) is not present in the Um1 sample and 
that U(V) does not form uranyl type of bonding.  

It is evident that by going from the Um1 to the 
Um10 spectrum the intensity of feature A decreases, 
the energy position of feature B shifts to higher ener-
gies and features D and E gain intensities. These spec-
tral changes strongly suggest that the relative contri-
butions of U(IV) decreases, whereas the U(VI) con-
tent rises continuously going from 1000 ppm U 
(Um1) to 10000 ppm U (Um10) in the samples.  

These study demonstrates that the U M4 edge HR-
XANES technique is clearly capable of detecting the 
three different redox states, i.e., U(IV), U(V) and 
U(VI), simultaneously present in the same sample. A 
quantitative analysis is currently under development. 
The presented results are definitely a breakthrough in 
the long and intensive discussion on the reduction 
mechanisms of U(VI) in contact with magnetite.  

Development of an in-situ spectro-
electrochemical cell 
New insights into the electronic structure of actinide 
(An) compounds can be obtained by directly probing 
An valence states using advanced HR-XANES and 
resonant inelastic X-ray scattering (RIXS) methods. 
These techniques are also very valuable for detailed 
speciation analyses of An in different oxidation states 
present in one material (cf. the previous section). The 
potential of the HR-XANES and RIXS techniques has 
not yet been completely exploited as up to date only a 
very few electronic structure and speciation investiga-
tions of An systems are reported in the literature (e.g. 
[4-6]). Studies of An in intermediate oxidation states 
are especially challenging as they are often unstable 
under ambient conditions. One solution is the applica-
tion of in situ cells working under controlled condi-
tions, e.g., the absence of O2 or a defined redox poten-
tial.  

In 2015 we designed, manufactured and tested an in 
situ spectroelectrochemical cell (Fig. 5). U M4 edge 
HR-XANES and 3d4f RIXS investigations of 
[UVIO2(CO3)3]

4- and [UVO2(CO3)3]
5- were performed 

at the INE-Beamline, applying the multi-analyzer 
crystal spectrometer (cf. INE annual report 2014). 
One of the main advantages of the cell compared to 
those previously reported is the coupling of UV-Vis 
spectroscopy with electrochemistry and XAS. In addi-
tion, this cell is equipped for XAS/RIXS experiments 
at low photon energies >3000 eV. Two Kapton win-

 
Fig. 6: 3d4f RIXS of [UVIO2(CO3)3]

4- (top) and
[UVO2(CO3)3]

5- (bottom). 

 
Fig. 7: U M4 edge HR-XANES of [UVIO2(CO3)3]

4- and
[UVO2(CO3)3]

5-. The additional electron in the 5fδ orbital is
shown in the MO scheme of U(V)-yl.  
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dows with 10 and 13 μm thickness absorbing only a 
few percent of the photon intensity (~15 % at 3727 eV) 
but providing long-term mechanical and chemical 
stability are implemented. The compact size of the 
cell (15×10 cm) facilitates its transfer into a glovebox. 
The compulsory double containment of the cell is 
accomplished by an inner and an outer parts made 
from borosilicate glass and Plexiglas, respectively. A 
Pt-mesh (80 μm, 25×35 mm) was used as a working 
electrode, a Pt-spiral (0.5 mm Ø, 23 cm length) as a 
counter electrode and Hg/HgO as a reference elec-
trode (ALS Co., Ltd). The negative potential of -775 
mV determined from cyclic voltammetry measure-
ments was applied to reduce U(VI) to U(V). UV-Vis 
spectra were continuously recorded during the elec-
trochemical reaction. The intensity of the U(VI)-yl 
UV-Vis spectra (cf. section 9.2) diminished 210 
minutes after the beginning of the reaction. In addi-
tion, the color of the solution changed from yellow to 
colorless. These were clear evidences for complete 
reduction of U(VI) to U(V).  

The 3d4f RIXS maps and the U M4 edge HR-
XANES spectra of [UVIO2(CO3)3]

4- and 
[UVO2(CO3)3]

5-depicted in Figures 6 and 7, respec-
tively, were recorded before the beginning of the 
electrochemical reaction and after the reduction was 
completed. The HR-XANES spectra correspond to 
cuts through the 3d4f RIXS planes parallel to the x-
axes and centered at the maxima of the U Mβ normal 
emission lines (cf. arrows in Fig. 6). The U M4 edge 
HR-XANES spectrum of U(VI) exhibits an intense 
main peak (A) at 3726.9 eV and two well resolved 
higher energy features at 3728.5 eV (B) and 3732.0 
eV (C) characteristic for the U(VI)-yl type of bonding. 
These peaks have been assigned to transitions of 3d3/2 

electrons to 5fδ/5fφ (A), 5fπ (B) and 5fσ (C) unoccu-
pied valence orbitals of U(VI) in the U(VI)-yl entity, 
respectively [5]. This assignment is valid also for the 
U(V) compound due the very similar U(V)-yl type of 
bonding [7]. In the U(V) spectrum the main peak A 
exhibits a reduced intensity and is shifted by ~0.8 eV 
to lower energies compared to that of U(VI). This 
energy shift is due to the better screening of the core-
hole by the additional electron in the U(V) atom. The 
decrease in absorption intensity is a consequence of 
the less available unoccupied 5f states in U(V) (5f1) 
compared to the empty 5f shell in U(VI) (5f0). The 
energy positions of the peaks B and C significantly 
shift to lower energies and are positioned closer to the 

main peak A (U(VI): A-B = 1.6 eV, A-C = 5.1 eV; 
U(V): A-B = 1.0 eV, A-C = 3.4 eV).  

We demonstrated that the U M4 edge HR-XANES 
method measures the change in the energy gaps be-
tween the 5f based orbitals as a function of the elec-
tronic density variations in the vicinity of the U atoms. 
DFT calculations previously suggested that the addi-
tional electron is transferred to the 5fδ orbital of U(V) 
[4]. This result is in agreement with our experimental 
results as we observe a pronounced reduction of the 
area of peak A. The 5fδ and the 5fφ orbitals are non-
bonding orbitals therefore the area of the peak A 
should not be influenced by changes of mixing of 
metal 5f with ligand p orbitals. This is however likely 
for probed 5fπ and 5fσ molecular orbitals. Since the 
study is performed in situ, experimental artefacts 
influencing positions, shapes and intensities of the 
spectral features can be neglected. Hence it can be 
postulated that one additional electron leads to about 
20 % decrease of the area of the U M4 edge HR-
XANES spectrum of [UVO2(CO3)3]

5-  compared to the 
spectrum of [UVIO2(CO3)3]

4-. Currently carried out 
quantum chemical calculations will complement the 
experimental results. 

Acknowledgements 
Many thanks to H. Blank (Bonn University), J. 
Thomas, A. Bauer and Ch. Marquardt (all KIT-INE), 
T. Hoffmann and G. Christill (both KIT-SUM) for 
invaluable technical and logistic support. T. Vitova, 
T. Prüßmann, I. Pidchenko, S. Bahl acknowledge the 
Helmholtz Association of German Research Centres 
and KIT for the Helmholtz Young Investigators 
Group grant (VH-NG-734). 

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

(2012) 
[2] www.anka.kit.edu  
[3] A. Zimina et al., Journal of Physics: Conference 

Series 712 (2016) 
[4] K. O. Kvashnina et al., Phys. Rev. Letters 111 

(2013) 
[5] T. Vitova et al., Inorganic Chemistry 52, 174-182 

(2015) 
[6] T. Vitova et al., Phys. Rev. B 82 (2010) 
[7] A. Ikeda et al., Inorganic Chemistry 46, 4212-

4219 (2007) 
 



 

- 72 -  

8.2 Laser spectroscopy 
C. Garcia, R. Götz, F. Heberling, T. Hippel, P. Linqvist-Reis, I. Pidchenko, F. Rinderknecht, J. Rothe, 
T. Schäfer, M. Trumm, T. Vitova 
In co-operation with: 

N. Bogachev 
Institute of Chemistry, Saint Petersburg State University, Saint Petersburg, Russia 

 

Introduction 
For over 50 years after it was conceived, the laser has 
been involved in many aspects of analytical chemistry, 
especially in the field of atomic and molecular spec-
troscopy. Laser based spectroscopy methods are not 
only very sensitive, allowing very low limits of detec-
tion, they can also provide very accurate speciation 
information. Those advantages are very important 
when investigating the speciation of different lantha-
nide (Ln) and actinide (An) compounds and their 
interaction with the environment. Nowadays, there are 
different optical and non-optical laser spectroscopy 
methods available at INE: LIBD, TRLFS, LIBS, and 
LA-ICP-MS (the latter in collaboration with JRC-
ITU). Different upgrades have been accomplished in 
the above mentioned instrumentation along the last 
year in order to improve the performance of the tech-
niques in our fields of interest. In the case of the 
TRLFS setups, further developments have been car-
ried out in 2015, e.g., allowing for direct Eu(III) and 
Cm(III) excitation luminescence spectroscopy. Re-
garding the LIBD instrumentation, an update on all 
available instrumentation and setups developed at INE 
has been finished considering the information com-
piled in previous years. Besides the development in 
laser spectroscopy, in a collaboration with the YIG of 
T. Vitova an electrochemical cell for in-situ XAFS 
measurements has been modified for simultaneous 
XAFS and UV-Vis absorption measurements (cf. 
section 9.1). 
 

Low temperature (<6K) Eu3+ direct excitation 
TRLFS 
Eu3+ direct excitation TRLFS in an excitation wave-
length range from 575 nm to 582 nm can now be per-
formed on a Radiant Dyes Narrow Scan dye-laser 
system, using Pyrromethene 597 as a lasing dye, 
pumped by a Nd-YAG laser at 532 nm. To improve 
spectral resolution, the sample is contained in a He-
cryostate. The temperature is monitored by two ther-
moelements at the cold finger and directly at the sam-
ple position and is confirmed to remain ≤ 6K through-
out the run of the experiment at < 10-6 mbar. Lumi-
nescence emission is recorded on an Andor multi-
channel analyzer equipped with a 1200 lines/mm 
polychromator and a diode array detector. 

As one of the first series of samples investigated us-
ing this new laser setup, we measured samples of 
ground calcite (Cc), recrystallized in Cc saturated 
solutions containing 10 mmol/L background salt 
(NaCl, NaClO4, NaNO3) for about two weeks. Initial 
Eu3+ concentration in the experiments was 1 µmol/L. 
In parallel experiments, using 45Ca as a radio tracer, 
we quantified the amount of recrystallized Cc based 
on the homogeneous recrystallization model by Curti 
et al. [1]. Radiotracer experiments indicate that 16% 
of the Cc recrystallize within the timeframe of the 
experiments (Fig. 1). Differences between the back-
ground electrolytes are minor. If any, it is indicated 

 

 
Fig. 2: Excitation spectra, integrating over the 5D0 7F2

fluorescence emission, obtained on Eu-doped Cc samples
recrystallized for two weeks in Cc saturated solution contain-
ing 10 mmol/L of three different background electrolyte salts:
NaNO3, NaClO4, and NaCl. Straight lines indicate the posi-
tions of four main species A-D. The dashed line depicts a
spectrum from a Eu-doped Cc recrystallized in an NaCl
medium for about 3h. 

 

Fig. 1: Decrease of 45 Ca activity (left ordinate) and corre-
sponding average progression of Cc recrystallization (right
ordinate). 
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that recrystallization is faster in the NaClO4 medium. 
The comparison of excitation spectra (Fig. 2) shows 

that all samples exhibit at least four species which we 
label A-D. Species A and C at 578.4 nm and 579.5 
nm, respectively, show clear peaks in all spectra. Spe-
cies B and D at 578.95 nm and 579.75, respectively, 
are less well pronounced and are merely a shoulder on 
a broad feature for the NaCl sample. One might even 
infer a fifth species at 579.3 nm, where all spectra 
exhibit a shoulder, which coincides with the maximum 
of the spectrum obtained after 3 h recrystallization 
(dashed line in Fig. 2). 

A more detailed representation of the data measured 
on the sample which recrystallized in the presence of 
NaNO3 is given in Fig. 3. Excitation spectra obtained 
by integrating over the F1 band and the F2 band, re-
spectively, exhibit the same spectral features (left 
panel in Fig. 3). The peak observed at the position of 
the F0 band is constant in intensity at all excitation 
wavelength, indicating that it is likely a remainder of 
the laser signal rather than a fluorescence peak. 

If we compare our results with spectra from previous 
studies [2-4], it is clear that our main species C, found 
on all samples at 579.5 nm after two weeks’ recrystal-
lization upon excitation, is identical with the well-
ordered incorporation species identified in all previous 
studies [2-4] (labelled site C in previous papers), but 
not upon incorporation in the presence of NaNO3 [4]. 
Species C exhibits a twofold splitting of the F1-band 
and a threefold splitting of the F2-band in line with 
Eu3+ being incorporated onto a octahedral Ca-site in 
the Cc structure. Our species A, excited at 578.4 nm, 
appears very similar with the disordered incorporation 
species labelled site B in the previous studies [2-4]. A 
very characteristic feature of this species is the sharp 

peak around 618 nm in the F2 emission band (cf. Fig 
1b in [4] or Fig. 2a in [3]). The spectral features of 
species B are not well pronounced. Species D is not 
clearly separate from species C. The three main peaks 
in the F2 band are still visible. The F1-band, however, 
shows a distinct threefold splitting, indicating lower 
symmetry. Fluorescence lifetimes of all species A-D 
(data not shown) contain long-lived (> 3 ms) and 
relatively short lived (< 1 ms) contributions, indicating 
that all species are incorporated into the Cc structure, 
either into the bulk or into the surface mono-layer, 
where they still have contact to ~1 water molecule. 

