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The link to Julich’s partner university RWTH Aachen was strengthened due to the fact that
Dirk Bosbach holds the chair for the disposal of nuclear waste and Bruno Thomauske the
chair for nuclear fuel cycle. Further, a new accredited Master Curriculum "Nuclear Safety
Engineering" was established at RWTH Aachen University in 2010. 13 students started this 2
years programme. A new practical course on nuclear measuring techniques in the
radiochemistry laboratories of IEK-6 as well as the lecture "Introduction to Nuclear
Chemistry" was launched in 2010 and has attracted almost 50 students from nuclear safety
engineering, chemistry, computational engineering science and nuclear technology at RWTH
Aachen. 14 PhD students are currently (May 2011) working on research projects related to
the safe management of nuclear waste in Jilich. 6 PhD candidates successfully defended
their theses during the last 2 years, one with summa cum laude at RWTH Aachen University.
IEK-6 is committed to support the education in Aachen and beyond on nuclear/radio-
chemistry with respect to the safety of nuclear waste management. IEK-6 also participates in
the new graduate school Energy a nd Climate HITEC, which was founded 2011 in Jilich.

Last but not least, as a rather recent change, the Institute of Energy- and Climate
Research (IEK) was founded by combining the former Institute of Energy Research (IEF)
and parts of the former Institute of the Chemistry of the Geosphere (ICG) in 2010.
Furthermore, in early 2011 the nuclear safety research part was renamed to "Nuclear Waste
Management and Reactor Safety" (IEK-6).

Julich, July 2011



2 Institute’s Profile

Due to the use of nuclear energy about 17.000 t (27.000 m®) of high level waste and about
300.000 m® of low- and intermediated level waste will have accumulated in Germany until
2022. Research in the Institute of Energy and Climate Research (IEK-6), Nuclear Waste
Management and Reactor Safety devision focuses on fundamental and applied aspects of
the safe management of nuclear waste - in particular the nuclear aspects. In principle, our
research in Forschungszentrum Jilich is looking at the material science / solid state aspects
of nuclear waste management. It is organized in several research areas:

The long-term safety of nuclear waste disposal is a key issue when it comes to the final
disposal of high level nuclear waste in a deep geological formation. We are contributing to
the scientific basis for the safety case of a nuclear waste repository in Germany. In Julich we
are focusing on a fundamental understanding of near field processes within a waste
repository system. The main research topics are spent fuel corrosion and the retention of
radionuclides by secondary phases. In addition, innovative waste management strategies
are investigated to facilitate a qualified decision on the best strategy for Germany. New
ceramic waste forms for disposal in a deep geological formation are studied as well as the
partitioning of long-lived actinides. These research areas are supported by our structure
research group, which is using experimental and computational approaches to examine
actinide containing compounds.

Complementary to these basic science oriented activities, IEK-6 also works on rather applied
aspects. The development of non-destructive methods for the characterisation of nuclear
waste packages has a long tradition in Julich. Current activities focus on improving the
segmented gamma scanning technique and the prompt gamma neutron activation analysis.
Furthermore, the waste treatment group is developing concepts for the safe management
of nuclear graphite.

Within the product quality control group (PKS) 16 scientists and engineers are currently
working on the qualification of radioactive waste on behalf of the Federal Office for Radiation
Protection (BfS).

The nuclear safeguards group is coordinating the joint safeguards R&D programme
between IAEA and BMWi.

Research and development activities are integrated into national and international research
programms and cooperations. They represent a substantial part of the Helmholtz Research
programme "Nuclear Safety Research".

Material science for nuclear waste management is the research subject of IEK-6, Nuclear
Waste Management part.






2.2. Organization chart
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3.8. Product Quality Control of Radioactive Waste & Packages

Introduction

Product Quality Control is the examination of radioactive waste to “verify the compliance of
waste properties with the acceptance criteria of a repository” (DIN 25401-9).

Already in the year 1985 the Product Quality Control Office for Radioactive Waste (PKS) has
been installed at the Institute for Energy Research (IEK-6) on request of the German Federal
Office for Radiation Protection (BfS). PKS advices and supports the BfS on the basis of §20
ATG (German atomic act) as an independent consulting expert group to verify the
compliance of radioactive waste properties with repository relevant acceptance criteria. PKS
renders expertise on technical methods for the conditioning and packaging of radiological
waste and checks product quality control plans to be appropriate for the conditioning and
disposal purposes. Moreover, PKS inspects reprocessing and conditioning plants, audits
radwaste manufacturers and checks waste package inventory declarations and
accompanying documentation prior to final disposal for the compliance with the required
specifications and applicable relevant inventory limits. PKS also examines and assesses the
methodological and analytical methods applied by the waste manufacturer. A large amount
of PKS activities comprises the product quality control of radiological waste from the
decommissioning of nuclear facilities, like phased-out nuclear power plants. The effect of
product quality control contributes significantly to the safety of a nuclear waste repository.

Hosting the Product Quality Control Office for radioactive waste in Germany at the institute
IEK-6 underlines its position in the field of waste characterization and in the evaluation of the
long-term safety properties of radioactive waste to be acceptable for a repository in
Germany.

PKS is organized two-fold:

1.) PKS-WAA is the sole group of experts authorized by BfS for the quality control of
high- and medium-active nuclear waste from reprocessing facilities abroad (La
Hague, France, and Sellafield, UK) and from the domestic high-level vitrification plant
VEK of WAK Karlsruhe.