We interpret the results in a way that upon contact 
with Cc a large amount of Eu3+ (96%) is rapidly in-
corporated into a near surface region on the Cc miner-
als. After 3 h 1.4% of ground Cc recrystallized, an 
amount which is equivalent to 5 Cc mono-layers. The 
broad feature in the corresponding excitation spectrum 
(dashed line Fig. 2) is likely a distribution species with 
no well-defined chemical environment. Upon further 
recrystallization Eu-species in Cc develop more well 
defined coordination environments, resulting in the 
development of pronounced peaks in the excitation 
spectra. The energetically most favorable coordination 
environment seems to be that of the well-ordered 
octahedral species C. The degree to which this devel-
opment takes place does not correlate with the overall 
progress of the recrystallization reaction (Fig. 1). 
Instead it is indicated that the kinetics of this devel-
opment are influenced by the background electrolyte, 
and are fastest in the NaNO3 medium, followed by 
NaClO4 and NaCl. This observation matches with the 
faster interfacial reaction reported by Ruiz Agudo et 
al. [5] for Cc growth in the presence of NaNO3 com-
pared to NaCl. 

 
Fig. 3: 2D plots (upper right) display data obtained during measurements of two excitation spectra on Eu-doped Cc recrys-
tallized in the presence of NaNO3. One plot is obtained recording emission from 572 nm to 603 nm, i.e. the Eu3+ 5D0
7F0/7F1 transitions, and the other one recording emission from 600 nm to 630 nm, i.e. the 5D0 7F2 transition. Integrated
excitation spectra are displayed in the left panel. Emission spectra of the four main species A-D are displayed in the lower
panels. Note that emission spectra are offset for clarity. 
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Development of an in-situ spectroelectro-
chemical cell for combining electrochemistry 
with UV-Vis and HR-XANES/RIXS meas-
urements  
In 2015 a spectroelectrochemical cell developed for 
HR-XANES and RIXS investigations of aqueous 
actinide species (e.g., [UVIO2(CO3)3]

4- and 
[UVO2(CO3)3]

5-) at the INE-Beamline has been im-
plemented with an UV-Vis absorption line for simul-
taneous UV-Vis, electrochemistry and XAFS meas-
urements. The UV-Vis spectroscopic technique can be 
used for molecular speciation of U [6]. The advanced 
setup has been used to follow in situ the electrochemi-
cal reduction of a U(VI) carbonate complex applying 
both absorption techniques simultaneously. 

The cell, designed to fit into the transfer chambers of 
the gloveboxes at the INE laboratories and the INE-
Beamline, was modified adding the windows for the 
two UV-Vis fibers attached to the outer part of the 
cell. UV-Vis spectra were continuously recorded in 
the range 360-520 nm in transmission mode during the 
in-situ electrochemical process using a compact 
USB4000 UV-Vis spectrometer, a D-2000 Deuterium 
lamp as a UV light source both attached to the cell by 
using two UV-Vis optical fibers with a cord diameter 
of 400 μm (all from OceanOptics GmbH). A negative 
potential of -775 mV determined from cyclic voltam-
metry measurements was applied to reduce U(VI) to 
U(V). To obtain the individual spectra shown in Fig. 
4, 100 spectra with 100 nm acquisition time were 
recorded and averaged by using SpectraSuit Software 
(OceanOptics GmbH) for the acquisition.  
The clearly resolved eight bands of the U(VI)-yl fine 
structure are measured for the U(VI) tricarbonato 
complex before starting the reaction and agree well 

with results from previous studies. [7-8] The orange 
curve in Figure 4 represents the UV-Vis absorption 
spectrum of the U(VI) ion in 1.5 M Na2CO3. The 
absorption spectrum is characterized by a very weak 
and broad absorption in the visible range between 380 
nm and 490 nm with a characteristic fine structure as 
well as an intense absorption in the UV range that 
extends nearly continuous to lower wavelengths. The 
intense absorption in the UV range (not shown) has no 
structure and does not offer characteristic features for 
spectroscopic speciation. [6] The fine structure of the 
low-energy absorption band is due to coupling of 
electronic transitions with the symmetric stretching 
vibration of the U(VI)-yl entity. [9-11] During the 
U(VI) reduction to U(V) the intensity of the absorp-
tion bands decreases (Figure 4, magenta curve). The 
intensity of the U(VI)-yl UV-Vis spectra diminished 
210 minutes after the beginning of the reaction. In 
addition, the color of the solution changed from yel-
low to colorless. These were clear evidences for com-
plete reduction of U(VI) to U(V). The broad band 
characteristic for U(V) is in the Vis-NIR region, which 
is not measured in this study due to the limited spec-
tral range of the spectrometer. U(V) was then stable 
for more than 12 hours while the redox potential was 
kept constant (Figure 4, brown and violet curves).  
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Fig. 4: In-situ measured UV-Vis spectra: U(VI) (orange), 50
% reduced U(VI) (magenta), 100% reduced U(VI) to U(V)
(brown and violet). The time passed after the beginning of
the electrochemical reaction is indicated. Photographs of
the U(VI) and U(V) tricarbonato complexes in aqueous
carbonate media as prepared under laboratory conditions
(top-right). 
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Introduction 
Iron (hydr)oxides are widespread in nature and can 
play an important role in the bioavailability and mi-
gration of pollutants, such as heavy metal ions or 
radionuclides (RNs). Ferrihydrite and its transfor-
mation products (hematite and goethite) are common-
ly found in nature. In nuclear waste disposal sites, iron 
(hydr)oxides are also expected to form upon steel 
canister corrosion. Such neo formed corrosion phases 
can thus serve as sinks for RNs, either by surface 
adsorption and/or by structural incorporation, investi-
gated by scanning transmission electron microscopy 
(STEM). 

Materials in nuclear decommissioning activities are 
decontaminated by individually tailored procedures. 
Stainless steel surfaces were exposed to the acidic 
conditions of a nuclear reprocessing facility and ana-
lyzed by autoradiography, SEM-EDX, and XPS. 
Liquid fed ceramic-lined waste glass melters are used 
for the vitrification of highly radioactive residues from 
reprocessing. Interaction of ceramic furnace lining 
with the glass melt is studied by SEM-EDX elemental 
phase mapping. 

STEM detection of Lu incorporated in a trans-
formation product of 2-line ferrihydrite 
In this study, 2-line ferrihydrite was synthesized in the 
presence of Lu(III) used as homologue for trivalent 
actinides and the suspension was aged for 12 years. 
Here, we applied high efficiency energy dispersive X-
ray spectroscopy (EDX) [1] and probe-side aberration 
corrected high-angle annular dark field STEM 
(HAADF-STEM) [2] on the individual hematite nano-
particles and the goethite needles growing on them by 
using a FEI Titan G2 80-200 S/TEM “ChemiST-
EM™” instrument at 200 kV installed at the Universi-
ty of Manchester. 

Figure 1a shows an HAADF-STEM image of rhom-
bic and needle shaped particles, which correspond to 
hematite (-Fe2O3) and goethite (-FeOOH) crystals, 
respectively. It is unclear whether the higher intensi-
ties are attributed to Lu atoms or not. This is because 
intensities in HAADF-STEM images depend on sam-
ple thickness as well as the atomic number. Conven-
tional (not high efficiency) STEM-EDX was per-
formed on goethite particles. However, the sample 
was severely damaged since much larger amount of 
electrons were needed to irradiate on the sample in 
order to obtain the X-ray signal of Lu. Therefore, we 
performed high efficiency EDX analysis in order to 

obtain more reliable elemental information of the 
sample. Figures 1b,c show high efficiency EDX spec-
tra obtained for the hematite particle and for the goe-
thite particle, indicated by squares with dotted lines in 
Figure 1a, respectively. The corresponding character-
istic X-rays from O and Fe atoms are indicated in 
Figures 1b,c. The insets in Figures 1b,c depict a zoom 
into the high efficiency EDX spectra between 7 and 10 
keV (Lu-L: 7.65 keV, Lu-L: 8.75 keV).  The Lu-L 
lines are recognized only in the case of goethite as 
indicated by arrowheads (Figure 1b). Thus, it is sug-
gested that Lu atoms are associated mainly with the 
goethite particle. Figures 1d-f show high efficiency 
EDX spectrum images obtained from an area around 
the center of Figure 1a. Fe and O distribute homoge-
neously in hematite and goethite, indicating that iron 
oxides are uniformly formed. On the other hand, the 
high efficiency EDX spectrum image shows clearly 
that the Lu atoms segregate predominantly at goethite 
(Figure 2). The Lu atoms are, therefore, considered to 
incorporate in and/or adsorb on the goethite particle. 
The Lu content in the goethite particle is approximate-
ly 0.3 at.% which is around the detection limit of typi-
cal EDX systems in TEM. Thus, it is obvious that a 
higher electron beam intensity and/or longer exposure 
time is necessary in order to detect the signal with 

 
Fig. 1: a) HAADF-STEM image taken from hematite and
goethite. b,c) high efficiency EDX spectra obtained from
goethite and hematite indicated by the squares in a),
respectively, d-f) EDX spectrum images of goethite and
hematite. The images are taken from a central area in a).  
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such amount of Lu.  
In order to know where Lu atoms are located at a 

goethite nanoparticle, atomic resolution HAADF-
STEM with a probe-side aberration corrector was 
performed. Figure 2a shows a HAADF-STEM image 
taken from goethite along the [001] direction. Figure 
2b shows a zoom of the area indicated by a square in 
Figure 2a. The bright dots represent the Fe atomic 
columns in this projection image. Some of the Fe 
positions are marked by red dots. Relative intensities 
of the bright dots in the area can be evaluated since the 
area has relatively homogeneous thickness. An inten-
sity distribution obtained from the region marked by 
an orange rectangle in Figure 2b is shown in Figure 
2c. The intensity distribution has the periodicity of 
about 0.30 nm as indicated by red arrows, consistent 
with the interatomic distance between two Fe atoms 
along the [010] direction of goethite. Some of the 
bright dots in the area show higher intensities com-
pared to the other dots (Figure 2b). An intensity distri-
bution obtained from the area (blue marked region) is 
shown in Figure 2c as well.  Intensity changes can be 
recognized in the distribution as indicated by blue 
arrows, indicating the presence of heavier elements. 

 Based on the EDX result for the goethite sample, it 
is considered that the heavier atoms correspond to Lu 
atoms. Importantly, the brighter dots are located at the 
same crystallographic sites as the Fe atomic columns 
in the image. This implies that Lu atoms are partially 

occupying Fe sites in goethite. Thus, it is revealed by 
atomic resolution HAADF-STEM that the Lu atoms 
are incorporated in the goethite crystal lattice. 

It was shown that high efficiency EDX is more suit-
able than conventional EDX for detecting low 
amounts of Lu associated with the goethite nanoparti-
cle. This method can be applied for other combina-
tions between iron oxides and lanthanides/actinides. It 
is considered from the result by high resolution 
HAADF-STEM that direct observation of trace level 
lanthanides/actinides associated with iron based phas-
es is effective especially 1) when there are several 
phases in one sample, 2) when there is a peak overlap 
problem between signals of Fe and of some lantha-
nides in case of EDX and other spectroscopic methods 
such as EXAFS. The methods applied in this study are 
promising for an atomic level study of trace level 
lanthanides/actinides associating with iron based 
phases, thus providing new insight for studies of long-
term performance assessment of nuclear repositories. 

Interaction of transuranic elements with stain-
less steel at high nitric acid concentration 
Dissolution of spent nuclear fuel in the PUREX pro-
cess in a reprocessing plant is performed by concen-
trated nitric acid. Prior to dismantling a decommis-
sioned reprocessing plant, all vessels and tubes have to 
be decontaminated. Information about levels of radio-
active contamination and of corrosive attack helps to 
optimize decontamination procedures. To simulate 
operating conditions, stainless steel (304L) coupons 
with different surface pre-treatments were immersed 
into 4 M or 10.5 M HNO3 solutions containing either 
no actinides (blank sample), Np, Pu or Am during 30 
days at 50 °C. Afterwards, the coupons were analyzed 
by autoradiography, SEM-EDX, and XPS. 

Autoradiography was performed by placing the cou-
pons (1×1 cm2) on a storage phosphor screen together 
with drops of radionuclide standard solutions with 
known volume and concentration for calibration pur-
pose (Figure 3). In case of Am, concentration is about 
independent on surface pre-treatment, whereas Np and 
Pu showed enhanced uptake on polished surfaces. Kd 

 
Fig. 2: a) Atomic resolution HAADF-STEM image of goe-
thite with the [001] incidence, b) broader view of area
indicated by a square in a), c) intensity distribution obtained
from the orange and blue stripe regions shown in b). 
 