2.) PKS-I provides expertize for the BfS in the field of low- and medium-active German
domestic waste from nuclear power plants, research institutions and Federal State
Collecting Facilities to be characterized and prepared for final disposal. Basis for the
quality control of waste & waste packages are the LAW / MAW Mine KONRAD waste
acceptance criteria. This geological repository should be in operation in 2018.
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The advantage of working at low vacuum is that a coating of the sample with an electrically
conductive layer (e.g. C, Au) is not necessary. The investigation of wet samples is possible
at ESEM-mode (in-situ wetting and drying, heating up to 55 °C and cooling down to -25 °C).
The microscope is equipped with different detectors for secondary electron (SE) and
backscattered electron (BSE) imaging at different pressures:

= Everhart Thornley SE-detector (high vacuum)

= Gaseous large field SE-detector (low vacuum)

= BSE-detector (high- & low vacuum)

= Gaseous analytical detector (GAD) BSE-detector (low vacuum)

=  GSED (Gaseous secondary electron detector) SE-detector (ESEM)
For energy dispersive (EDS) investigations the Apollo X Silicon Drift Detector (SDD) from
EDAX is installed with light element performance down to (and including) Boron. The
resolution of the liquid nitrogen free detector is < 131 eV for MnKa at 100.000 cps. Point and
multipoint measurements, line scans, element mapping and particle analysis can be carried
out with the genesis software.
For wavelength dispersive (WDX) measurements the TEXS LambdaSpec from EDAX is
installed.

FIB (Focused lon Beam)

The NVision 40 Cross Beam Workstation from Zeiss is a high resolution field emission
GEMINI SEM combined with a high performance SIINT zeta FIB column and gas injection
system (Tab. 1). An ensemble of detectors (In-column: EsB detector with filtering grid for
BSE detection; In-lense: SE detector; chamber: Everhardt Thornley SE detector, 4Q BSE
detector, GEMINI® multimode BF/DF STEM (Scanning Transmission Electron Microscopy)
detector) allows high resolution investigations of the topography and morphology of the
samples.

Tab. 1: Technical data of NVision Cross Beam Workstation

SEM FIB

GEMINI column SIINT 100 mm zeta FIB column
Emitter Schottky Field Emitter Ga liquid metal ion source
Magnification 30 —900,000x (20 kV) 475 —500,000x (30kV)
Probe Current 4 pA-20 nA 0.1 pA—45nA (30 kV)
Acceleration Vgltage 0.1 —30kV 1- 30KV, 1-5KkV
low voltage option
Resolution 10NnmMm @ 15kV,1.5nm @ 1 kV 4 nm @ 30 kV

Furthermore, the workstation is equipped with an INCA energy dispersive x-ray spectroscopy
(EDS) and a Nordlys 1l Electron Backscattered Diffraction (EBSD) detector (Oxford
Instruments). The combination of these detectors can be used for phase identification. EDS
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provides chemical and the EBSD crystallographic and microstructural information, such as
crystal orientation, grain boundary characterisation, and pole figures.

The main purpose of the FIB is the preparation of TEM lamella (Fig. 14) of ceramic materials
containing radionuclides in order to investigate lattice parameters and the influence of
radiation damages on the crystal structure. An integrated micromanipulator system allows an
in-situ-lift-out of the TEM lamella.

Fig. 14: TEM lamella preparation by FIB.

4.2. Raman spectroscopy

The IEK-6 runs a Horiba raman spectrometer LabRAM HR Vis (400 - 1100 nm, Fig. 15, left),
currently equipped with a He-Ne laser (wave length A = 632.81 nm, visible red light), an edge
filter, two gratings (600 and 1800), focus length 800 mm, a peltier cooled solid state detector,
three objectives (x10, x50 and x100) and a video camera for sample observation using
reflected or transmitted visible light.

Two main applications are in the foreground according to raman spectroscopy at the IEK-6:
fast phase identification (finger print method) and structure analysis with focus on short range
order and medium range order, especially for irradiated (radiation damaged) samples. To this
end, radioactive and non-radioactive samples can be measured alternatively with high
precision and accuracy. Fig. 15 (right) shows e.g. the raman spectrum of a badly crystallized
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4.5. Non-destructive assay testing

Segmented Gamma-Scanner GERNOD II.

The Segmented Gamma-Scanner GERNOD Il is used for the characterization of 200-l or
400-l drums radioactive waste with wide range of matrices and isotopic compositions. The
Gamma-Scanner consists of a mechanical part, a control unit, a detection system and a
system unit and operator interface. The mechanical system consists basically of a turntable
to accommodate different waste drums (max. weight 6000 kg) and a platform for the vertical
movement of the gamma detection and collimation unit. The driving units comprise stepping
motors with superior positioning capabilities. The positioning of the drum and detector is
handled by a SPS control unit. This offers superior positioning capabilities together with
highly reliable performance and control of the system status. Scanning programs are
performed either continuously (fast measurements) or in a step by step mode (long time
measurements). The detection of gamma emitting nuclides is performed by an HPGe
detector connected to a digital spectrometer for signal processing and data acquisition. The
detector can be used together with different collimators depending on the type of application.
A dose rate meter is attached to the detector to record the dose rate at the surface of the
drum over the whole assay period. All routine operator interactions are carried out via a PC-
based control system using the software SCANNER32 developed in cooperation with a
professional software engineering company for ease operations and reliable data handling.

Transmission and Emission Tomography System

The Transmission and Emission Tomography System developed at IEK-6 is an advanced
tool for the characterization of 200-I radioactive waste drums. The radiation emitted from a
Co-60 transmission source (200 GBq in DU shielding) is collimated in the direction of 4 fast
scintillation detectors located in the detector collimation shielding bank to perform 4
transmission measurements at the same time. Meanwhile, the 3 HPGe-detectors are used
for the emission measurements of the waste drum. An irradiation of these detectors by the
transmission source is avoided by the source and detector collimation. Two stepping motors
move the drum horizontally and rotate it between two measurement steps respectively. On
the data collected for each measurement a pulse height analysis is performed. This leads to
the basic data sets for the algorithms used for Transmission Computer Tomography,
Emission Computer Tomography and Digital Radiography.

MEDINA

MEDINA (Multi-Element Detection based on Instrumental Neutron Activation) is an
innovative analytical technique based on prompt and delayed gamma neutron activation
analysis for non destructive assay of 200-L waste packages.
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4.6.

4.7.

Radiochemical analytics

LSC (Liquid Scintillation Counter):

Analysis of aqueous and organic samples

Quantulus (PerkinElmer), Autosampler, Ultra low activity determination, determination
of environmental activity (14C), o, discrimination

TRI-CARB 2020 (PerkinElmer) Autosampler > 100 samples

a-spectrometry:

Qualitative and quantitative analysis of a-emitter, Si-detector, low level detection
y-spectrometry:

HP Ge-detector (N,-cooled), Nal-detector, LaBr-detecor, Radionuclide detection with

low y-energy (*°Fe: E, < 5.9 kEV), low level detection, borehole detector

Miscellaneous

ICP-MS ELAN 6100 DRC (PerkinElmer SCIEX )

STA 449C Netzsch

FTIR-spectrometer: Equinox 55 (Bruker), KBr-pellets, ATR (attenuated total
reflection), TGA

Dilatometer DIL 402C (Netzsch)

Induction furnace (Linn High Therm GmbH), max. temperature 2500 °C, mass
spectrometer for analysis of combustion gases

High temperature furnace HTK 8 (GERO GmbH), max. temperature 2200 °C

Vacuum hot press HP W 5 (FCT Systeme), max. temperature 2200 °C, press
capacity max. 50 kN, 5 x 10 mbar

BET AUTOSORB-1 (Quantachrome Instruments)

Spectral photometer CADAS 100

Granulometer CILAS 920

Autoclaves

Gas chromatography (Siemens AG)
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5.1. Radionuclide release from research reactor fuel

H. Curtius, G. Kaiser, E. Muller

Corresponding author: h.curtius@fz-juelich.de

Abstract

In order to determine the corrosion behaviour and the radionuclide release fractions of
different irradiated research-reactor fuel-types in final repository relevant solutions
investigations in a hot cell facility were performed. The dissolution of two dispersed research
reactor fuel-types (UAIl,-Al and U3Si,-Al) was studied in MgCl,-rich salt brine in the presence
of Fe*-ions. Both fuel types corroded within the experimental time period of 3.5 years
completely. In comparison, LWR spent fuel corroded only up to 0.01 % under comparable
conditions after 2 years. After complete corrosion of the used research reactor fuel samples
the inventories of Cs and Sr were detected in solution quantitatively. Solution concentrations
of Am were lower than the solubility of Am(OH); (s) and may be controlled by sorption
processes. Pu concentrations may be controlled by Pu(VI), Pu (V) and Pu(lV) (hydr)oxides.
Solution concentrations of U were within the range of the solubility limits of uranite. In
comparison of both fuel samples the determined solubilities of U, Pu and Am were about one
order of magnitude higher for the U3Si,-Al fuel sample. Here the formation of U/Si containing
secondary phase components and their influence on radionuclide solubilities cannot be ruled
out.

Introduction

The final disposal of spent nuclear fuel in deep geological formations is considered as waste
management option. In comparison to commercial spent fuel elements (UO; is the fuel) used
in nuclear power plants, different spent research reactor fuel-types exist. At IEF-6 the work is
focused on research reactor fuel. Two different fuel-types (a dispersed metallic UAI,-type and
the U;Si,-Al-type) are under investigation. One back-end option for these fuel-types is final
disposal [1]. Possible repositories under consideration are salt and clay formations. Clay
formations always contain clay pore waters. For salt formations the contact of spent fuel with
an aquatic phase is a hypothetical scenario which is taken into account with respect to long-
term safety analysis. These saline solutions will then start to corrode the steel canister and
then the fuel cladding while producing large amounts of hydrogen. Also radiolysis of aqueous
solutions is accompanied by the formation of redox agents [2]. In salt brines, H, molecules
are the main reductants whereas radiolytic oxidants are dominated by oxo-halogenides [2].

In the presence of hydrogen overpressure the oxidative dissolution of LWR spent fuel,
(consists of UO, as fuel cladded with Zircalloy), is decelerated. Only 0.01% of this fuel type
corroded in a concentrated salt solution in the presence of container material (iron) in 2 years
[3].

Under comparable conditions this paper describes for the first time the corrosion behaviour
of two different irradiated dispersed research reactor fuel-types in a highly concentrated salt
brine at 90 °C under static conditions in the presence of Fe?*.
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Experimental details

Static corrosion tests were performed under anoxic conditions in Ar-atmosphere in a hot cell
facility at 90°C using glass autoclaves. Two different irradiated research reactor fuel types
were used: a.) metallic UAl,-fuel (fifa: 45%) and b.) U3Si,-fuel (fifa: 63%). Details with respect
to the fuel dimension, fuel mass and radionuclide inventories are given in Tab. 2 and Tab. 3.
Solutions were sampled under Ar-atmosphere nine times per test and at test termination
after 3.5 years. Gas sampling was performed nine times per test. More details and the
analytical procedure are given in detail in [4].