Fig. 3: Autoradiography of 304L stainless steel coupons
immersed in nitric acid containing Pu or Np with different
surfaces. Abbreviations: as received (as), polished (po),
etched (et), 4M HNO3 (4), 10.5M HNO3 (10), and standard
solutions (st, dilution) as references. Areas of analysis are
indicated. 
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value in case of polished samples (10.5 M HNO3) for 
Np is of the order of 0.2, Pu 0.006, and Am 0.06 L/m2. 
SEM images (Figure 4) show uniform dissolution in 
case of the blank sample and Am(III) solution, 
scratches from polishing still visible. Intergranular 
corrosion is detected if oxidizing elements like Np(VI) 
or Pu(VI) were present in solution [3]. SEM-EDX and 
XPS however could not detect the actinides due to 
their low concentrations at the stainless steel surfaces. 

Interaction of furnace lining ceramics with the 
glass melt by SEM-EDX phase maps  
Furnace linings of electrode glass furnaces for vitrifi-
cation of highly radioactive liquid waste consist of 
refractory ceramics made from aluminum and chromi-
um oxide as main components and smaller amounts of 
ZrO2. The ceramic is in permanent contact to the glass 
melt and serves as thermal isolation for the vessel. 
Fused cast ceramic, like Monofrax K3, is to be re-
placed on the long-term due to environmental regula-
tion issues concerning manufacturing. Sintered ceram-
ic is a candidate but exhibits higher porosity. Durabil-
ity of the sintered ceramics and Monofrax K3 was 
compared by immersion into a glass melt (1200 °C, 
144 h). Subsequently, cross sections were prepared for 
analysis of the ceramic-glass interface by SEM, an 
example is depicted in Figure 5. Elemental maps by 
SEM-EDX were recorded from the rim of the ceramic 
body exhibiting a corrosion layer. Discrimination 

between corrosion products containing elements from 
the ceramic and from the glass is challenging since the 
glass is composed of 28 elements but can be solved by 
multivariate analysis of the EDX spectra stored at 
every point of the elemental map (Thermo Scientific 
NORAN System7 software, ver. 3.3). Individual phas-
es are defined if a certain amount of similar spectra 
are present in the data set. The elemental phases differ 
in their compositions and are not necessarily crystal-
line. The spatial distribution of phases of the corrosion 
layer is depicted in Figure 6. Glass intrusion into the 
porous corrosion layer thus can be detected. The cor-
rosion of the ceramic is predominantly caused by the 
reaction of Al of the ceramic grains with Na and Si 
from the glass melt while Cr is enriched in the corro-
sion layer. Small Cr2O3 needles are observed occa-
sionally. The glass in this case contains 3.1 wt% ZnO, 
and 0.04 wt% Cr2O3. Zn reacts with the Cr rich corro-
sion layer, i.e. (Cr,Al)2O3 solid solution, to form 
ZnCr2O4. In Figure 7, the backscattered electron im-
age of the corrosion layer and a composite map of the 
individual phases (Figure 6) are depicted. Similar 
corrosion processes are observed also in case of Mon-
ofrax K3 fused cast ceramic. SEM-EDX phase maps 
enable the visualization of compositional phases and 
thus facilitate analysis of complex samples. 

References 
[1] Schlossmacher, P. et al., Microscopy and Analy-

sis 24(7): S5-S8 (EU) (2010). 
[2]  Varela, M. Annu. Rev. Mater. Res. B37: 539 

(2005). 
[3]  Fauvet, P. et al., J. Nucl. Mat. 375: 52-64 (2008). 

 
Fig. 4: SEM images of the surface of polished 304L stainless
steel coupons after immersion in 10.5 M HNO3: blank, Am
(931 ppm), Np (471 ppm), Pu (97 ppm). Intergranular cor-
rosion indicated by red arrows. 
 

Fig. 6: Individual elemental phases by multivariate analysis
of SEM-EDX elemental maps of the corrosion layer, area of
analysis indicated in Figure 5. 
 

Fig. 7: Backscattered electron image of glass corrosion
layer (left image), SEM-EDX elemental phase map of same
area (right image). 
 

 
 

Fig. 5: Cross-section of a sintered ceramic cylinder after
glass melt immersion by backscattered electron imaging.
The bright grains are composed of ZrO2. The bright rim
denotes the corrosion layer, analyzed at the area indicated. 
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8.4 Investigations into structure and bonding by NMR spectroscopy 
Ch. Adam, V. Rohde, P. Kaden, P. J. Panak 

 

Introduction 
Since their discovery as potential extraction ligands 
for Partitioning and Transmutation (P&T) strategies, 
soft N-donor ligands in general and BTP-type ligands 
(Fig. 1) in particular, have been thoroughly studied 
using numerous techniques [1-3]. Despite all the ef-
forts, the molecular reason for their selective com-
plexation of actinide ions in the presence of lanthanide 
ions is still not entirely clear. 

Early on, a larger degree of covalence in the metal-
ligand bonding was brought forward as an explana-
tion. As the actinides’ 5f orbitals are more diffuse and 
have a greater radial extension compared to the more 
localized 4f orbitals of lanthanide ions, it was assumed 
that 5f orbitals participate in covalent bonding. While 
covalence (as a shared electron density between two 
atoms in spatially overlapping atomic orbitals) is a 
useful and well-established concept for the description 
of chemical bonding, it is not directly observable [4]. 
The degree of covalence in bonding can only be de-
termined by effects that arise of covalent contributions 
to the metal-ligand bond. Among others, optical spec-
troscopy, electron paramagnetic resonance spectros-
copy (EPR), Mößbauer spectroscopy, photoelectron 
spectroscopy and X-ray absorption spectroscopy 
(XAS) are sensitive to effects that are based on cova-
lence.  

Nuclear magnetic resonance spectroscopy (NMR) is 
a spectroscopic method that is highly sensitive to the 
electron density surrounding the observed nucleus. 
Since the density is influenced strongly by “sharing” 
electrons in a covalent bond, NMR is the ideal tool to 
give insight into metal-ligand bonds. In the case of 
paramagnetic complexes, further contributions to the 
observed chemical shift from dipolar electrostatic 
coupling and covalently transferred electron spin den-
sity arise, thus complicating the evaluation of NMR 
spectra [5-9]. In principle, these contributions can be 
separated by several approaches and offer a valuable 
way to gauge covalence in the coordination com-
pound. Currently, research within the INE NMR 
working group aims at transferring strategies for the 
mathematical treatment of paramagnetic lanthanide 
complexes to actinide complexes. 
Effects of BTP substituents 

A change of the aliphatic side chains of the lateral 
rings in BTP-type ligands influences the solubility in 
organic solvents. Since the side chains also “fine-
tune” the electronic properties of the triazine moieties 
by their inductive effects, this also modifies the ex-
traction properties and the selectivity of the ligands. 
These effects are strong if the side-chains are ex-
changed e.g. for aromatic rings or functional groups 
bearing heteroatoms, whereas the differences between 
the isomeric n-propyl-and iso-propyl substituted BPTs 
(Fig. 1) are expected to be small. 

However, the differences between the two related 
ligands were found to be larger than expected. Com-
pared to nPrBTP, iPrBTP has a higher distribution 
ratio in Am(III) extraction experiments, yet shows 
very odd extraction kinetics: Am(III) is extracted very 
quickly, whereas Eu(III) extraction happens much 
slower. As a consequence, the selectivity depends on 
the contact time between aqueous and organic phase. 
Under equilibrium conditions, the selectivity for 
Am(III) over Eu(III) of iPrBTP is lower than for 
nPrBTP. These findings suggest that the complex 
formation mechanisms for the two ligands are differ-
ent. 

Additionally, complex stability constants for iPrBTP 
with Cm(III) and Eu(III) were determined at INE 
using time-resolved laser fluorescence spectroscopy 
(TRLFS). The stability constant for [Cm(iPrBTP)3]

3+ 
(logβ’3 = 16.3) is almost two logarithmic units higher 
than for [Cm(nPrBTP)3]

3+ (logβ’3 = 14.4) in the same 
solvent mixture. A similar trend is observed for the 
analogous Eu(III) complexes. The stability constant 
for [Eu(iPr-BTP)3]

3+ (logβ’3 = 14.9) is even three 
logarithmic units higher than the analogous nPr-BTP 
complex (logβ’3 = 11.9) [10], resulting in a lower 
selectivity for Am(III) over Ln(III). This shows never-
theless that iPrBTP is a distinctively stronger ligand 
towards trivalent lanthanides and actinides compared 
to nPrBTP. These results are due either to a different 
complex formation mechanism or differences in 
chemical bonding, or even a superposition of both 
effects. These results prompted us to investigate the 
bonding situation in iPrBTP complexes with NMR 
spectroscopy. 

Synthesis and NMR 
Changes in the bonding between metal and ligand 
have the strongest effect on the coordinating nitrogen 
atoms.  Unfortunately, the more abundant natural 
occurring isotope 14N has very poor NMR properties 
that lead to severe line broadening and often render 
signals unobservable. The other naturally occurring 

 
Fig. 1: Structures of the ligands (1) nPrBTP and (2)
iPrBTP. The numbering scheme for the nitrogen atoms is
displayed for iPrBTP. 
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isotope, 15N, has a half-integer nuclear spin and more 
benevolent NMR properties, but a very low natural 
abundance of only 0.364%. This low natural abun-
dance often impedes the effective acquisition of direct 
excitation 15N-NMR spectra, so we synthesized a 15N 
labelled iPrBTP ligand (positions 8 and 9). Isotope 
labelling was achieved by using 10% 15N2H4, while in 
all other respects following the original synthesis 
protocol [11-13]. 

Having obtained the labelled ligand in good yield, 
we conducted a systematic NMR study of the com-
plexes with the diamagnetic lanthanide ions (Lu(III) 
and Y(III), which is frequently used as a lanthanide 
analogue), and the weakly paramagnetic Sm(III). As a 
representative of the actinide ions, we also synthesized 
the 243Am(III) complex. Although the exact nature of 
the magnetic behavior of this ion is still a matter of 
debate, it is clear that it has a non-zero magnetic mo-
ment, yet only has a very weak paramagnetism, i.e. a 
magnetic moment lower than 1 µB [14-22]. As the 
same set of complexes has been investigated previous-
ly with the nPrBTP ligand, a direct comparison of the 
two complex series is possible [23-24]. Any differ-
ences in bonding should reflect in differing shifts for 
the coordinating nitrogen atoms N1 and N8. The results 
for all nitrogen atoms of the two ligands in different 
complexes are shown in table 1. 

The chemical shifts for the free ligands are almost 
identical for both molecules. This confirms that their 
electronic structure is almost identical, thus proving 
the assumption that the electronic structure should 
remain largely unperturbed upon exchange of the 
aliphatic substituents. 

Upon coordination to the lanthanide ions or Y(III) 
the observed trends are the same for both ligand sys-
tems: Except for N12 all resonance signals are shifted 
upfield (i.e. towards smaller shift values), while N12 is 
almost unperturbed or shows only minute downfield 
shifts. In general, the nitrogen atoms show a slightly 
stronger shift in the nPrBTP ligand, however, the 
differences are negligible. 

The situation is different for Am(III), where the co-
ordinating nitrogen atoms N1 and N8 show remarkable 
upfield shifts, while the N9 resonance signals are shift-
ed noticeably downfield. Once more, the differences 
between nPrBTP and iPrBTP are very small (below 
6 ppm), indicating a closely resembling electronic 

structure. The huge shift difference between actinide 
and lanthanide complexes shows that the bonding 
situation is drastically different in complexes of the 
two element groups, and can be interpreted in terms of 
an increased covalence in the actinide compounds [23-
25]. 

The very small shift differences between the two 
complex series with nPrBTP and iPrBTP indicate that 
the metal-ligand bonding situation is nearly identical. 
This in turn confirms that the observed differences in 
the complex stability constants are not caused by 
structural differences in the complexes, but by differ-
ences in the complex formation mechanism. 

These results are in good agreement with quantum 
chemical calculations performed at INE [10]. Molecu-
lar dynamics simulations of the complex formations 
show that in the Cm(III) complexes of iPrBTP a sig-
nificantly lower number of water molecules reside in 
the inter-ligand space compared to the nPrBTP com-
plex. This is due to a sterically shielding effect of the 
bulkier iso-propyl sidechains. Furthermore, during the 
complex formation the bulkier side chains effectively 
block escape pathways for the water molecules which 
are dislodged by the organic ligand, thus explaining 
the slower extraction kinetics of iPrBTP. 