Tab. 2: Details of the dispersed research reactor fuel samples.

U,Si,-fuel sample UAI, -Al-fuel sample

Mass of U (g) before irradiation 1.93 0.28
235 :

. U_er?rlchment (%) before 19.75 80
irradiation

Date of irradiation end 13.03.1985 17.06.1990

Burn up (fissions per initial

fissionable 22°U atoms) in (%) 63 45
Mass of the sample (g) 45 3.4
Dimension (mm) 40x20x1.27 40x20x1.37
Mass of Al (g) 2.66 3.2
Mass of U (g) 1.7 0.19
Mass of Si (g) 0.13

Tab. 3: Radionuclide inventory of the fuel samples (reference date: 15.05.2009).

U,Si,-fuel sample UAI, -Al-fuel sample

Isotope
Activity (Bq) Activity (Bq)

134cs 1.19x 10’ 1.63 x 10"
37cs 2.01x10'° 4.92 x 10°
154Ey 2.81x10° 1.50 x 107
H 1.55 x 10° 1.91 x 10"
905 1.54 x 10" 4.42x10°
B8py 1.95 x 10° 2.50 x 10°
239/240py, 6.80 x 10° 8.31x 10*
2" Am 2.21x 108 3.71x10*
24y 5.59 x 10° 2.23x10*
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Results and Discussion

The irradiated UAI,-Al and U;Si-Al fuel samples corroded completely within the 3.5 years of
the experimental time period. Due to the corrosion processes secondary phases were
formed. Hydrogen was produced due to the corrosion of the fuel cladding and due to
radiolytic processes. The complete amounts of hydrogen were determined to be in the range
of 0.11 mol. At test termination the measured pH-values were in the range of 5.0 (corrected
value according to [5]).

In Fig. 18 the radionuclide concentrations after complete corrosion of dispersed UAI-Al and
U3Si,-Al fuels in MgCl,-rich brine are summarized. The amounts of Sr in solution represent
the amount of the initial Sr inventories with respect to both fuel samples. The Sr release is
considered to be the indicator of the progress of matrix dissolution, hence if the complete Sr
inventory is in solution the fuel did dissolve completely. This is based on the assumption that
the Sr inventory is contained in the fuel matrix, where it is distributed homogeneously. The
corrosion rates were determined to be 1.76 g/m?d for the UAI-Al fuel sample and 2.34 g/m*d
for U3Sir-Al fuel sample.

The final U concentrations for both fuel types were determined to be 10® to 107 M (pH 5).
The solubility of U(OH), (am) under comparable conditions in a 5.6 M NaCl solution [6] was
determined to be in the range of 10° to 107 M. Therefore the assumption can be drawn that
the component U(OH), (am) is the main U containing phase present. The solubilities of
hexavalent U components like metaschoepite (UO; 2H,O(cr)) or Na-diuranate
(NaUO,O(OH)(cr) are significant higher and do not agree with the measured U solubilities in
these experiments, hence the presence of these phases may be ruled out.

1,E-04

EU3Si2-Al  BUAIX-Al

1,E-05

1,E-06

1,E-07

Concentration [mol/L]

1,E-08

1,E-09 +
Sr u Pu Am Cs

Fig. 18: Final solution concentrations of various radionuclides after corrosion of the
dispersed UAI,-Al and U;Si,-Al fuels in MgCl,-rich brine under initial Ar atmosphere.

Nevertheless in the case of the U;Si,-Al-fuel different U components can be formed. It was
observed during corrosion of UO, in spent fuel under reducing conditions that coffinite
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(USiO; 2 H,0) may form [7]. Also coffinite may not be the only phase replacing uranite and
spent fuel under these conditions. Recently an unnamed uranium silicate with a
stoichiometry close to U3SiOg has been reported [6]. In conclusion that means that in case of
the U;Si-fuel corrosion under reducing conditions the presence of these alteration products
may not be ignored.

The measured Pu concentrations were in the range of 107 to 10® M (pH=5). As observed in
other studies these concentrations might describe a mixture of Pu-IV, Pu-V and Pu-VI hydro
(oxy) species [6].

The determined final Am concentrations for the UAI,-Al fuel sample was about 10° M and
about 108 M for the U;Si,-Al sample. These values are lower as the solubility of amorphous
Am (OH)s(s). Runde [8] measured that amorphous Am (OH);(s) is expected as solubility
controlling phase in high concentrated salt solutions and the solubility of amorphous Am
(OH)s(s) was determined to be about 107 M. Processes which may retain Am are
coprecipitation with secondary U phases and sorption on iron corrosion products.

In general the concentrations for the radionuclides U, Pu and Am were determined to be
about one order of magnitude higher for the used U;Si,-Al fuel sample in comparison to the
UAI-Al fuel sample. As discussed above the formation of U and Si containing solids as
corrosion products cannot be excluded. These U/Si containing solids may influence the
radionuclide concentrations through their solubilities and their retention capacities.