Summary and Conclusion 
Through comparison of two sets of closely related 
complexes of BTP-type N-donor ligands with trivalent 
lanthanide and Am(III) ions by NMR spectroscopy 
important results were obtained. Firstly, our results 
clearly show differences in the bonding situation be-
tween the lanthanide and actinide complexes which 
are interpreted as the result of an increased covalence 
in the Am(III) complex. Secondly, as no significant 
differences between the iPrBPT and nPrBTP com-
plexes with identical metal ions are observed, we 
exclude differences in the structure and bonding of the 
complexes as the reason for the observed difference in 
extraction behavior and complex stability constants. 
These results point to different mechanisms of com-
plex formation, which is also confirmed by quantum 
chemical investigations. 
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Introduction 
With accelerator mass spectrometry (AMS) a wide 
range of nuclide masses spanning from 10Be up to the 
actinides can be detected without interferences from 
molecular isobars and tailing from neighboring abun-
dant masses. In this way, all the actinide nuclides can 
be unambiguously detected with an overall sensitivity 
of 104 atoms in a sample. We have developed a novel 
analytical method consisting in the simultaneous de-
termination of several actinide nuclides without previ-
ous chemical separation from each other with the use 
of non-isotopic tracers for the ultra-trace determina-
tion of 237Np and 243Am. Such multi-actinide analysis 
with AMS has proven to be a valuable tool for the 
investigation of actinides inherent both to global fall-
out in natural water samples and to in situ radionuclide 
tracers tests, e.g., run 12-02 of the CFM project [1]. In 
the actual report we present the recent findings from 
the application of the multi-actinide analysis with 
AMS to the successive in situ experiment, run 13-05. 
We discuss the complementary roles of AMS and SF-
ICP-MS as well as a direct comparison between the 
two analytical methods on a chosen group of samples.  

First results were furthermore achieved in the ultra-
trace determination of 99Tc (t1/2 = 2.1 × 105 years), a 
fission product of concern for the long term radiotoxi-
city of spent nuclear fuel. Similar as for the actinides, 
the analytical capability of investigating 99Tc in natu-
ral samples at concentrations lower than ppq levels 
can be exploited in the study of its environmental 
behavior, both in the frame of in situ tracers tests and 
diffusion experiments and in the determination of 
ultra-trace contamination of the environment from 
global fallout and nuclear reprocessing.  

Multi-actinide analysis applied to the CFM 
project run 13-05 
At the Grimsel Test Site (GTS), the in situ tracer test 
run 13-05 consisted in the injection of 233U, 237Np, 
242Pu and 243Am in a dipole of a water conducting 
granodiorite shear-zone fracture in the presence of 
bentonite colloids and under near natural flow condi-
tions. Similarly like for the previous experiment, run 
12-02 [1], the concentrations of 233U, 237Np, 242Pu and 
243Am were investigated with SF-ICP-MS, obtaining a 
dense group of data describing the peak of the break-
through curve and limited to ca. 25 days from the 

injection of the actinide tracers (not reported here). In 
order to investigate the behavior of the actinides in the 
tailing of the breakthrough curve below the detection 
limits (DL) of SF-ICP-MS equal to ca. 10 ppq, the 
multi-actinide analysis with AMS (VERA laboratory, 
Vienna) has been employed in the actual experiment. 
Furthermore, 10 samples belonging to the peak of the 
breakthrough curve were analyzed with AMS in order 
to allow a direct comparison between the two em-
ployed analytical methods. For the AMS analysis, 
233U, 237Np and 242Pu were determined by using 239Pu 
as yield tracer, while 243Am by using 248Cm. In order 
to normalize the measured concentrations relative to 
the corresponding yield tracer, the chemical and the 
ionization yields (CIY) of the five actinides in the Cs 
negative ion sputtering source of AMS have been 
determined according to the procedure described in 
[1]. 

The groundwater samples of run 13-05 were sized 
according to the expected concentration of the acti-
nides from 0.1 g to 250 g. In this way, the detection of 
the injected actinides with AMS was possible over six 
orders of magnitude, in particular from 10 ppt down to 
0.1 ppq, as depicted in Figure 1. On the horizontal 
axis, the sampling time from the injection of the acti-
nide tracers is expressed in days and with a logarith-
mic scale. As it can be seen in Figure 1, the determina-
tion of the actinide tracers was successful until the last 
sampling time at 8 months after the starting of the 
experiment. The first four sample depicted in Figure 1 
are believed to carry the signal of previous in situ 
tracer tests performed at the GTS. This hypothesis is 
supported by the detection in the four samples of 
masses 241 and 244 ascribable to the use of 241Am and 
244Pu as tracers in such previous tests.  

 
Fig. 1: Determination of the actinide tracers in run 13-05
over 8 months with AMS. 
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The relative uncertainties change substantially ac-
cording to the nuclide.  

While the concentrations of 242Pu have a relative er-
ror between 1% and 5% due mainly to counting statis-
tics, the other nuclides have higher uncertainties due 
to the use of non-isotopic tracers. The variability of 
the ionization yield of Np relative to Pu and Am rela-
tive to Cm has been lower than in the previous exper-
iment (run 12-02), resulting in uncertainties of ca. 
10% and 12%, respectively. On the other hand, the 
variability of the ionization yield of U relative to Pu 
has been higher, so that for the concentrations of 233U 
a relative uncertainty of up to 35% is obtained. How-
ever, even considering such high relative uncertainty, 
the multi-actinide analysis with AMS enables long-
term field studies of multiple actinide tracers at unri-
valled low concentration levels. In the ten samples 
belonging to the peak of the breakthrough curve cho-
sen for the direct comparison between the two em-
ployed analytical methods, the concentrations of the 
actinides measured with the multi-actinide method and 
AMS mirror the behavior of those measured with SF-
ICP-MS, as it can be seen in Fig. 2 for 242Pu and 
243Am. However, the AMS values are in almost all the 
cases lower than the corresponding ones measured 
with SF-ICP-MS. Since such behavior is observed 
also for 242Pu, we conclude that it does not depend on 
the use of non-isotopic tracers.  

99Tc 
The radiometric determination of the long lived pure 
ß- emitter 99Tc with LSC or gas ionization detection 
presents DL of 10-10 – 10-12 g. Comparable DL are 
achieved with NAA, while significantly higher sensi-
tivity is associated to the mass spectrometric determi-
nation of 99Tc. ICP-MS offers DL of ca. 10-12 g that 
can be lowered down to ca. 10-14 g with the use of an 
electrothermal vaporization device (ETV-ICP-MS). 
The highest sensitivity is achieved with TIMS, RIMS 
and AMS with DL of ca. 10-15 g [2]. The main limita-
tion to the sensitivity of the mass spectrometric analy-
sis of 99Tc is the background of the stable isobar 99Ru, 
which must be reduced both with a chemical separa-
tion of technetium from ruthenium and with additional 
filtering devices in the mass spectrometer. We present 
in this report first results in the determination of 99Tc 
in standard solutions and in the reference material 
(RM) IAEA-443 (radionuclides in Irish Seawater). 

We have tested a chemical procedure for the separa-
tion of technetium from matrix elements and from 
ruthenium, employing TEVA resin [2]. Four samples 
bearing each ca. 1.7 × 109 atoms equivalent to ca. 3 × 
10-13 g of 99Tc were prepared from a 99Tc standard 
solution (GE Healthcare Limited Product code: 
TCZ44). Two of such samples, named STD3.3 and 
STD4.3, were submitted to the extraction chromatog-
raphy together with two aliquots of the RM IAEA-443 
bearing ca. 2 × 109 and 2 × 1010 atoms of 99Tc and 
named RF5.3 and RF6.3, respectively. The remaining 
two standard samples, STD1 and STD2, did not un-
dergo chromatographic separation. The six samples 
were measured at the 13 MV Tandem AMS facility of 
TUM (Garching). A Gas-Filled Analyzing Magnet 
System (GAMS) placed before the ionization chamber 
detector was used in order to further suppress the 
interference from the isobar 99Ru. With this setup the 
suppression of the 99Ru signal has been achieved up to 
4 orders of magnitude, allowing an accurate measure-
ment of 99Tc. The sensitivity of the measurement pro-
cedure is presently at the levels of 107 atoms in a sam-
ple, corresponding to ca. 10-15 g. In Figure 3 the yield 
of the employed chemical procedure is represented 
taking samples STD1 and STD2 as reference. The 
chemical yield for the four samples that underwent 
chemical separation is higher than 80%. We plan to 
increase the overall sensitivity of the method by in-
creasing the ionization yield of 99Tc and testing differ-
ent sputtering matrices for the samples.  
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Fig. 3: Chemical yield of 99Tc chromatographic extraction
from standard solutions (STD3.3 and STD4.3) and from two
aliquots of RM IAEA-443 (RF5.3 and RF6.3) relative to the
standard samples (STD1 and STD2). 

 
Fig. 2: Comparison between the concentrations of 242Pu and
243Am measured with AMS and SF-ICP-MS in ten samples
belonging to the peak of the breakthrough curve of run 13-
05. 
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B. Schimmelpfennig, R. Polly, M. Trumm, M. Altmaier 

In co-operation with:  

P. Lindqvist-Reis, N. lal Banik, A. Baumann, E. Yalcintas, X. Gaona, N. Finck, T. Yokosawa, M. Bouby, 
K. Dardenne, T. Schäfer, H. Geckeis 
 

Introduction 
Computational Chemistry at KIT-INE is a well-
established and very valuable theoretical tool assisting 
and complementing experimental investigations in the 
field of nuclear waste disposal. There is a wide range 
of applications for Computational Chemistry at KIT-
INE: from providing structures of complex chemical 
systems including actinides in solution or solid phase, 
thermodynamic data or reproducing the actual exper-
imental spectra for EXAFS or XANES, to performing 
simulations and visualization of complex chemical 
reactions. The systems under investigation thus vary 
from small complexes in solution to crystal phases or 
mineral/liquid interfaces. New algorithms and the 
constantly improving hardware allow a steady im-
provement of the detailed description of actinide sys-
tems at the level of electronic structure. This lead to 
the possibility to use quantum chemistry as a predic-
tive tool and to suggest further experimental studies.  

Quantum chemical investigation of incorpora-
tion of lanthanides and actinides into iron ox-
ides 
In this study we tackle several different systems: (1) 
the incorporation of Lu3+ into hematite and goethite, 
(2) the incorporation of U6+ into hematite and (3) the 
incorporation of U5+ into magnetite. 

The theoretically sound consideration of iron oxides 
is a great challenge due to the occupation of the 3d 
orbitals of Fe. Fe3+ is a high spin open shell case with 

a 3d5 occupation. The workhorse of solid state theoret-
ical chemistry is density functional theory (DFT) with 
periodic boundary conditions as implemented in 
VASP. However, DFT has severe problems in describ-
ing such highly correlated open shell systems. Con-
ventional DFT provides very unreliable results for 
these systems, therefore we have to employ DFT+U in 
our investigations. 

Fe2+, as present in magnetite, is even more of a chal-
lenge. The occupation of the 3d orbitals in Fe2+ is 3d6. 
Additional to the strong interaction of the 3d electrons 
multi reference effects occur. DFT is not able to deal 
with such systems, but is restricted to single reference 
systems. Hence a careful consideration of the system-
atic error introduced by the inadequate theoretical 
treatment has to be included and the theoretical results 
have to be validated case by case with multi reference 
methods such as the complete active space self-
consistent field (CASSCF) method. Such theoretical 
investigations are routinely done in our laboratory. 

Incorporation of Lu3+ into hematite and goe-
thite 
This study is motivated by different experiments at 
KIT-INE describing the incorporation of Lu3+ into 
hematite and goethite. But, depending on the pre-
treatment of the sample, either preferable incorpora-
tion into hematite or goethite is found. Hence we car-
ried out DFT calculations to help answer this question. 
And provided structural data as well as information 
about the reaction energies [1]. 

The structural data presented in Table 1 shows the 
excellent agreement of experimental EXAFS data with 
our calculated DFT results. This emphasizes the high 

Table 1: Comparison of experimental and theoretical bond 
lengths in hematite and goethite with and without 
incorporation of Lu3+ (all distances in [pm]). 
 

Hematite [1] 
Lu3+ incorporated pure hematite 

r EXAFS DFT+U r EXAFS DFT+U 
Lu-O 219 220 Fe-O 205 202 

Lu-Fe 309 305 Fe-Fe 292 295 
Lu-Fe 342 342    
Lu-Fe 389 378    

Goethite [2] 
Lu3+ incorporated pure goethite 

r EXAFS DFT+U r EXAFS DFT+U 
Lu-O 220 217 Fe-O 194 196 
Lu-Fe 308 302 Fe-Fe 301 302 
Lu-O 332 316 Fe-Fe 321 328 
Lu-Fe 347 350    

(a) 

 

(b)  
Fig. 1: (a) Incorporation of Lu3+ into (a) hematite and (b)
goethite. 
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quality of the DFT results. 
In a second step we determined the reaction energies 

of the incorporation of Lu3+ into hematite and goethite 
using the following reaction 
 
(iron oxide)+Lu(III)  (iron oxide/Lu)+Fe(III). 

Here (iron oxide) could be either hematite or goethite 
and (iron oxide/Lu) denotes the replacement of one 
Fe(III) by Lu(III) in either hematite or goethite. Since 
the energies of the two ions (Fe(III) and Lu(III)) are 
identical for both incorporation reactions we focused 
on the energy differences E(iron oxide/Lu)-E(iron 
oxide/Fe) in order to judge where Lu(III) is incorpo-
rated more likely. For hematite we obtained 
Ehem=Ehematite/Lu-Ehematite=-2.87 eV and for goethite 
Egoe=Egoethite/Lu-Egoethite=-2.75 eV. Since the energy 
difference between hematite and goethite is so small, 
the DFT calculations show that the incorporation of 
Lu(III) should be equally likely for hematite and goe-
thite. This leads to the conclusion that from an ener-
getic point of view the incorporation of Lu3+ into 
hematite and goethite is equally likely and the pre-
treatment of the sample is the deciding factor, whether 
it is incorporated into either of the two iron oxide 
minerals. 