Conclusion and Outlook

Results of this work confirm the instantaneously corrosion of the research reactor UAI,-Al and
U3Si,-Al fuel types within the test period of 3.5 years in the presence of iron-Il and in the
MgCl,-rich brine. The complete corrosion of the fuel samples was confirmed by the final Sr
concentration in solution which represented the initial complete Sr inventory in the fuel.
Especially the concentration of the trivalent actinide Am in solution is orders of magnitude
lower than the solubility of pure Am(lll) hydroxide phase and appear to be controlled by co
precipitation phenomena. Comparing the behaviour of both fuel-types an influence of Si was
observed. In the presence of Si the solubilities of U, Pu and Am are one order of magnitude
higher. This can be due to the formation of U/Si containing solids.

Further research is recommended to determine the influence of Si in detail. The synthesis of
coffinite, the determination of its solubility and the formation of solid solutions with trivalent
actinides are aspired.

In conclusion, both investigated dispersed research reactor spent fuel samples completely
dissolve in MgCl,-rich brine in the presence of Fe*" within the time period of 3.5 years. In
view of the long-time scale of final disposal, this means that the radionuclides which were
embedded in the fuel matrices were mobilized instantaneously. The complete inventory of Cs
and Sr was found in solution. Hence, these radionuclides were classified as mobile species.
To contribute to performance assessment calculations the estimation of the boundary
conditions for radionuclide release from the so-called “source term” must be known. From the
present results, under the experimental conditions used, clearly Cs and Sr can be regarded
as mobile species. In contrast, the low concentrations of U and Pu in solution seemed to be
determined by their solubility controlling solid phases. This result shows, that secondary
phases which could be formed during the contact with groundwater, inhibit further
radionuclide migration. For the long-lived actinide Am and for the lanthanide Eu the observed
reimmobilization might be dominated by sorption on the formed secondary phases. Future

33



work will focus on the identification of these secondary phases in detail. This knowledge is
needed in order to give reliable contributions to the radionuclide source term.
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5.2. Separation and enrichment of secondary phases of research
reactor fuel elements and identification by SEM-EDX

M. Klinkenberg, H. Curtius

Corresponding author: m.klinkenberg@fz-juelich.de

Abstract

The corrosion products of research reactor fuel elements of the UAI,-Al- and U;Si,-Al-type in
MgCl,-rich brine were investigated. This study contributes to the long-term safety analysis of
directly disposed research reactor fuel elements in deep geological repositories (salt
formations) because secondary phases may serve as a barrier against radionuclide
migration. For a better identification of the secondary phases a sample treatment is
necessary. Therefore, a grain size fractionation was carried out and different solvents were
used to enrich single secondary phases. Chemical as well as phase characterisation of the
secondary phases was accomplished.

Introduction

In contrast to UO, fuel elements which are used in commercial nuclear power plants,
research reactor fuel elements are composed of metallic UAI-Al or U;Si,-Al. Batch-type
corrosion experiments with non-irradiated dispersed metallic UAI-Al- and U;Si>-Al fuel in
highly-concentrated synthetic MgCl,-salt brine were performed [1]. The fuel elements
corroded within a few months. Previous studies showed that the radionuclides were rapidly
mobilized during the corrosion process, but subsequently trapped by secondary phases [2].
In order to improve the identification and quantification of these secondary phases, an
enrichment of single phases is necessary. The identification by XRD is difficult due to the
high amount of amorphous phases and overlapping peaks of phases like bischofite (MgCl; -
6 H,O) which derive from the brine, as well as a high water content of the samples. The main
topic of this study is the morphological and chemical characterisation of the obtained grain
size fractions by SEM/EDS.

Experimental details

Sample preparation and enrichment of secondary phases — Corrosion investigations were
performed with UAI,-Al and U;Si,-Al fuel element plates under Ar-atmosphere in 400 mL
MgCl,-rich salt-brine (Tab. 4) at 90 °C. Additionally, 10 g Fe(Il)Cl, - 4 H,O was added to
simulate the presence of Fe due to the corrosion of the container.

Tab. 4: Chemical composition of the brine [3].

Ca Cl K Mg Na SO, pH
[mol/L] [mol/L] [mol/L] [mol/L] [mol/L] [mol/L] corr.
0.2690 9.8456 0.0190 4.6014 0.0706 0.0005 6.03

For the enrichment of single phases a method was adopted which is successfully applied in
soil science and clay mineralogy [4]. The grain size fractions > 63 ym, 2 - 63 um, and < 2 ym
of the samples were obtained by wet sieving and the use of Atterberg cylinders.

35



Different solvents (iso-propanol and water) were used in order to dissolve interfering phases
e.g. bischofite or other salts remaining from the brine. The obtained substances were
characterized by ICP-OES, LSC, alpha-spectrometry, and SEM/EDS.

Chemical analysis — The chemical composition of the untreated sample (liquid and solid
phase) was determined. For the determination of Al and Fe, ICP-OES was used. The U
content was determined from activity measurements by LSC and alpha-spectrometry.

Scanning electron microscopy (SEM) — For the characterisation of the solid corrosion
products SEM combined with EDS (energy dispersive x-ray spectroscopy) was used. The
environmental SEM Quanta 200 F manufactured by FEI and equipped with the EDX-system
Genesis (EDAX) was used for the investigations. Samples were prepared as powders/grains
on carbon tabs and measured in low-vacuum mode.

Results

Chemical composition — The results of the Al determination show that for all samples only a
minor amount of Al is dissolved in the aqueous solution (1 - 2 wt.-% + 0.5 wt.-%). Hence, Al
is determined to be in the solid state.

About half of the iron (53 - 60 wt.-% + 5 wt.%) is dissolved in the liquid phase.

Only a minor amount of U is dissolved in the aqueous solution (3 wt.-% + 0.5 wt-%). The
measurements of the U content reveal that U is dissolved, first, but then re-precipitated.