Incorporation of U6+ into hematite 
Duff et al. [3] showed that uranium is incorporated as 
the U6+ ion into hematite and not as an uranyl ion. We 
considered this system with our calculations and found 
very good agreement between the experimental values 
[3] and our calculations. 

Therefore, our calculations confirm the experimental 
findings and the assignment that the U6+ ion is incor-
porated into hematite. 

Incorporation of U5+ into magnetite 
The theoretical consideration of the incorporation of 
U5+ into magnetite poses several challenges for the 
calculations since we have to deal with a variety of 
open shell systems (Fe3+: 3d5, Fe2+: 3d6, U6+: 5f1) sim-
ultaneously. 

The corresponding experiments are currently carried 

out at KIT-INE in the framework of the PhD thesis of 
I. Pidchenko [4] and provide a direct comparison with 
the results obtained with DFT. 

In all three cases, (1) the incorporation of Lu3+ into 
hematite and goethite, (2) the incorporation of U6+ into 
hematite and (3) the incorporation of U5+ into magnet-
ite we find excellent agreement between the experi-
mental EXAFS results and our calculations. Hence, by 
means of these calculations we were able to proof that 
DFT is an adequate theoretical tool for the description 
of lanthanides and actinides into iron oxides. 

Quantum chemistry of ternary Tc(IV)-OH-
CO3 complexes 
We investigated the TcO(OH)kCO3 (k=1,2) and 
Tc(OH)lCO3 (l=3,4) species with multi reference ab 
initio (CASSCF) and first principle methods (DFT). 
The initiating question was whether the 
TcO(OH)kCO3 (k=1,2) or the Tc(OH)lCO3 (l=3,4) 
species are more stable in different pH ranges. We 
answered this question investigating the reaction ener-
gies of 

TcOሺOHሻCOଷ
ି ൅ HଶO ↔ TcሺOHሻ૜COଷ

ି
 

and 
TcOሺOHሻ૛COଷ

ି ൅ HଶO ↔ TcሺOHሻ૝COଷ
ି

 

 
with DFT. We studied these reactions (1) in the 
gas phase, (2) using the conductor-like screening 
model (COSMO) as a continuum solvation model 
and (3) explicitly adding a large number of sol-
vent molecules (100 H2O molecules in our case) 
to these calculations (see Fig. 3). 

As a result, we found that the Tc(OH)lCO3 (l=3,4) 
are significantly more stable compared to the 
TcO(OH)kCO3 (k=1,2) species. 

Table 2: Comparison of experimental and theoretical bond 
lengths in hematite with U6+ incorporated (all distances in 
[pm]). 
 

r EXAFS [3] DFT+U 
U-O 228 208 
U-Fe 319 315 

 

 
Table 3: Comparison of experimental and theoretical bond 
lengths in magnetite with U5+ incorporated (all distances in 
[pm]). 
 

r EXAFS [4] DFT+U 
U-O 217 215 
U-Fe 318 319 
U-Fe 355 355 

 

 
Fig. 2:  Incorporation of U5+ into magnetite. 
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Fundamental understanding of An(III)/ 
Ln(III) separation with N-donor ligands 
With the development of soft nitrogen based extract-
ing ligands An(III) and Ln(III) can be separated effi-
ciently, reaching separation factors over 100. The 
origin of this separation as well as the failure of struc-
turally similar ligands to accomplish separation is still 
a matter of controversy. Hence we performed a theo-
retical investigation of the ligands and their 
An(III)/Ln(III) complexes to shed further light on this 
origin. The Hirshfeld method is a well-established 
atoms-in-molecules approach allowing the computa-
tion of atomic charges and polarizabilities of the ex-
tracting agents. Whereas the nitrogen-charges are very 
close among structurally similar ligands, the polariza-
bilities change significantly depending on the ring-
structure and the side-chain positions. We were able to 
connect these changes to the ligands’ separation fac-
tors by computation of the binding energies (BEs) of 
the corresponding Cm(III) and Gd(III) using state-of-
the art ab initio calculations on the MP2/aug-cc-pVTZ 
level. [5] Using short gas-phase molecular dynamics 
(MD) simulations we proposed the existence of an 
optimal separation zone (Fig. 4), a ratio of polarizabil-
ities of the coordinating nitrogen atoms that results in 
an optimum separation. This approach explains the 
superiority of the bis-triazine-pyridine (BTP) ligands 
of the structurally similar bis-diazine-pyridine (BDP) 
and bis-tetrazine-pyridine (BQP) ligands in perfect 
agreement with the experimental study of these lig-
ands by Beele et al. [6] Based on these results a varie-
ty of new extracting ligands have been proposed and 
are currently being synthesized. They will allow a 
methodical comparison of the polarizabilities to meas-

ured NMR-shieldings which could identify higher 
covalence in the actinide-bonds. 
To pursue the investigation further we used the com-
puted atomic properties as well as BEs to adjust force 
field parameters for some of the aforementioned lig-
ands. With the help of these parameters MD simula-
tions of iPr-BTP and CyMe4-BTP, two relevant ex-
tracting ligands, have been performed in a simulation 
box consisting of 1000 water molecules. Snapshots 
taken from these simulations were used as input to 
excitation-energy calculations on the DFT level. The 
resulting energies give rise to UV/vis spectra in solu-
tion which are in perfect agreement with the experi-
mental spectra (Fig. 5). [7]  

In further studies we plan to investigate the depend-
ence of the spectra on the concentration of the organic 
solvent. In recent years water soluble versions of the 
BTP and BTBP ligands have been developed. [8,9] 
Whereas there have been studies reporting the intru-
sion of nitrate in the first coordination shell of An(III)-
BTBP complexes under certain conditions, the intru-
sion of water molecules has not yet been observed. To 
clarify the coordination form for the water soluble 
SO3-Ph-BTBP ligand we combined the computation 
of vibrational frequencies with TRLFS and VSB 
measurements. TRLFS life-times of the [Cm(SO3-Ph-
BTBP)2]

5- complex in both H2O and D2O show an 
increase from 173 µs to 394 µs suggesting the coordi-
nation of water molecules in the first hydration shell 
increasing the quenching. 

 

 
 

Fig. 3: Tc(OH)4CO3 in the gas phase and with 100 water
molecules.  

Fig. 4: An(III)/Gd(III) separation as a function of the coor-
dinating nitrogen atoms’ polarizabilities α obtained by MD
simulations. 

 

Fig. 5: Computed iPr-BTP absorption spectra in gas-phase
(top) and solution (middle) in comparison with the experi-
mental spectrum (bottom). 
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Also vibronic side-bands recorded for the system in 
D2O show the characteristic DO-vibration from 2100-
2480 cm-1 which is in good agreement with the theo-
retical prediction of 2100-2290 cm-1. Computed bind-
ing energies on the MP2/def-TZVP level suggest the 
coordination of two water molecules in the first coor-
dination shell leading to a D2 symmetrical complex 
(Fig. 6). 

Vibrational spectra of Cm(III)aq 

Within the ongoing studies on differences between 
trivalent actinides and lanthanides many different 
techniques have been used to highlight various proper-
ties of the ions. Vibronic side bands of the nona-
hydrated M(III) ion in [M(H2O)9](CF3SO3)3 (M = La, 
Y) and [Y(H2O)9](C2H5SO3)3 salts have been reported 
by Lindqvist-Reis et al. [10] Recently we recorded 
vibronic spectra of the Cm(III) aquo ion in the tem-
perature range 20 – 100°C. With increasing tempera-
ture, a red-shift of the HO vibrations is observed that 
we attribute to an increasing 8-fold coordinated spe-
cies (Fig. 7).  

This is as well confirmed by ab initio molecular dy-
namics (AIMD) simulations. Here we first optimized a 
structure of a nona-coordinated [Cm(H2O)63]

3+ 
complex as a starting structure for the simulation. 
Within the time-frame of circa 10 ps a decrease of the 

coordination number from 9.0 to 8.4 upon increasing 
the temperatures from 20 °C to 200 °C was observed. 
Corresponding vibrational spectra were determined by 
Fourier-transformation of the velocity auto-correlation 
function in very good agreement with the measure-
ments. The length of the AIMD time-frame, however, 
is not sufficient to provide sophisticated data concern-
ing coordination numbers as average exchange rates 
between the hydration shells are larger than 100 ps. To 
overcome these limitations classical force-field calcu-
lations on the ns time scale have been performed. The 
force-field parameters have been adjusted to state-of-
the-art ab initio calculations. [11] A similar trend was 
observed for the coordination number along a 10 ns 
trajectory of a Cm(III) ion solvated in a cubic box of 
1000 water molecules (Fig. 7). A decrease from 8.9 
water molecules with a mean bond distance of 2.50 Å 
at 20°C to 8.7 at 200°C was determined by analysis of 
the radial distribution functions. The same setup was 
used for the Gd(III) aquo-ion. In this case, however, 
the VSB spectra suggest a blue-shift of the OH vibra-
tional manifold. The corresponding AIMD simulations 
are currently being performed and will be analyzed to 

 
Fig. 6: Optimized complex structure of
[Cm(SO3-Ph-BTBP)2(H2O)2]

5-. 
 

Fig. 7: Measured VSBS (circles) and simulated (lines) vi-
brational spectra of Cm(III)aq from 20 – 200 °C. 

 
Fig. 9: Mean An-O bond distance vs. An(IV) ionic radii for
8, 9, and 10-coordinated An4+ aqua ions from a) EXAFS
data of An4+ ions in aqueous solutions, single crystal XRD
data of [Th(H2O)10]Br4, and b) quantum chemical data of
[An(H2O)10]

4+, [An(H2O)9]
4+H2O, and [An(H2O)8]

4+

(H2O)2 clusters. The lines represent mean An-O bond dis-
tances of hydrated An4+ ions in 8, 9, and 10-coordination. 

Fig. 8: (U)-MP2 gas-phase optimized isomeric structures  
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explain this surprising difference in the temperature 
dependence of both ions. Classical MD simulations 
suggest a smaller coordination number of 8.6 with a 
mean distance 2.44 Å at ambient conditions in accord-
ance with earlier studies on lanthanide hydration. 

Tetravalent An(IV) in aqueous solution  
A combined theoretical and experimental approach 
was used to investigate tetravalent actinides in aque-
ous solution with 8-, 9- and 10-fold coordination as 
shown in Fig. 8.  

The computed bond distances show some systematic 
shift compared to the experiment but follow the trend 
along the series compared to the ionic radii (Fig. 9). A 
careful analysis of the data confirmed Pa(IV) to be 
nine-fold coordinated, Bk(IV) to be eight-fold coordi-
nated and a Curium break just as for the trivalent acti-
nides [12].  
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9 (Radio-)chemical analysis 

At INE a pool of advanced analytical techniques, well-developed procedures and competences in radio-
analytical sample preparation, handling and technical skills are available. These capabilities are not only needed 
for the R&D projects of the institute but also requested by external clients, e.g., in the fields of decommissioning 
of nuclear installations, nuclear waste declaration, quality control of radio-analytical separation materials and of 
radiopharmaceuticals. A special focus is in mass spectrometry techniques that are adapted and improved for 
trace element analysis and speciation studies of actinides and fission products. The use of hyphenated tech-
niques, like Sector Field (SF)-ICP-MS or Collision Cell Quadrupole CC-Q-ICP-MS coupled to species sensitive 
methods, e.g., to capillary electrophoresis (CE) or ion chromatography (IC), enables speciation of actinide, of 
fission product and iron redox states. Supersensitive determination of actinides and 99Tc below ppq levels in 
ground-, surface and seawater is achieved by accelerator mass spectrometry (AMS); see chapter 9.5 for further 
details. New separation methods are developed for the simultaneous investigation of actinides, i.e., Np and Pu, in 
environmental samples, e.g., clay deposits. Additionally, the analytical group supports the INE infrastructure, is 
involved in various teaching activities and is responsible for education of chemical laboratory assistants. 
 
M. Plaschke, A. Bauer, N. Banik, K. Bender, M. Böttle, L. Böringer, M. Fuss, F.W. Geyer, C.-H. Graser, 
S. Heck, S. Hilpp, A. Kaufmann, T. Kisely, M. Lagos, C.M. Marquardt, S. Moisei-Rabung, F. Quinto, T. Renz, 
E. Rolgejzer, J. A. Schäfer, A. Seither, C. Walschburger, and H. Geckeis 

 
  

(Radio-)chemical analysis for the INE R&D 
projects 
Advanced analytical techniques, well-developed pro-
cedures, competence in the fields of radio-analytical 
sample preparation and separation techniques, ele-
mental and isotope analysis, chromatographic meth-
ods and nuclear spectroscopic techniques are the core 
competences of the INE analytical group. Our person-
nel is trained in handling of nuclear samples and in 
the operation and maintenance of instruments adapted 
to glove boxes. Several analytical techniques listed in 
Table 1 are available both in inactive and active labs. 
In the reporting period over twenty thousand samples 
are routinely analyzed providing the data mainly for 
the INE R&D projects but also for external clients 
(see next paragraph).  