Characterisation by SEM/EDS — An overview of typical crystalline phases and their
morphologies, which were observed for secondary phases in the obtained fractions by SEM
are shown in Fig. 19. The left column shows secondary phases of UAI-Al fuel and the right
column of U;Si-Al fuel, both corroded in MgClyrich brine. For both systems similar
secondary phases could be identified.

a & f) Cubic crystals consisting of Al, Cl, and O. b) A6 2008 iso-propanol <2 um; g)

A8 2008 iso-propanol > 2 um. According to the morphology and chemical composition

this phase is identified as lesukite (Al,(OH)sCI-2H,0). This phase only occurs in iso-

propanol treated samples.

Thin platy crystals, which build up a sand rose structure. These crystals are

composed of Al, Mg, O, and Cl. b) A6 2008 iso-propanol > 63 um, g) AA11 2008 iso-

propanol > 63 pm. The morphology and the chemical composition are typical for

MgAI-LDHs (layered double hydroxide). This phase occurs in both, water and iso-

propanol treated samples.

c & h) The bright area of the large aggregates consists of U associated with Al and in case
of the U;3Si,-Al fuel of additionally Si (uncorroded fuel). These phases occur in both,
water and iso-propanol treated samples. In case of water treated samples, these U-
phases are surrounded by other secondary phases, mostly Al-oxides/hydroxides. c)
A6 2008 H,O > 63um, d) A8 2008 H,O > 63 um.

d &i) Platy crystals of Fe-phases consisting of Fe, O, and CIl. d) AA6 2008 iso-propanol
> 63 uym; i) AA11 2008 iso-propanol > 63 um). These phases occur in both, water and
iso-propanol treated samples but the content is higher in iso-propanol treated
samples.

b&g

~
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Iso-propanol

Iso-propanol
water

Iso-propanol
water

Iso-propanol
(water)

water

Fig. 19: Typical secondary phases of UAI-Al (left column) and U;Si,-Al (right column) fuel
corroded in MgCl,-rich brine a & f) Lesukite; b & g) MgAI-LDH; c & h) UAIx and U;Si,-Al
(white); d & i) Fe-phases; e & j) Al-oxide/hydroxide.
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e &j) Aggregates of aluminium oxides/hydroxides consisting of Al and O. These phases
only occur in water treated samples. c) A6 2008 H,O > 63 ym; h) A8 2008 H,O
> 63 um).

For the iso-propanol treated samples the following minerals could be identified: MgAI-LDH,
lesukite, Fe-phases, U associated with Al and in case of the U;Si,-Al fuel additional Si
(uncorroded fuel) in coarser aggregates. An enrichment of iron-minerals could be observed
in the 2-63 um fraction. Lesukite is enriched in the <2 ym fraction. For the water treated
samples an enrichment of Al-oxides/hydroxides, particularly in the < 2 um fraction, could be
observed. Only traces of LDH could also be found. Lesukite is completely dissolved by the
water. Furthermore, small amounts of Fe-phases and uncorroded fuel occur.

An additional EDS-analysis of the <2 um fractions of the differently treated samples was
performed. Several areas of different sites of the samples were measured, quantified, and
mean values were calculated for the element contents. Salts like bischofite deriving from the
brine were dissolved. The iso-propanol treated sample shows higher concentrations of Cl.
Furthermore, Fe is enriched. The water treated samples show lower amounts of Mg and Cl
and accordingly higher concentrations of Al and O. Due to the higher solubility of water,
lesukite was dissolved completely. These results underline and confirm the observations
made by SEM.

Conclusions

Due to the sample treatment various crystalline phases could be enriched successfully,
which lead to a better identification of the secondary phases. From the results of the
chemical investigation of the samples can be concluded, that Al and U are dissolved and re-
precipitated. Hence, they are only present in the solid. The solid-phase characterisation by
SEM/EDS after treatment and enrichment suggests that the following crystalline secondary
phases are identified: MgAI-LDH, lesukite, Al-oxide/hydroxide, and Fe-phases. Furthermore,
traces of uncorroded fuel UAI,-Al and U3Si,-Al could be found. The next step will be the
quantification of the crystalline secondary phases by XRD and the Rietveld method.

A high amount of amorphous phases (approximately 50 wt.-%) is contained in the samples,
as well. It is assumed that U is also associated to these amorphous phases. To clarify the
binding mechanisms of U, a characterisation and quantification of the amorphous phases will
follow in further investigations.
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5.3. XRD-analysis of secondary phases formed under final
repository conditions due to corrosion of UAI,-Al research
reactor fuel elements
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Abstract

Corrosion experiments of unirradiated research reactor fuel elements were carried out under
repository relevant conditions in order to identify and quantify the secondary phases formed
by reactions with formation waters being expected in final repositories due to accidental
influx from the encompassing salt formation. This analysis is important for safety assessment
issues as such phases may act as a barrier against the migration of the released radioactive
inventory. XRD measurements and Rietveld analysis were the major methods being applied
for identification and quantification of crystalline and amorphous amount of the corrosion
products.

Introduction

The final disposal of high radioactive waste of spent nuclear fuel of research reactors in deep
geological formations is a very challenging task as its safety and sustainability has to be
preserved for very long periods. To rule out the exposure of this hazardous material possible
scenarios have to be considered which may lead to the release of the radioactive inventory
disposed in a geological repository.