Our routine instrumentation is continuously im-
proved and modernized, e.g., in 2015 a new carbon 
analyzer was installed. For element and isotope analy-
sis sensitive ICP optical emission and different types 
of mass spectrometers are available. For the higher 
concentration range two ICP-OES (a Perkin Elmer 
Optima 4300 adapted to a glove box, and an Optima 
8300) are available. For the lower concentration 
range, our ICP-MS equipment includes two quadru-
pole instruments (a Perkin Elmer Elan 6100 adapted 
to a glove-box, and a Thermo X-Series2 equipped 
with reaction/collision cell technology) and a sector 
field SF-ICP-MS (a Thermo Element XR/2 adapted to 
a glove box). SF-ICP-MS provides detection limits 
for transuranium elements as low as ~10-14 mol/L 
(lower ppq range) and elevated mass resolution (up to 
10.000) which is beneficial for accurate determination 
of elements suffering from interfering species, e.g., Fe 
or Se (see below). Even lower detection limits, down 
to 104 actinide atoms per sample, can be obtained by 
Acceleration Mass Spectrometry (AMS). For such 
ultra-trace determination of actinides [1] and 99Tc, we 
maintain close co-operations with the AMS communi-

ty at national and international facilities (cf chapter 
9.5). 

Commercial Analytical Services 
Commercial analytical service is offered to various 
clients on the basis of formal contract agreements. 
Data are recorded, documented and quality controlled 
according to the requirements of the clients. 
 
Quality Control of Radiopharmaceuticals 
A 223Ra containing alpha-radiopharmaceutical is regu-
larly analyzed with regard to toxic heavy metal trace 
impurities. 223Ra acts as a calcium mimic and is indi-
cated for patients suffering from bone metastases. Due 
to the short penetration of the alpha emitter, a highly-
localized tumor cell killing is achieved with minimal 
damage to surrounding healthy tissue. The radio-
pharmaceutical is successfully introduced in the mar-
ket and the number of samples measured at INE is 
markedly increasing in 2015. 
 
Nuclear Waste Treatment and Decommissioning of 
Nuclear Facilities (WAK-HDB) 
Samples from the WAK-HDB (Wiederaufarbei-
tungsanlage Karlsruhe GmbH, Hauptabteilung 
Dekontaminationsbetriebe) are classified according to 
their origin in samples from the HDB incineration 
(ashes) or LAW evaporation plants (liquid concen-
trates), annually averaged samples, samples from 
decommissioning of nuclear facilities and others. 
Samples are processed by radio-analytical separation 
methods and analyzed using elemental, isotope and 
nuclear spectroscopic techniques in order to obtain 
isotope concentrations and vectors. The nuclides rou-
tinely determined include (but are not limited to): 
55Fe, 63Ni, 90Sr, 233,234,235,236,238U, 238,239,240,241,242Pu, 
241Am and 242,243+244Cm. Starting fall 2015 90Sr is fur-
thermore determined in all routine samples. 
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Quality Control of Separation Resins  
INE is the quality control lab of the TRISKEM Sr 
separation resin. Our analytical service comprises the 
determination of the capacity of the Sr resin, column 
tests, determination of possible interferences and 
carbon analysis of eluted organic material. On aver-
age, one sample batch of Sr resin is analyzed each 
month.  

Development of a method for the simultane-
ous determination of Np and Pu in clay sam-
ples using mass spectrometry 
Depending on the redox state, neptunium (Np) and 
plutonium (Pu) can form highly mobile species under 
various environmental conditions. This makes them 
two of the most relevant radioelements of concern for 
the long-term disposal of nuclear waste. Clay for-
mations are under consideration as a potential host 
rock for disposal of high-level nuclear waste. In the 
framework of experiments studying the diffusion 
behavior and retention potential of actinides in clay, 
an analytical procedure for the determination of Np 
and Pu at femto- to atto-gram levels in clay(rock) 
samples is required. Np lacks a long-lived isotope 
which can be obtained isotopically pure enough to 
serve as isotopic yield-tracer for the analysis of 237Np. 
A method is developed where a Pu isotope is used as 
non-isotopic yield tracer for the determination of 
237Np in clay samples with mass spectrometric tech-
niques. Fields of application are the investigation of 
the diffusion behavior of actinides in compacted clay 
liners used as technical barriers in nuclear waste re-
positories and of global fallout actinides in environ-
mental clay-rich samples, considered as natural ana-
logues. 
Clay samples are spiked with characterized in-house 
solutions of 242Pu and 237Np. The presented analytical 
method, includes a) leaching of the spiked clay sam-

ples, b) redox adjustments and pre-concentration of 
Np and Pu using iron-hydroxide co-precipitation, c) 
chromatographic separation of Pu and Np from the 
sample matrix and d) measurement of the actinides 
with Sector Field (SF)ICP-MS and Quadrupole 
(Q)ICP-MS. After leaching with aqua regia and sub-
sequent co-precipitation, Np and Pu are stabilized as 
tetravalent nitrato-complexes, which is a prerequisite 
for the subsequent chromatographic co-extraction 
using TEVA® resin.  

Our experimental results show that accurate pH ad-
justment during the reductive co-precipitation and 
short processing times are vital steps in order to ob-
tain yield ratios close to 1, as well as high chemical 
yields. The analytical procedure is successfully ap-
plied to montmorillonite (SWy-2) and illite (Illite du 
Puy) clay up to 1 g sample size allowing for high 
chemical yields between 80 and 90 % (not shown). 
Values of chemical yield ratios of the two investigated 
nuclides (yieldNp/yieldPu) close to 1 prove the suitabil-
ity of Pu as non-isotopic yield tracer for determination 
of 237Np in clay samples (Fig. 1).  

The method aims at future applications using accel-
eration mass spectrometry (AMS) and meets the spe-
cific requirements of this method. It is planned to 
apply the method to the ultra-trace analysis of acti-
nides in natural near-surface clay stones for the study 
of sorption and migration phenomena of global fall-
out actinides and for the determination of actinide 
background concentrations. 

Redox speciation of Selenium by CE-SF-ICP-
MS  
Both the geochemical conditions, in particular host 
rock and groundwater composition, and the layout and 
components of a nuclear waste repository determine 
the evolution of redox potentials. At the same time, 
the solubility, sorption and migration behavior of 
redox-sensitive radioelements, like the long-lived 
fission products (e.g., Tc, Se) and actinides (e.g., U, 
Np, Pu), are controlled by their redox states.  

 
Fig. 1: Ratio of the chemical yields of Np/Pu in the eluate:
D1 and D2 (100 mg SWy-2), D3 and D4 (100 mg Illite du
Puy), D5 and D6 (1g SWy-2); [Pu]added = 0,86 ng, [Np]added

= 1,08 ng, error bars 1 SD. 

 

Table 1: Analytical techniques available at INE 

Elemental and Isotope Analysis 
Quadrupole Inductively Coupled Mass Spectrometry (Q-ICP-MS)
Collision Cell Q-ICP-MS (CC-Q-ICP-MS) 
Sector Field ICP-MS (SF-ICP-MS) 
Inductively Coupled Optical Emission Spectrometry (ICP-OES) 
Atomic Absorption Spectrometry (AAS)  
Flame Atomic Emission Spectrometry (F-AES) 
X-Ray Fluorescence Spectrometry (XRF) 
 
Nuclear Spectroscopic Methods 
Alphaspectrometry 
Liquid Scintillation Counting (LSC, conventional/high sensitivity)
Gammaspectrometry (with auto-sampler)  
 
Other Methods 
Ion Chromatography (IC) for cations and anions 
Gas Chromatography (GC) 
Carbon Analysis (TOC, DOC, TIC, NPOC) 
Specific Surface Area Analysis (BET) 
Differential Thermal Analysis (DTA) 
Dilatometry 
Fusion and Microwave Digestions 
Gravimetry and Titrations 
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It is, therefore, of great importance to predict the 
behavior of such redox sensitive radionuclides during 
the evolution of a nuclear waste repository. In the case 
of 79Se (t1/2= 4.8·105 a), the redox chemistry of Sele-
nium, which is characterized by four oxidation states, 
Se(-II), Se(0), Se(IV) and Se(VI), needs to be under-
stood with respect to the geochemical conditions 
present in a waste repository site. 

By hyphenating a capillary electrophoresis (CE) to a 
high resolution SF-ICP-MS it is possible to derive 
redox species distribution data in different matrices at 
trace concentration levels [2]. In order to determine 
the redox speciation of Selenium, a CE device 
(Beckman Coulter P/ACE) was hyphenated to a SF-
ICP-MS (Thermo Element XR). The carrier electro-
lyte was prepared from 1,2,4,5-benzenetetra-
carboxylic acid (pyromellitic acid, Merck, Darmstadt) 
with a concentration of 3.8 mM. Hexamethonium 
chloride with a concentration of 1.3 mM was used as 
an electroosmotic flow modifier. The pH was adjusted 
to 10 with triethanolamine (1.6 mM) and sodium 
hydroxide (1.0 mM) [3]. Selenium stock solutions 
were prepared from iron(II)selenide (99.9% metals 
basis, AlfaAesar) and from sodium selenite (99.9% 
metals basis, Alfa Aesar). All solutions were handled 
under argon atmosphere. The CE separation voltage 
was adjusted to -25 kV in reverse polarity mode. The 
neutral species added to the sample in order to deter-
mine the electroosmotic flow was 1M 2-bromoethanol 
solution in 2% nitric acid (ultrapure; named eof mark-
er). The mass spectrometer was set to medium resolu-
tion mode (R = 4000), allowing for the suppression of 
spectral interferences. The analyzed selenium isotopes 
were 82Se and 77Se. 

With this setup it was possible to separate two Seleni-
um species, Se(-II) and Se(VI), within a 20 minutes’ 
measurement time (Figure 2). The calculation of the 
experimental electrophoretic mobility μ(exp.) was 
done by inserting the migration times of the analytes 
and the eof marker in equation (1): 
 

μሺexp.ሻൌ	
l2

U
∙ሺ

1

tspecies
‐	

1

tmarker
ሻ  (1) 

 
where l = capillary length [cm]; U = separation volt-
age [V]; tspecies = migration time of the analyte [s]; 
tmarker = migration time of the eof marker [s]. 
 
The calculated experimental electrophoretic mobilities 
for Se(-II) and Se(VI) are: 
 

µ(exp.)Se(-II) = 1.57·10-5 cm2V-1s-1 
µ(exp.)Se(VI) = 4.28·10-5 cm2V-1s-1 

 
The detection limit (DL) is calculated based on the 
3·σ criterion. For 77Se and 82Se, with natural abun-
dances of 7.6 and 9.4%, DL are determined to 1·10-7 
and 5·10-7 M, respectively. 
 
The present results demonstrate that capillary electro-
phoresis hyphenated to a high resolution sector field 
mass spectrometer is capable to conduct redox specia-
tion analysis of Selenium. Future developments aim at 
lowering the detection limits to trace concentration 
levels, e.g., by the application of the hydride genera-
tion technique. 
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Fig. 2: Determination of a Se(-II) and a Se(VI) standard
solution by CE-SF-ICP-MS; cSe = 1·10-5 M; pH=10; see
text. 
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10 Radiation protection research 

Radiation Protection Research at KIT-INE deals with the assessment of radiation exposures by estimation of 
doses from external radiation fields or from intakes of radionuclides. The techniques applied for assessing radia-
tion exposures are direct measurements and numerical simulation of radiation fields, as well as numerical simu-
lation of individual dosimetry for working scenarios in the vicinity of various radiation fields. During 2015, 
research activities have been focused on the development of techniques and models for an individualized dosim-
etry taking into account not only the radiation fields but also the individual itself, considering anatomical proper-
ties and body movements. Investigations presented in this chapter deal with individual dosimetry of personnel in 
a generic deep geological repository for heat-generating waste, development of a novel radiation detector to 
assess radioactive surface contamination and numerical simulations with respect to nano- and microdosimetry. 
Close collaborations are established with national and international partners in networks such as “Strahlung und 
Umwelt” in Competence Alliance Radiation Research KVSF and the European Radiation Dosimetry Group 
(EURADOS). 
 

10.1 Modeling of individual dosimetry for working scenarios with 
respect to emplacement of spent nuclear fuel canister in a 
rock salt repository  

F. Becker; V. Metz; B. Pang; H. Saurí Suárez  

 
 

Introduction 
A responsible and safe management of radioactive 
residues, especially heat-generating waste from com-
mercial nuclear power plants, is a complex subject of 
social controversies, unresolved conflicts and uncer-
tainties. The interdisciplinary research platform “EN-
TRIA” has been established to develop evaluation 
principles for comparison of different options for the 
management of heat-generating waste. Three generic 
disposal and storage concepts are studied in the re-
search platform, i.e. emplacement in deep geological 
formations with monitoring and retrievability 
measures, deep disposal without retrievability 
measures, and prolonged surface storage. Certain 
working scenarios in the storage / disposal facilities 
might lead to an enhanced level of radiation exposure 
for workers. Hence, a realistic estimation of the per-
sonal dose during individual working scenarios is 
desired. In this sub-chapter, we describe our model-
ling of individual dosimetry of personnel involved in 
emplacement of canisters with spent nuclear fuel 
(SNF) in a generic repository.  

Modelling of a canister with SNF elements 
The POLLUX-10 cask is designed as a technical 
barrier to prevent the release of the radioactive nu-
clides contained in the nuclear waste as well as to 
facilitate a proper protection of the workers from 
radiation [1]. Some simplifications were assumed to 
model the canister with MCNP6 [2] as shown in Fig-
ure 1. The nuclear waste stored inside the internal 
cask was assumed as a homogeneous mixture, which 
is modelled as an isotropic volumetric source in 
MCNP6. The fuel zone was divided in two parts: An 
active one, which represents the fuel pellets and the 
structural materials, and an inactive one, which repre-
sents the top and bottom of the fuel assemblies.  

According to the composition of spent nuclear fuel of 
German light water reactors to be disposed of (given 
in [3]), the studied representative fuel is a mixture of 
89% DWR-UO2 and 11% DWR-MOX spent nuclear 
fuel assemblies. The time between unloading from 
reactor and final disposal was assumed to be 50 years. 
At the time of final disposal 244Cm is the main con-
tributor to radiation exposure due to the neutrons 
coming from its spontaneous fission.  

The horizontal emplacement drift is located in a ge-
neric rock salt repository. The geometry and proper-
ties of the emplacement drift was adapted from [4] 
and implemented in a MCNP6 model (see Figure 2). 

Modelling of a human phantom  
A worker inside the gallery is represented with a sim-
plified anthropomorphic phantom. The phantom is a 

 
Fig. 1: Simplified MCNP6 model of a POLLUX-10 cask 
loaded with spent nuclear fuel elements. 
 

Fig. 2: Simplified MCNP6 model of a POLLUX-10 cask in 
an emplacement drift of a rock salt repository. 
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virtual representation of the BOMAB (BOttle MAn-
nikin ABsorber) phantom [5] which represents the 
head, neck chest, abdomen, thighs, calves, and arms 
with cylinders or elliptical cylinders. Figure 3 shows a 
representation of the phantom in MCNP6. 

To obtain the depth-dose curve, a four centimeters 
radius cylindrical detector is modelled in the center of 
the chest. The detector crosses the chest and allows to 
register the dose rate every 0.1 mm of the 20 centime-
ters thick chest (see red cylinder in Figure 3).  
Depth-dose curves are calculated for the phantom 
placed at 1, 5 and 10 meters’ distance from the POL-
LUX. For the 5 meters’ position, simulations were 
also performed with the phantom at angles of 0°, 45°, 
and 90° with respect to the POLLUX symmetrical 
axis as shown in Figure 4. 
 
Influence of the distance between source and phan-
tom on the depth-dose curve 
Figure 5 shows the variation of the dose rate with the 
tissue depth (depth-dose curve) for different distances 
of the phantom from the POLLUX. A decrease of the 
dose rate is observed until 170 mm. An increase when 
approaching to 200 millimeters is attributed to the 
backscattered radiation from the salt rock layer that 
has an impact on the radiation exposure from the back 
side of the phantom. The highest dose rates occur at 
the first two millimeters.  
 
Influence of the angle between the phantom and 
the POLLUX-10 on the depth-dose curve  
When rotating the phantom, the depth-dose curve 
changes significantly as shown in Figure 6. The dose 
rate at the front of the phantom decreases with in-
creasing angles, while the dose rate at the back in-
creases. The backscattered radiation plays a more 
significant role in the received dose when the angle 
increases. This effect can be explained by the decreas-

ing of the relative distance of the detector to the salt 
rock layer and the increased shielding of the direct 
radiation from the POLLUX by shoulder and arm. In 
Figure 6 the results for the POLLUX free in air, i.e. 
without backscattering radiation, are also presented.  
The strong influence of the backscattering from the 
walls is confirmed while effects of shielding by 
shoulder and arm play a minor role.  

If a worker wears only one dosimeter on the front of 
the torso, the personal exposure might be underesti-
mated when the worker is not facing the POLLUX. 
Wearing two dosimeters, one on the front and the 
other one on the back of the torso, can reduce the 
angular dependence of the individual dose estimation. 
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Fig. 3: Representation of the BOMAB phantom in the
MCNP6 model. 

 
Fig. 4: Different angles of the BOMAB phantom with re-
spect to the POLLUX-10 cask. 

 
Fig. 5: Influence of the distance of the phantom from the 
POLLUX-10 cask on the depth-dose curve. 

 

 
Fig. 6: Influence of the angle between the phantom and the 
POLLUX-10 cask on the depth-dose curve. 
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10.2 A novel radiation detector for deconstruction and decommissioning 
of nuclear buildings   

F. Becker; S. Gentes; P. Kern  
 
 

Introduction 
In the framework of the research project Manipulator 
Operated Release Measurement of Surfaces (MAFRO 
– Manipulatorgesteuertes Freimessen von Ober-
flächen), located at the KIT Department of Decon-
struction and Decommissioning of Conventional and 
Nuclear Buildings, a novel radiation detector to assess 
radioactive surface contamination was investigated. 
Such a detector is destined as an equipment compo-
nent of a climbing robot for locomotion on walls. 

The major challenge in the construction of the de-
tector was to ensure a distinction between alpha and 
beta radiation and to allow for measurements in cor-
ners. As a result, a rectangular shaped detector was 
constructed [1] consisting of five sensitive scintilla-
tion areas (see Fig. 1). 

Methodology 
The radiation-sensitive five sides of the detector (front 
surface 10 x 10 cm2, and four side surfaces, each with 
10 x 5 cm2) are coated with silver-activated zinc sul-
fide followed by a 0.5 mm thick scintillator layer of 
polystyrene. The scintillator layers are coupled to a 
block of Plexiglas, which acts as light guide to the 
photomultiplier. To avoid damages of the five radia-
tion-sensitive sides of the detector, they are enclosed 
with a protective grid (see photo in Fig. 1). α-particles 
are stopped and registered in the thin ZnS-layer while 
β-particles depose their energy mainly in the polysty-
rene. A choice of a thin β-sensitive layer ensures the 
reduction of events stemming from -rays. Pulse 
height discrimination allows for a distinction between 
α- and β-radiation, since α-particles cause signals 
stronger than β-particles. Two signal channels with 
different adjustable pulse height levels are provided 
by the detector. Hence, one channel provides α- and 
the other β-counting. 

Results and discussion 
Different sources, emitting α-, β-, and/or γ-particles 
were employed to study the detector response. Exem-
plary experimental results obtained with two point 
sources are presented in the following. Po-210 was 
employed as an alpha emitter and Sr-90/Y-90 as a 
beta emitting source. The pulse height levels of the 
detector were adjusted to 0 - 2500 mV and 2700 - 
5000 mV, for the β- and α-counting, respectively. In 
this way, after subtracting the background, 83 % of 
the total events are registered in the α-channel in case 
of Po-210, while employing the Sr-90/Y-90 source 
yields 97 % of the events in the β-channel. As a result, 
with the chosen pulse height discriminator settings, in 
case of α-counting an efficient α-β-discrimination 
with only 3% spill-over of β-pulses into the α-channel 
was obtained.  

The operation of the detector on a climbing robot 
requires measurements to be performed at variable 
distances from the wall surface. The knowledge of the 
detection efficiency at a given distance to the wall 
surface is essential in particular for the measurement 
of alpha contamination. Therefore, experiments were 
performed varying the distance between the source 
and detector. For this purpose, an apparatus was con-
structed to position the detector in a vertical or hori-
zontal position, i.e. the front surface or one of the side 
surfaces facing the source, respectively. 
Results for the alpha emitter Po-210 and the beta 

 
 
Fig. 1: Schematic diagram (left) and photo (right) of the
rectangular shaped scintillation detector. 

Fig. 2: Measured IPS vs. the distance of the alpha emitter 
Po-210 to the detector’s protective grid 
 

Fig. 3: Measured IPS vs. the distance of the beta source Sr-
90/Y-90 to the detector’s protective grid 
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emitter Sr-90/Y-90 are shown in figure 2 and 3, re-
spectively. The measured counts per second (IPS) are 
background corrected and plotted against the distance 
of the source to the detector’s protective grid. The 
known fact that α-particles range only up to a few 
centimeters in air, whereas β-particles could pass 
several hundred centimeters in air, is clearly visible. A 
polynomial fit through the data points yields a func-
tion proving distance dependent correction factors. 
Using e.g. a laser to monitor the distance of the detec-
tor to the wall surface allows together with the dis-
tance correction function to obtain the extrapolated 
information of the IPS on the surface.  

The ratio of the detected IPS to the activity of the 
source in Bq defines the counting efficiency . For 
the α-source placed on the protective grid in front of 
the detector  amounted to 14 %, while 13 % for the 
β-source could be achieved. Irradiation of different 
sides of the detector showed that  of a side surface 
compared to the front surface has no difference within 
the measurement uncertainty (sources placed on the 

center of the surface). Hence efficient detection in 
corners is ensured. 
A calibrated detector would give in turn the infor-
mation on the surface’s activity for the two channels 
beta and alpha. These activities can be evaluated with 
respect to release limits of the Radiation Protection 
Ordinance to decide for further measures. 

Concluding, the novel radiation detector for decon-
struction and decommissioning of nuclear buildings 
proved its suitability with respect to fundamental 
source measurements. Further investigations, e.g. its 
application on a climbing robot system together with a 
computer-assisted evaluation of contamination levels, 
are in progress within in the framework of MAFRO. 
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10.3 Stochastic chemistry for human-cell equivalent systems   
B. Heide, V. Metz  

 
 
The biological effect of ionizing radiation is mainly 
caused by radiolytic / radiation induced damages of 
the DNA in cells [1]. Ionizing radiation interacts to 
some extent directly with DNA chains. However, 
the radiation reacts mostly with the intercellular 
fluid, resulting in radicals and molecular radiolysis 
products. In particular for radiation with a low 
linear-energy-transfer (LET), the production of 
hydroxyl radicals (OH) due to radiolysis of H2O, 
the main constituent of the intercellular fluid, is if 
importance. Hydroxyl radicals may diffuse over 
distances of several nm to react with DNA or pro-
teins [1]. Since the hydroxyl radical is considered 
as the most aggressive product of water radiolysis 
with respect to the indirect effect of ionizing radia-
tions on DNA, the indirect action exceeds the direct 
action of radiation, especially for low LET radia-
tion. 

Using the Geant4-DNA software package [2,3], 
both actions of radiation are taken into account to 
assess the hazard of radiation to human cells. The 
present radiolysis module of Geant4-DNA refers to 
interactions of radiation with pure water, only. The 
intercellular fluid, however, also contains chloride 

in considerable concentrations. For instance, the 
human blood serum contains 0.098 to 0.109 mol/L 
chloride. Chloride reacts with hydroxyl radical to 
produce the oxidative anion ClOH-. G-values of 
primary radiolysis products in chloride bearing 
solutions were studied in concentrated solutions 
[4,5,6]. However, there is a lack of radiolysis data 
for aqueous solutions with physiological relevant 
chloride concentrations. 

In the present study we investigate the effect of 
chloride on the radiolytic yield in human-cell 
equivalent systems. In order to implement the radi-
olysis induced reaction Cl- + OH  ClOH- into the 
radiolysis module of Geant4-DNA, we developed a 
code to calculate G-values of the various radiolysis 
products. For radiolysis of pure water, results of our 
calculations were compared to published simula-
tions with Geant4-DNA. The validation was done 
by comparing our G values with those of [2] with 
respect to protons impinging on a cube of water; cf. 
figures 1 and 2.  

The agreement between our G values and the ones 
of Karamitros et al. [2] seems to be sufficient for 
intermediate time intervals. Some differences are 
observed for G-values of hydroxyl radicals for the 
initial time interval of less than 10 ps and time 
intervals longer than 104 ps (Fig. 2). These differ-
ences may by caused by different parameters of one 
or more of the default Geant4-DNA model classes. 
A careful investigation of this matter is being done. 
Nevertheless, the good agreement of the main tem-
poral evolution of the G-values may indicate that no 
principal error is present in our simulations. 
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Fig. 1: Time-dependent yield of solvated electrons for
500 keV protons impinging on a cube (edge length 5 µm)
of water.  

 

Fig. 2: Time-dependent hydroxyl radical yield for 500
keV protons impinging on a cube (edge length 5 µm) of
water.  
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11 Geoenergy 

The focus of geoenergy research at INE concerns mainly geothermal energy research in fractured reservoir sys-
tems with special focus on Enhanced Geothermal Systems (EGS). The technical feasibility of EGS has first been 
demonstrated in fractured crystalline basement at the Soultz-sous Forêts project (France). Different hydraulic 
experiments were performed in four wells at three different reservoir levels located between 2 and 5 km depth. 
These measures enhanced significantly the hydraulic yield of these reservoirs, in some instances by about two 
orders of magnitude. We identify cyclic injection in combination with circulation between wells reaching excep-
tional high hydraulic yield at comparatively low injected volume. The Soultz data provide also indication on how 
to maximize injection and minimize induced seismicity [1]. Such findings have been further investigated on 
medium-scale in the Äspö Hard Rock Laboratory (Äspö HRL, Sweden) [2]. In this respect, new monitoring 
approaches have been successfully tested. Here, pressure-dependent variation of electromagnetic emission sig-
nals is indicated at the frequency range acoustic emissions. This applies to both, continuous pressure increase 
during injection and pressure drop due to failure of the rock. To meet the evolving needs to carry out more EGS-
specific experiments in underground research laboratories, a preliminary study on the condition of the southern 
Black Forest-Odenwald complex for a Geothermal Laboratory in Crystalline Basement (GeoLaB) has been car-
ried out [3]. This site aims on closing the gap between geothermal researches on reservoir- and laboratory-scale. 
The latter at INE concerns mainly the influence of rough and altered surfaces on clay mineral transport. Alt-
hough in simplified geometries and under low ionic and low flow rate groundwater conditions first experiments 
reveal the significant effect of fracture roughness and orientation on colloid deposition [4].  
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Introduction 
In Europe, major geothermal resources outside of the 
volcanic or metamorphic complexes in Iceland and 
Italy are contained within deep fractured crystalline 
rock at high differential stresses. Economic viable 
projects require about 50L/s of flow at temperature 
>130°C. There are a number of scientific challenges 
that limit environmentally friendly development of 
deep geothermal energy in these geothermal fields, 
today. Key issues relate mainly to sensible seismicity 
during enhancement of the reservoir performance and 
operation, as well as radioactive scaling.  