One of these events considered is the influx of formation waters which will corrode the waste
package and facilitate the migration of the radioactive inventory outwards of the repository
[1]. The chemical composition of the formation waters leading to the containment failure are
strongly determined by the geology which walls the final repository. Considered favoured
candidates for hosting nuclear waste are salt and clay formations.

An additional barrier to keep the radioactive isotopes fixed is represented by the corrosion
products themselves. These secondary phases could immobilize the repository relevant
isotopes by sorption processes. This assumption has clearly been demonstrated by hot cell
experiments carried out with irradiated research reactor fuel elements and synthesized LDH
compounds [2].

As the degree of immobilisation of radioactive isotopes depends on the amount of the
compounds being formed in situ and/or backfiled as additional technical barrier it is
necessary to identify the secondary phases and to quantify their abundances as well.
Laboratory corrosion experiments under repository relevant conditions therefore have been
carried out with unirradiated UAI,-Al research reactor fuel elements in magnesium chloride
rich salt brine (Type Brine 2). After the termination of the experiments the solid phases are
pre-treated, prepared, and subjected to the XRD and Rietveld analysis firstly for the
identification of the crystalline compounds and secondly to assess their quantity and the
content of amorphous phases as well.

39












After the identification of the observed crystalline phases the amount of each of these phases
was determined by the Rietveld method. This method additionally allows the assessment of
the amorphous content of the sample by adding an internal standard of known weight. Zincite
was used as standard material.

In order to apply this method the crystallographic structure of each observed compound must
be known and submitted to the appropriate Rietveld software. The crystallographic structure
comprises basically the chemical composition, the lattice parameters, the space group, and
the atomic positions of the asymmetric unit. These data are normally accessible through the
ICSD crystallographic structural database. If the structures of the observed powder
compounds are not known the structures normally have to be determined by single crystal
methods which demand single crystals of certain dimensions being not smaller than few
hundred micrometres.

If it is not possible to synthesize crystal individuals convenient for structure determination by
X-ray diffraction other methods have to be applied to solve unknown crystal structures or to
derive appropriate models at least being suitable for Rietveld calculations, respectively.

The structures of the observed secondary phases were all known with one exception
considering the Lesukite. Applied REM and TEM analysis of this compound revealed
unambiguously a cubic morphology of this secondary phase (Fig. 23).

det | spot | pressure 3um
24 000 x/20.00 kV|LFD| 4.0 | 80 Pa Quanta FEG

Fig. 23: Left: REM of Lesukite. Right: Low resolution TEM of Lesukite

High resolution TEM analysis of the surface shows a regular molecular arrangement (Fig. 24,
left). As this electron diffraction method applies high energy which has an enormous impact
of the stability of this compound the low quality of this surface picture obtained was
enhanced by Fourier transformation which reduces the noise of the original measurement.
The observed cubic crystals have an edge length of only few hundred nanometres. The 3D
plot of the smoothed and Fourier transformed pe reveals the periodic characteristic of the
molecular arrangement (Fig. 24, right). The observed ripples and valleys exhibit a distance of
approximately one nanometre and a cubic arrangement as well.

These findings obtained by electron microscopy which clearly indicate the cubic nature of this
structure were supported by literature data [6, 7] and additional analytical methods which
have been applied considering the crystal system and unit cell parameters. This compound
has a lattice parameter of approximately 2 nm which is twice the ripple distance which has
been observed by HRTEM.
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5.4. Minor actinide(lll) recovery from high active waste solutions
using innovative partitioning processes

G. Modolo', A. Wilden', A. Geist?, R. Malmbeck®

" Institute of Energy and Climate Research — Nuclear Waste Management and Reactor Safety (IEK-6),
Forschungszentrum Julich GmbH, 52425 Jilich, Germany

Karlsruher Institut fiir Technologie (KIT) Institut fir Nukleare Entsorgung (INE), 76021 Karlsruhe,
Germany

3European Commission, JRC, Institute for Transuranium Elements (ITU,) 76125 Karlsruhe, Germany

Corresponding author: g.modolo@fz-juelich.de

Abstract

The selective partitioning of minor actinides from the fission products and separate treatment
by transmutation can considerably improve long-term safety of the residual nuclear waste for
its subsequent future disposal in a deep underground repository. The present paper will
summarize about the ongoing research activities at Forschungszentrum Jilich (FZJ) in the
field of actinide partitioning using innovative solvent extraction processes. European
research over the last few decades, i.e. in the NEWPART, PARTNEW and the recent
EUROPART programs, has resulted in the development of a multicycle process for minor
actinide partitioning. In this respect, numerous European partners cooperate closely in
European projects. These multicycle processes are based on the co-separation of trivalent
actinides and lanthanides (e.g. DIAMEX process), followed by the subsequent trivalent
actinide/lanthanide group separation in the SANEX process. Apart from optimizing the
properties of the solvent for optimal extraction and separation efficiency, extractant stability is
a critical issue to be studied. In this paper, we will focus mainly on the development of
flowsheets for the recovery of americium and curium from high active waste solutions, and
testing them in centrifugal contactors. The scientific feasibility of the processes developed
will be demonstrated on a laboratory scale using synthetic and genuine fuel solution. The
future direction of research for the development of new processes within a new European
project (ACSEPT) is briefly discussed in the conclusion.

Introduction

Reducing the radiotoxicity of spent nuclear fuel is an important objective to ensure the
sustainability of nuclear energy. This objective can be attained by recovering the long-lived
elements from the spent fuel constituents and their conversion into short-lived or stable
nuclides by irradiation in a dedicated reactor, the so-called partitioning and transmutation
strategy [1].