The geothermal research at INE is embedded into 
Helmholtz Portfolio project Environmentally friendly 
provision of local energy from georesources – Geoen-
ergy and the Helmholtz program Renewable Energies. 
Its scientific program addresses the issues of econom-
ically viable condition and low environmental impact 
by advanced exploration and monitoring methods. In 
this respect, fundamental research is needed in partic-
ular on the relations between fluid circulation, hydro-
mechanics, alteration and geophysical properties such 
as electric resistivity. At present, the majority of the 
phenomena are investigated at reservoir level. This 
concerns the investigation of hydraulic condition in 
natural geothermal systems and based on this, the 
understanding of reservoir engineering techniques for 
the crystalline basement. Furthermore, new monitor-
ing techniques are developed in order to study of 
processes related to reservoir engineering. First labor-

atory experiments have been started to study specific 
issues under controlled condition. This activity will be 
intensified at KIT–INE in the coming years.  

INE is strongly involved in the preparation of the 
large-scale research infrastructure application Geo-
LaB. GeoLaB is planned as large-scale underground 
research facility for controlled high flow-rate (CHFE) 
experiments in fractured, crystalline basement. With 
the aim to investigate hydraulic, hydro-mechanic and 
heat transfer processes, and existing mine is envisaged 
to be equipped for such experiments. In this respect, 
exploration methods for the crystalline basement are 
validated and extended to larger frequency bands. 
This includes comparable to acoustic emission adding 
up to seismic monitoring, high-frequency electromag-
netic measurements. These ongoing developments 
will be completed in the following years. 

Hydraulic performance history at the Soultz 
EGS reservoirs from stimulation and long-
term circulation tests  
In the framework of developing new environmentally 
friendly stimulation and circulation concepts, the 
geoenergy group at INE has evaluated the efficiency 
of different stimulation and long-term circulation 
measures taking into consideration the initial hydrau-
lic conditions of the three reservoirs. Compiling a 
total of 61 tests and circulation experiments, the im-
provement of reservoir condition under stimulation 
and long-term circulation has been demonstrated to 
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provide general conclusions for EGS reservoir engi-
neering [1]. As example, the evolution of the hydrau-
lic yield in the 5km reservoir (R5) of GPK2 is provid-
ed in Fig. 1. 

The review illustrates the first order engineering 
learning curve achieved in Soultz. The shallow 2km 
reservoir having highest hydraulic performance was 
developed with only little injection rates. At the 
3.5km reservoir flow rate was drastically increased. 
Finally, t being developed as a triplet EGS operation 
started under crucial observation of induced seismici-
ty. The analyses of the hydraulic data indicated clear 
trends for effective stimulation experiments carried 
out at this worldwide unique EGS reference site and 
reveal that  

1) With the exception of GPK3 in R5, the initial 
hydraulic conditions from single-well injec-
tion tests are comparable to each other in the 
three reservoirs. Thus, this allows for a com-
parison of the effectiveness of different stim-
ulation measures. 

2) Even if productivity and injectivity values in 
the same openhole sections are initially of 
same order of magnitude, they can develop 
differently during stimulation procedure.  

3) During stimulation, hydraulic yield appears 
to be enhanced most effectively using cyclic 
injection schemes in combination with circu-
lation (Fig. 2).  

4) Cumulative test volume and cumulative total 
volume appears to be key driving factors for 
enhancing hydraulic conditions of Soultz.  

 
In the last years, the production in Soultz was opti-
mized for reducing induced seismicity during opera-
tion. It was achieved by reducing the injection well-
head pressure leading to reduction in production flow 
rates by almost 50%. It is evident for the further de-
velopment of EGS to economic levels that this learn-
ing curve needs to be continued by applying con-
trolled high flowrate injection.  
This compilation presents a starting basis for future 
research in fractured rock that should target more 
extensive conceptual models of this most intensive 

and documented site. This first assemblage of the 
hydraulic performance in Soultz provides key aspects 
to design and engineer the EGS performance at other 
locations. 

GeoLaB 
Cyclic injection along with production from a second 
well has been found to be most effective for reservoir 
development at Soultz [1]. Yet, controlled high 
flowrate injection is a crucial issue for large-industrial 
development and economic viability of EGS. Alt-
hough experimental progress has been made, funda-
mental constitutive laws of flow and thermo-
hydraulic-mechanical-chemical (THMC) coupling 
during reservoir engineering and plant operation in 
fractured environments are at present insufficiently 
demonstrated.  

Underground research laboratories (URLs) are best 
suited to monitor and quantify the interrelated pro-
cesses and should address key issues for safe and 
economic use of geothermal energy. Following relat-
ed geo-disciplines like nuclear waste disposal re-
search, a specific URL for geothermal purpose is 
proposed, located in a typical EGS environment to 
conduct fundamental 4D controlled high flow rate 
experiments (CHFE, Fig. 3).  

Four criteria have been established and investigated 
for URLs worldwide and mines along the Upper 
Rhine valley in crystalline basement [3]:  

 
1) Rather homogenous crystalline matrix with a 

high density of connected and highly perme-
able natural fractures (fracture densities of 2-
10 m-1 with major fault lengths of < 400-500 
m and fracture transmissivities > 10-4 m2 s-1). 

2) Controllable hydraulic boundary conditions. 

Fig. 1: Evolution of GPK2 hydraulic yield (HY), injectivity
until 03MAR11 and productivity starting from 03JUN24, in
the deep reservoir measured during single well injection
tests (blue) and circulation production tests (red). Hydrau-
lic stimulation is indicated in green [1]. 

Fig. 2: Hydraulic yields, HY, obtained from stimulation and 
test experiments in the wells GPK1 (blue), GPK2 (red) in 
R3 and GPK2 (green) and GPK3 (orange) in R5 versus the 
cumulative total volume ΣTV at the Soultz EGS site [1]. 
Data include experiments and test of 93MAY27 to 
95AUG01 (GPK1, II), 95FEB10 to 95JUN16 and 96OCT13 
(GPK2, II), 99OCT13 to 03JUN24 (GPK2, III), 03MAR11 
to 04AUG17 (GPK3, III). HY = 10-7 m3 s-1 MPa-1.·ΣTV 
(R² = 0.77). Similar behaviour can be deduced from R2 (not 
shown). 
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3) Hydrothermal alteration products in the illite 
to smectite range.  

4) Fractures that are favorably oriented for reac-
tivation in the ambient stress field and uni-
form stress field across the tunnel with varia-
tion in magnitude of the maximum stress ori-
entation < 1 MPa. 

 
Although, the Äspö HRL (Sweden) approximates the 
requirements for a new generic GeoLaB and may be 
used for complementary experimentation, none of the 
existing URLs matches all four criteria.  

Due to the vicinity to geothermal production and 
favorable geological, hydraulic and stress conditions, 
site assessments have been carried out in the southern 
Black Forest-Odenwald complex (Germany). Tecton-
ic and (hydro-)geological conditions in both regions 
match so far the established criteria for CHFEs in a 
geothermal URL. A preliminary exploration concept 
localization of fracture zones has been tested success-
fully. For final decision on the suitability of a site 
exploration wells are envisaged. The analyses have 
provided key steps for developing a generic URL in a 
favorable geological environment for geothermal 
production.  

Electromagnetic emission monitoring during 
injection experiments  
Changes in fluid pathways induced achieved by geo-
thermal reservoir engineering are typically inferred 
from micro-seismic monitoring. Electromagnetic 
methods are of comparably lower resolution since 
they base on the diffusion equation. On the other 
hand, they are sensitive to electric conductivity con-
trasts that are an indicator of fracture connectivity. 
The relation between electromagnetic emissions and 
deformation processes, i.e. electro-kinetics, during 
stimulation processes is indicated in self-potential 
measurements [5].  

In order to improve the understanding of electro-
kinetic effects during reservoir engineering and its 
effect on electromagnetic monitoring, a field test has 
been carried out during May and June 2015 in crystal-
line rock at -410 m in the Äspö HRL. The test was 

connected to injection experiments partly based on 
injection schemes by [6] and monitored simultaneous-
ly with acoustic emission, micro-seismic, broad-band 
seismic and electromagnetic/self-potential sensors in a 
joint project coordinated by Helmholtz-Zentrum Pots-
dam – Deutsches GeoForschungsZentrum.  

The electromagnetic/self-potential monitoring net-
work was operated at frequencies between 1 Hz and 
50 kHz. High frequency signals were measured using 
a beam antenna/ferrite aerial.  

High variation of EM noise caused mainly by pump-
ing during injection periods prevents from comparable 
observations of EM for the pumping and non-
pumping periods of the experiment. The observation 
of pressure-dependent EME signal in the frequency 
range between 37 kHz and 50 kHz is a major outcome 
of the hybrid monitoring setup. The emitted electro-
magnetic energy (EME parameter in Fig. 4) generally 
follows the pressure build-up during injection (Fig. 
4a). Larger pressure drops are accompanied by in-
creased EME activity (Fig. 4b). EME of similar fre-
quency ranges are observed also in low and medium 
velocity impact experiments on gabbro and granite 
blocks using about 100 m s-1 and 1500 m s-1, respec-
tively. EME at this frequency range correlate with 
failure of rock [7] 

 
Fig. 3: Possible layout of the planned geothermal URL,
GeoLaB, with an access tunnel to a fracture zone and ob-
servation wells from the tunnel into the fracture zone [3]. In
addition to the monitoring stations (red cones), the main
injection well for controlled high-flow experiments (CHFE)
could be achieved from surface boreholes targeting the
fracture zones next to experimental caverns. 

a)

b)

Fig. 4: Emitted electromagnetic energy (EME, 35-50 kHz) 
acquired sub-parallel to the fracture plane (N130E) gener-
ated during the injection experiment compared to injection 
pressure for two individual injection steps. 
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Particle retention on granite using a synthetic 
fracture flow cell 
Clay coating of fracture zones modifies strongly the 
hydraulic and mechanical properties. On the one 
hand, clay may completely clog a fracture and on the 
other hand, it may reduce the shear strength of rock 
and thus, lead to more favorable condition for hydrau-
lic stimulation [8].  

In order to understand the accumulation and mobili-
zation of clay particles in hydraulically active frac-
tures, flow cell experiments have been carried out in 
the laboratory of INE [4]. The interaction of mono-
dispers fluorescent carboxylated polystyrene colloids 
(25 nm and 1000 nm diameter) with a cut granodiorite 
surface (Grimsel granodiorite; Switzerland) and with 
acrylic glass is investigated both experimentally and 
numerically. Colloid transport experiments are con-
ducted in a cylindrical parallel plate type fracture flow 
cell with an aperture of 0.75 mm at pH 5 under low 
ionic strength (1 mM NaCl) conditions. The study 
focuses on the effect of residence time, colloid size, 
collector material, and fracture orientation on colloid 
retention. Long colloid residence times are achieved 
by stop-flow experiments. Using atomic force micros-
copy and, more specifically, the colloid probe tech-
nique surface roughness and force distance infor-
mation of the collector material (granodiorite or acryl-
ic glass) as a function of probe size (cantilever) are 
obtained. The experiments are quantitatively modelled 
using COMSOL Multiphysics® 2-D numerical simu-
lations. 

The experimental and the modelled results lead to 
the conclusion that large colloids (1000 nm diameter) 
undergo sedimentation and deposition on the surface 
during stop-flow. Collector interaction is not affected 
by the surface roughness variation. Contrariwise, for 
the investigated 25 nm colloids sedimentation does 
not play a role under the experimental conditions and 
collector interaction is triggered by surface inhomo-
geneities such as surface roughness. In addition to the 
colloids, a conservative solute tracer (Amino-G) is 
added to the system to characterize the flow and 

transport conditions. Results show earlier first arrivals 
and more pronounced tailings in the measured break-
through curves for the colloids compared to the con-
servative tracer. 

These results will be compared to experiments using 
natural polydisperse clay particles mainly consisting 
of illite. These particles are obtained from hydrother-
mal altered natural fractured granite drill cores from 
Soultz-sous-Forêts (France) and also of an illite de-
posit near Le-Puy-en-velay (France) which is already 
purified and fully Na-exchanged.  
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