Plutonium, the main contributor to radiotoxicity can already be recovered today by the
PUREX process, which with some modifications can also recover neptunium (advanced
PUREX). In order to achieve a significant reduction in the radiotoxicity of spent fuel, we must
also remove americium and curium. These trivalent minor actinides, however, are not
currently industrially separated and they remain with the fission products in the high level
liquid waste, which is vitrified and prepared for final disposal. This is not due to a lack of
interest in separating these elements but rather due to the fact that they cannot be extracted
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with tributylphosphate (TBP) within the PUREX process [2]. The chemical similarity of
trivalent actinides (An) and lanthanides (Ln) combined with the unfavourable mass ratio
necessitate very demanding and complex process steps. Processes developed over the last
20 years are predominantly based on the combined extraction of actinides and lanthanides
from the PUREX raffinate followed by their subsequent group separation. A distinction is
made here between two process variants [1].

In the single-cycle processes, An(lll) + Ln(lll) are simultaneously separated. Following this,
the trivalent actinides are selectively back-extracted (stripped) from the loaded organic
phase, e.g. using diethylenetriaminepentaacetic acid (DTPA). The most important
developments in terms of this process include the reversed TALSPEAK (USA), DIDPA
(Japan) and SETFICS (Japan) processes [2]. The multicycle processes, on the other hand,
make use of different extractants. Following the joint co-separation of An(lll) + Ln(lll) from the
fission product solution, e.g. using TRUEX (USA), TRPO (China), DIAMEX (France), the next
process step involves the joint back-extraction of trivalent An + Ln. This is followed by
selective An(lll)/Ln(lll) separation using a highly selective extractant, e.g. CyMe,BTBP [3].

The advantage of the latter method is the high purity of the actinide(lll) product and a lower
volume of secondary waste. This chapter provides an overview of important process
developments for actinide separation achieved within the scope of European collaborative
projects during the EU 3™, 4" and 5" Framework Programmes [4]-[6]. Particular attention will
be devoted to developments at Forschungszentrum Jilich, which were made possible
through close cooperation with partners in the EU projects. The strategy employed for
actinide separation is shown in Fig. 30.

U Pu (Np)
Spent fuel PUREX
HAR
Am, Cm, FP
(HAR) [ Concentration/ Denitration ]

An(lll)/Ln(l) Am/Cm
A Separation | ,,q, |_Separation

Ln(llt) l l l
2/3FP Ln(lln) Am Cm

Fig. 30: European partitioning strategy for the separation of all actinides from spent fuel.

TODGA-based process developments

In the early 1990s, Stephan et al. [7] reported on the extraction of different metals using
multidentate ligands such as diglycolamides (DGA). The DGA substance class with an ether
group between both amide functions resembles the malonamides and therefore also satisfies
the CHON principle. During the late 1990s, Japanese scientists recognized that these
ligands are particularly suitable for extracting actinides from acidic waste solutions [8].
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Extensive extraction studies were performed with this very promising substance class [9]-
[11]. The change from a bidentate ligand (e.g. malonamide) to a tridentate diglycolamide not
only significantly increased the affinity for trivalent actinides but also for the lanthanides.
Different DGAs were synthesized and the N,N,N’,N’-tetraoctyl-3-oxapentan-diamide
(TODGA, Fig. 31) was found to have the best properties in terms of extraction, solubility in
aliphatic solvents and stability. However, TODGA had a tendency to form a third phase in
aliphatic solvents such as n-dodecane, particularly at high metal and HNO; concentrations
[12].

i i

HirCan O O Cr - Cofy
| |

CgHyy CgHyy

Fig. 31: The structure of TODGA.

Within the scope of the PARTNEW project, the aggregation behavior of TODGA was studied
in n-dodecane as a solvent. With the aid of small-angle X-ray and neutron scattering
experiments, it was shown that the reason for third-phase formation was the van der Waals
interaction at low temperatures [13]. Other basic studies with TODGA and related
compounds can be found in the literature, but almost no studies exist on process
development including demonstration. This motivated Modolo et al. to develop a continuous
reversible partitioning process, which was successfully tested for the first time in 2003 in
centrifugal contactors at Forschungszentrum Jilich [14]. However, high oxalic acid
concentrations of up to 0.4 mol/L were added to the PUREX raffinate in order to suppress the
extraction of Zr and Mo on the one hand and third-phase formation on the other hand. At
such high oxalic acid concentrations, a slow precipitation of trivalent actinides and
lanthanides was observed in the PUREX raffinate. This also led to low oxalate precipitations
in the scrubbing steps of the continuous process. This inevitably led to low actinide(lll)
losses.

Following this, Modolo et al. optimized the partitioning process and suggested a new
continuous process in which the extractant was a mixture of 0.2 mol/L TODGA and 0.5 mol/L
TBP in TPH [15]. The addition of TBP not only improved the hydrodynamic properties but
also increased the loading capacity of the extractant and reduced the tendency to third-
phase formation. In 2006, Forschungszentrum Jilich performed two tests in centrifugal
extractors in cooperation with the Institute for Transuranium Elements (ITU) and CEA
Marcoule [16].

In the second test run (Fig. 32) with 28 stages (4 extraction steps, 12 scrubbing steps and 12
back-extraction steps), 99.99 % of the actinides and lanthanides were selectively extracted
and back-extracted from a PUREX raffinate. Problems were caused only by Ru, which was
co-extracted (10 % of initial amount) and remained in the spent solvent.
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